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Abstract

Hybrid organic-inorganic lead-based perovskites employed in thin-film solar cells have
been at the forefront of photovoltaic research interest in the last decade as cheap, earth-
abundant and highly efficient absorber materials. Nonetheless, many factors still hamper
their large-scale application, with the most prominent problems being an inherent low
stability and proneness to decomposition under regular operating conditions like humid-
ity and heat. This is aggravated by the pronounced toxicity of lead halides, which are
degradation products and precursors likewise. Because of this reason, a lot of research in
recent years was focused on replacing lead with isovalent cations to retain the favorable
properties while eliminating the detrimental toxicity and stability issues. To achieve this,
it is common to preserve the octahedral halide coordination of the central metal atoms,
which on the other hand leads to strongly structure-dependent functionality.

In this thesis, we first demonstrate the synthesis of a stable lead-free perovskite-like mate-
rial based on corner-sharing antimony-iodide octahedra, namely layered MA3Sbyle. We
show a facile synthetic strategy based on increasing the interatomic distance of the metal
precursor by employing acetate salts to circumvent the formation of the thermodynami-
cally favored but photovoltaically unpropitious "dimer" phase. A much improved photo-
voltaic performance, lowered exciton binding energy and lowered band gap is shown by
means of density-functional theory (DFT) calculations, optical analysis and initial device
implementations.

Moreover, to further boost the optical properties, we alloyed antimony in the same oc-
tahedral framework with tin cations in heterovalent oxidation states, strongly enhancing
the stability of tin in such structures, which was shown to be a major challenge. We ad-
ditionally observe a great increase in optical absorption, which we then dissect through
experimental and theoretical studies with the help of X-ray photoelectron spectroscopy,
DFT and optical analysis. Lastly, we were ably to assign the individual contributions
to heteroatom band-to-band transitions from Sb to Sn and intervalence transitions (i.e.
charge transfer between metal centers differing in oxidation state) in the closely coupled
Sn(I1)/Sn(IV) clusters.

In the next chapter, studies on a system based on Cu,Ag;_Sb;_,BiI5 are discussed.
While the octahedral antimony-halide coordination is retained here as shown before, the
perovskite framework is abandoned completely. This leads to a structure based on the
CdCl,, prototype with a crystallographic Cu/Ag/Sb/Bi disorder, which on the other hand
gives way to a very widely tunable phase. Through DFT calculations we furthermore an-

alyze a wide range of compositions and postulate the stability of a phase with the formula



Cuy_xAg,Sbl,. Furthermore, via defect formation calculations and optical fitting pro-
cedures, combining an excitonic absorption model with an exponential disorder tail, we
reveal deep defect levels arising from Ag point defects in the band gap. These measure-
ments combined with the calculations also show a constant band gap throughout and an
improvement in stability and side phase formation upon Cu/Ag alloying, confirmed by
photoelectron spectroscopy. We furthermore demonstrate control of the photovoltaic per-
formance, which is connected to a much improved morphology, a reduced band gap by
minor Bi incorporation and more homogeneous emission behavior with an optimal ratio
of 40% Cu/Ag. Moreover, a striking increase in photocurrent is shown through external
quantum efficiency measurements when decreasing the light intensity, indicating promise
for indoor photovoltaic energy conversion.

In the following project, a novel double perovskite system CssNaFeClg based on Na and
Fe as central atoms in the octahedral halide cavities is studied. The incorporation of iron
leads to spin-polarized character through an unpaired spin system, which is shown by
electron paramagnetic resonance measurements on high-quality single crystals and the-
oretical DFT calculations. We perform low-temperature photoluminescence and UV-Vis
measurements on these crystals to illustrate thermochromism and exitonic states with low
binding energies.

Concluding, the dimensional reduction of another double perovskite with the formula
(4FPEA)4AgBiXs (X = Cl, Br, I) is shown, where the iodide phase is stabilized with
the help of a strongly templating 4-fluorophenylethylammonium spacer. This leads to
a change in band gap nature from indirect to direct, highlighted by DFT calculations.
Highly oriented thin films are synthesized and analyzed with temperature-dependent pho-
toluminescence and optical-pump terahertz-probe spectroscopy. This reveals strongly
localized-charge carrier behavior through exciton-phonon-coupling and defect-mediated

polaron formation.
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Introduction ]

1.1 SEMICONDUCTORS

Nowadays, we live in the Age of Information, characterized by an economy which is
based to a large extent on knowledge, information and the technology of their processing
including the technology of management and the management of technology.'*! Technol-
ogy on the other hand derives from the greek word texvohoyia, roughly translating to
systematic treatment."®' In fact, one could argue that one of the stepping stones enabling
the advent of modern information technology was the systematic discovery and study
of a special class of materials, namely semiconductors. Although immensely important
work in the understanding of conduction in solid state materials was carried out in the late
19th century, the first occurrence of the term "Halbleiter"” was in the Ph.D. thesis of Josef
Weiss in 1910.1 Nonetheless, it took until the 1940s to transcend general skepticism
even from famed scientists like Gudden and Pauli*! against the existence of semiconduc-
tors with the invention of the first germanium-based transistor in 1947 at Bell Labs by
Bardeen, Brattain and Shockley.[sl Since then, semiconductors have been at the heart of
the arguably most important and impactful inventions of the last 100 years, with the most
important being the integrated circuit, which forms the basis of nearly every electronic
device nowadays. These discoveries have made it possible to massively reduce the size
of digital computers, as compared in Figure 1.1. Here, the Atanasoff-Berry computer in
Figure 1.1a consisted of more than 300 vacuum tubes and had a calculation capability
of one operation per 15 seconds, which is eclipsed by modern machines with 150 billion

operations in the same time.®
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(a) Photograph of the first automatic elec- (b) Photograph of the smallest computer in

tronic digital "Atanasoff-Berry" computer the world in 2018 compared to a grain of
from 1942.16] rice.”]

Figure 1.1: Comparison of the first digital to the world-record smallest computer.

Nowadays, multiple companies race to produce even smaller chips, with multiple reports

already suggesting the commercial application of technology nodes of only 3 nm.3*!

1.1.1
Band theory

As mentioned before, the discovery and understanding of semiconductors was tightly
connected to the emergence of solid state physics, in itself catalyzed by the theories of
quantum mechanics and X-ray crystallography. With the discovery of X-ray diffraction by
crystals in 1912 by Max von Laue it was proven that crystals were composed of periodic
arrays of atoms."'®!' In quantum mechanics, a particle or bound state can only occupy
discrete energy levels or orbitals, according to a theory developed by Bohr, Schrodinger
and Heisenberg in the first quarter of the 20th century.['?! In molecules, the orbitals of
constituents overlap to form new energetic states. With the periodic array of atoms in
crystals on the other hand, it was shown that electrons can occupy every energy level
in a broad range, the energy bands. These are formed by the hybridization of individual
atomic orbitals, of which there are very large numbers in a macroscopic solid (about 10%?),
leading to only small differences in energies which then can be seen as a continuum or
band. Here, only valence electrons are generally responsible for this effect, as the inner
orbitals don’t overlap strongly.

In metals, these mobile valence electrons could be explained by a simple model by Arnold
Sommerfeld in 1927, namely the "Free electron model".'!! This is based on the kinetic
Drude theory of electrons combined with Fermi-Dirac statistics and is able to explain
effects in metals like heat capacity, electrical conductivity and magnetic susceptibility.!'!
Nonetheless, to distinguish different transport behavior, one has to consider the interaction

of the outer electron states with the ionic core. Through Bragg reflection of electron

2
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waves by the ionic core potential, two standing waves are formed with different potential
energy.!'!! This leads to gaps in the energy levels, commonly known as band gaps. The
formation of bands starting from atomic energy levels is shown in Figure 1.2a and the
characterization of solids by their band structure and electronic occupation can be seen in
Figure 1.2b.

a) b)
Insulator Semiconductor Metal
LUMO . “=——=|Conduction
— band
5
=} Forbiddengap | [T A EF
s gap
HOMO “———= | Valence
i " band
k k k
Atom Dimer Nanoparticle Solid

Figure 1.2: a) Illustration of the transition from discrete states in atoms to periodic bands
in solids and b) band structure schematic with occupied states (grey) for the cases of an
insulator, semiconductor and metal, respectively. E refers to the Fermi energy and £ to
the k-vector.

In general, a perfect solid behaves insulating if the energy bands are either completely
filled (valence band) or empty (conduction band), with a high energy band gap (> 3eV),
where as a consequence the application of an electric field does not induce electrons to
move at all. In a semiconductor, the valence band is filled with conduction bands that
are either slightly filled or empty and separated by a low energy band gap (< 3eV). At
absolute zero, they act insulating because of this. In a metal, bands overlap and are partly
filled."'"! The Fermi level Er defines the highest energy level an electron can occupy at
0K.

1.1.2
Carriers and Doping

A unique property of semiconductors is their ability to operate as insulating or conducting
material by excitation of an electron. Upon this process, a small number of electrons
is moving with a parabolic dispersion relation in a band, with an effective mass that is
defined by the curvature of the frontier valence band (VB) and conduction band (CB) and
consequently its mobility. Furthermore, as the electron is excited, a newly formed vacancy
in the VB is defined as hole and also moves in an electric or magnetic field with a positive

charge +e. In a perfect intrinsic semiconductor, the number of holes and electrons is equal
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and thus no majority carrier is present. Upon heteroatom doping, for example with group
III and V elements in silicon, the carrier concentration can be influenced and a p- or n-
doped material is obtained, with electron acceptor and donor properties, respectively.!'3 If
these are connected, a directed current flow is obtained, immensely important in all kinds
of semiconductor devices like diodes, solar cells, transistors and more. This is defined as

p-n junction and is shown schematically in Figure 1.3.

Anode Cathode
depletion
@ p-type @ region O n-type
0 @ e

Figure 1.3: Illustration of a p-n junction acting as diode with majority carriers, p-n type
regions and depletion region at the contact.

1.1.3
Optical Transitions

A very important characteristic of band gaps in semiconductors is their transition nature.
This can generally be divided into direct and indirect band gaps, depending if the highest
point of the valence band edge is at the same point in the k-space in the Brillouin zone as

the lowest point of the conduction band edge. This is illustrated in Figure 1.4a.

a) E E b) .
Absorption Absorption

K K ho, E, +hQ
Photon energy ho Photon energy hw

Figure 1.4: a) Schematic direct and indirect band transition and b) direct and indirect
absorption processes at 0 K.
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A semiconductor can be excited with a photon, a quantum of electromagnetic radiation.
Fundamentally, the photon momentum is much smaller than the crystal momentum, caus-
ing an excited electron to conserve its momentum after photon absorption.!'*! The ab-
sorption coefficient is then related to the transition probability and the density of states of
the perturbed frontier bands. In a direct semiconductor, all transitions are allowed if they
conserve the momentum and thus the transition probability is independent of the photon
energy.!'* In an indirect semiconductor on the other hand, the transition to the bandgap
requires a change in energy and momentum, which is obtained from a phonon interac-
tion, i.e. a quantum of lattice vibrations."'!"'*! The characteristic absorption spectra for
both cases can be seen in Figure 1.4b. These effects are very important for devices like
light emitting diode (LED) and solar cells, where the transition mechanism determines
for example how probable an emission is through radiative recombination of electron and
holes is. Obviously, through the required coupling with a phonon, the emission process
is much slower in indirect semiconductors and therefore most LEDs materials are based
on direct band gap semiconductors. In solar cells, an indirect material like the commonly
used silicon has to be fabricated as rather thick film to absorb all irradiated light because
of the smaller absorption coefficient in comparison to direct semiconductors like CIGS or

perovskites, which can be employed as thin films.['!

1.14

Photovoltaics

With the global energy economy in dire straits, photovoltaic energy harvesting has be-
come one of the most important sources of renewable and non-COs-emitting energy,
based on the conversion of the energy of the sun into electricity. The photovoltaic effect
is a less extreme version of the photoelectric effect, demonstrated famously by Einstein
in 1905.11%171 Tn the photoelectric effect, energetic ultraviolet light can expel an electron

from a metal into vacuum (Figure 1.5).
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UV light current

metal

load

Figure 1.5: Illustration of the photoelectric effect (left) and the photovoltaic effect (right)
in a closed circuit with p-n junction and a load.

In a photovoltaic cell, excited electrons in a semiconductor are ideally not allowed to re-
lax and are rather extracted into an external circuit. This is accomplished via an inherent
asymmetry as discussed in section 1.1.2 with a p-n junction for example. A potential
difference or electromotive force is created through this excess energy of the excited elec-
tron, driving the current through the load.!'®!

The so-called active layer is composed of a semiconductor material with a band gap in
the usual range between 1.0eV to 2.5eV (ca. 1240 nm to 500 nm), in order to extract
the most energy from the solar spectrum. The theoretical maximum efficiency one can
obtain from a single p-n junction solar cell with exclusively radiative recombination is ap-
proximately 30% and illustrated in Figure 1.6, which is also known as Shockley-Queisser

limit.!8!

1.8
16 Bandgap = 1.337 eV
< mmm 29.7% Not Absorbed
E 1.4 23.3% Thermalization Loss
o 1.2 13.3% Extraction Loss
€ 33.7% Available Energy
1.0
=
0.8
8
c 0.6
@
E 0.4
0.0 AR

500 1000 1500 2000 2500
Wavelength (nm)

Figure 1.6: Air mass 1.5 spectrum (grey) with theoretical maximum efficiency extracted
by a solar cell with a band gap of 1.337eV and with typical losses highlighted in red,
yellow and cyan.[!”!
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To understand this efficiency limit, fundamental aspects of the semiconductor are highly
important. First of all, the voltage created by the p-n junction is theoretically limited by
the magnitude of the semiconductor band gap, but is in fact also influenced by radiative
recombination, i.e. the recombination of an electron and hole with photon emission. Fur-
thermore, this value also defines that no light with an energy smaller than the band gap is
absorbed (grey in Figure 1.6). Then, Shockley and Queisser assume thermalization losses,
namely that energy of carriers above the band gap is lost and turned into heat, a big factor
in reducing the theoretical maximum efficiency (red in Figure 1.6). Lastly, the electrical
work to extract the carriers also reduces the efficiency (yellow in Figure 1.6).1'®2% These
limitations are based on assumptions that can be influenced negatively by different fac-
tors like additional recombination mechanisms through crystal and electronic defects or
phonon coupling, short carrier lifetimes and limited mobility. Nonetheless, concepts in-
cluding sunlight concentration, tandem solar cells, intermediate band solar cells and more

could and have surpassed the Shockley-Queisser (SQ) limit already./>!-23!

1.2 THE RISE OF PEROVSKITE SOLAR CELLS

With the interest in photovoltaic energy conversion steadily increasing, many new tech-
niques and materials were studied and engineered in recent years to replace or support
commercial silicon solar cells. This is due to the fact that silicon solar cells have a very
high energetic production cost (minimum of 120 kW hkg™")*! to generate crystalline
silicon, which is needed to achieve high performance.!*! Two of the most prominent ex-
amples for novel photovoltaic technologies are organic and perovskite solar cells.!?627!

In particular, perovskite solar cells have been at the center of one of the most remarkable
success stories in solar cell research history, as can be seen in the NREL (National Renew-
able Energy Laboratory) research cell chart in Figure 1.7, where the maximum certified

research solar cell efficiencies for different materials and techniques are depicted.

7
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Figure 1.7: Best research cell efficiency chart from NREL.!?®! Different emerging and
consolidated photovoltaic technologies are marked in the legend.

Perovskite solar are shown as yellow-filled red circles with yellow borders and it can be
seen that the unprecedented rise of efficiency from around 10% to an impressive 25.6%
happened in only 10 years.!*”-*!! Furthermore, these remarkable devices could be fabri-
cated through a low-temperature solution-based synthesis approach based on an active

layer material consisting of cheap and abundant elements.

1.2.1

Understanding the Origin: Dye-Sensitized Solar Cells

To understand the steps that led to the development of perovskite solar cells, it is helpful
to look back at a special type of photovoltaic device, described in 2001 by a seminal paper
of Michael Griitzel, namely dye-sensitized solar cells (DSSC).*?! The main advantage of
these kind of devices are low-cost fabrication and control at the molecular level. The basic
working principle is shown schematically in Figure 1.8, where an electron transfer sen-
sitizer, a molecular dye, injects charge carriers into a semiconductor/electrolyte junction

with a wide band gap, e.g. Ti0,.3234
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E anode/semiconductor cathode/counterelectrode
mesoporous
TiO, FTO  glass

load

Figure 1.8: Schematic depiction of a DSSC with energy level diagram demonstrating the
carrier transport processes shown with numbers (see text).

Here, a mesoporous layer of titania nanoparticles is deposited on a conducting oxide,
for example fluorine-doped tin oxide (FTO). On this wide band gap semiconductor
(= 3.1eV) a molecular dye which acts as charge-transfer material can be found. When
exciting this dye with light, an electron is injected into the CB of the TiO, and the dye
is oxidized (0,2 in Figure 1.8).1**! This is then reduced again via an electrolyte commonly
based on an I7/I; redox system (3), which is governed by the equilibrium reaction be-
tween iodide and triiodide.®>! This prevents immediate recombination from the CB to the
excited dye (5). At the platinum/electrode interface, the electrolyte system is restored
again (7). The voltage of the cell is defined by the difference between the Fermi level of
the mesoporous layer and the redox potential of the electrolyte.[*

In genereal, DSSC technologies have been a paradigm shift in solar cell research, enabling
short energy payback times, cheap fabrication, light weights and most of all widely tun-
able devices.?37! Despite their still comparably low power output, they are very promis-
ing for low-energy applications, e. g. in a bigger internet of things (IoT) scheme.*®! In
2009, Kojima et al. demonstrated organometal halide perovskites for the first time as new
sensitizer material for DSSC cells, which turned out to be a watershed moment in third

generation photovoltaics research (including concepts to overcome the SQ limit).[*”!
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1.2.2
Perovskites and What Makes Them Efficient

The name perovskite derives from the mineral CaTiO3 named after Russian mineralogist
Lev Perovski and is used for structures with the general composition ABX3, where A
and B are positively charged cations and X is an anion bound to both cations.*>*!1 The
ideal unit cell is cubic, but can also be orthorhombic, tetragonal or trigonal in many cases
through symmetry losses.!*?! Here, the B cation is coordinated by 6 X anions, forming
an octahedron and A is 12-fold coordinated in a cuboctahedron. In the hybrid organic-
inorganic perovskite (HOIP) MAPbI3, MA (methylammonium, (CH3NH3)™) acts as the

A cation, while Pb?" is the central octahedral cation B surrounded by I~. The crystal

structure and the electronic band structure for the case of MAPbI; is shown in Figure
1.9.143

r R XM I X
Figure 1.9: a) Crystal structure of cubic MAPDbI3, b) PBE band structures of MAPbI;
(black) and PbI; (green and c) quasiparticle band structure of Pbl; without spin-orbit

coupling corrections (green) and with spin-orbit coupling (red)./*}! Reproduced with per-
mission. Copyright 2016, American Physical Society.

It can be seen with the bandstructures shown in Figure 1.9b and 1.9c that this material
exhibits a direct bandgap of around 1.2 eV, which is very close to the optimal value to
maximize a single-junction solar cell efficiency as defined by the SQ limit.!*’! Further-
more, this value is strongly influenced by the choice of the A cation and the tilting of the
(Pblg)*~ octahedra, making it widely tunable.* Additionally, the curvatures of the VB
and CB are very high (Figure 1.9¢), indicating low effective masses, which was shown
in conjunction with low exciton binding energies,*! where the exciton binding energy
refers to the energy needed to split a bound quasiparticle of a hole and electron into free
carriers. Together, this enables very favorable charge carrier transport properties and a

high fraction of free carriers at room temperature, as the thermal energy needed to split

10
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the exciton fully is mostly available. We also note that the main electronic structure at
the band edges is dominated by the (Pbl3)~ framework (Figure 1.9b). The organic A
cation does not dictate the main electronic processes but rather acts as a templating agent
to distort and/or compress the structure, which in turn influences the electronic structure
massively in terms of band curvature and gap.!*S!

Since their first use in DSSCs with efficiencies rapidly climbing,**#” lead-based per-
ovskite materials were soon employed successfully as stand-alone active layer in solar
cells because of the aforementioned properties. Here, the device structure was similar as
in DSSCs as shown in a landmark publication in 2012 with some distinct differences that

paved the way for novel solar cell architectures (Figure 1.10).[48!

electrode

hole transporting
layer T

active layer \
electron perovskite
transport layer

spiro-OMeTAD light

transparent Ag

conducting ~~__

glass FTO
glass

Figure 1.10: Model p-i-n solar cell architecture for a lead-based perovskite material with
contacts, load and individual layers.

As discussed before, an asymmetry has to exist in solar cells to achieve directed current
flow. Here, the perovskite acts as an "intrinsic semiconductor" that is very robust to ac-
cidental doping, with the electron (TiO5) and hole transporting layers (spiro-OMeTAD)
defining the p-n direction, resulting in a model p-i-n diode.!*”! This architecture coupled
with the optical characteristics of the perovskite, i.e. a high absorption coefficient and
direct transition, enables the fabrication of extremely thin devices, as the thickness of the
perovskite layer to achieve the maximum SQ efficiency is only around 200 nm.!%"!

Furthermore, the active perovskite layer can be fabricated easily and efficiently via a
solvent-based spin-coating process starting from the inexpensive halide salts in organic
solvents with a successive annealing step at comparably low temperatures, of around
100 °C.1*! Detrimentally, this production method usually introduces interruptions in the
crystal lattices and irregularities in the fabricated thin film, leading to electronic perturba-
tions in the materials.®?! Here, another unique property of lead-based perovskites prevents

significant efficiency losses: their pronounced defect tolerance.”*>* This is illustrated
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schematically in Figure 1.11.

defect-intolerant

/ deep ! ! shallow !
; defects i defects  /

bonding

VB

Figure 1.11: Illustration of a system with deep defect levels (left) and the bonding situa-
tion in MAPbI3, where the orbitals lead to shallow defect states.

Usually, electronic states that are created by these crystallization faults can be found either
close to the energetic levels of the frontier bands (shallow defects), influencing the carrier
mobility, and deep in the band gap (deep defects), which can significantly reduce the volt-
age of the as-fabricated device through unwanted recombination centers./>>=>! Nonethe-
less, in lead-based HOIPs, studies suggested that the photocarriers are large polarons
(quasiparticles which are formed by polarization of the crystal lattice through carriers),
which shield the carriers from scattering with other carriers and defect states, thus in-

creasing the lifetime of excited species.[%>7!

1.2.3
Stability Issues and Toxicity

In general, perovskite-based materials have shown to be inexpensive, easy to fabricate, de-
fect tolerant, astoundingly efficient and tunable in the choice of all constituents. Nonethe-
less, there are still significant problems and challenges hindering the commercial appli-
cation of these kinds of HOIP materials: first and foremost, lead halides are toxic for hu-

mans, cancerogenic and easily absorbable through the skin.®® Additionally, in the 2011
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RoHS?2 directive, lead was prohibited at over 0.1% concentration in common working
materials by the European Union.[*%! The toxicity of lead is so pronounced that only
a few pg can be extremely harmful for the nervous system and hence it should be com-
pletely avoided to introduce such compounds into the ecosystem to avoid circulation as

seen in Figure 1.12.[61:62]
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Figure 1.12: Lead circulation in the ecosystem and impact on the environment and human
health.[6?!

What aggravates this problem even more is an inherent instability of common lead based
perovskite systems in real-world operating conditions.!®! Humidity, heat, phase instability
and ion migration of especially I” ions induces performance loss and degradation of a
HOIP system like MAPbI3 into MAT and Pbl,.[63-66]

1.3 PEROVSKITE-INSPIRED MATERIALS

As discussed before, the octahedral (Pbls)*~ motif determines the electronic characteris-
tics that made perovskites so successful and efficient in the first place. Hence, a common
strategy to circumvent the use of lead and retain at least some of the properties of per-
ovskites is the implementation of elements with an isoelectronic (same electron config-
uration), isovalent (same valence electrons) character into a roughly isostructural (same
crystal structure) framework. Pb has the electron configuration [Xe]6s24 f145d'°6p* and

in the oxidized 2+ state [Xe|65%4 f145d'%, where the energetically highest lying occupied
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orbital is 652 (see Figure 1.11). These orbitals in conjunction with the unoccupied 6p or-
bitals have been identified as root cause for the unique properties like the defect tolerance,
low band gap and transport properties.[”! The easiest way to achieve this replacement is
to look at the neighbouring elements in the periodic system of elements (PSE), namely
Ge?t ([Ar]3d1%4s%), Sn?* ([Kr]4d'%5s%), Sb3T ([Kr|4d'5s?) and finally, the isoelectronic
Bi3t ([Xe]6524 f145410).

1.3.1

Structural Aspects

Before considering derivative perovskite materials, it is useful to understand and analyze
the influence of the constituents on the structure and vice versa. An important fact to
regard is the so-called tolerance factor, which predicts if a regular perovskite structure
is obtained at all and what unit cell it adopts, depending on a ratio of the ionic radii
t = Rax/v2Rpx .1 The influence on the crystal structure and octahedral orientation

is shown schematically in Figure 1.13.

cubic tetragonal orthorhombic

24

L o
¢® &'y

o

Tolerance factor 1 0.9-0.8 <08

Figure 1.13: Schematic visualization of the influence of the Goldschmidt tolerance factor
on the unit cell and octahedral positioning in perovskite structures.

This phenomenon is also very important in lead-based perovskites, where, for example,
a phase duality in FAPDbI; between a yellow, hexagonal structure and a black, trigonal
structure determines whether it works successfully as solar cell or not.”’>’!! By ion alloy-
ing, for example with Rb, Cs, Br etc., the tolerance factor can be tuned and the favorable
crystal structure can be stabilized.[®*7?! Moreover, as expected, unit cell modification
and octahedral positioning induces changes in the electronic structure as seen in Figure
1.14.173.741
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Figure 1.14: a) Influence of lattice contractions and octahedral tilting on the band gap of
perovskite materials/’*! and b) illustration of the change in band structure upon transition
from cubic to tetragonal lattice.””?! le and he refer to large and heavy electrons, respec-
tively. Reproduced with permission. Copyright 2017, American Chemical Society and
2022, Nature Publishing Group.

Here, for example through enlargement of the lattice or octahedral distortion, the band
gap can be increased (Figure 1.14a). Also, through the symmetry reduction from cubic to
tetragonal, the degenerated spin band above the conduction band (light electrons (le) and
heavy electrons (he)) is separated.”*!

Looking beyond the same conformations (as expected with divalent ions of the same
PSE group), introduction of trivalent ions like Sb and Bi drastically changes the obtained

structure (depicted in Figure 1.15).

A*B’ A,"B/'B,} 2D-A;B’ 0D-A, B’
VN *bdeBd R R
hA He.Ee. “ “
A .mem =24 9
N ®E.W. RO

cubic perovskite cubic double perovskite trigonal , layered” perovskite hexagonal ,dimer” perovskite

Figure 1.15: Illustration of perovskite-derived structures with trivalent B cation. From
left to right: regular perovskite, double perovskite, layered "defect" perovskite and dimer
"defect" perovskite.

One approach is to split the cations into two oxidation states by adding a monovalent
cation like Ag to Bi to sum up to (+II),. This results in so-called double perovskite struc-
tures A,BBirXg with alternating (B1X4)®~/(BiiXg)3~ octahedra.l>7!

When avoiding this and sticking with a single trivalent cation, the so called "defect"

perovskite structures with stoichiometry A3ByXy can be obtained.””-8! Here, two poly-
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morphs can be distinguished: one layered structure with corner-sharing octahedra which
can be seen as a regular perovskite structure with every 3rd octahedral layer removed
(AB;/3X3) and a non-perovskite dimer structure with fused bioctahedra.

From this foundation, immense combinatorial possibilities open up, especially when con-
sidering further techniques like dimensional reduction by introduction of organic spacer
molecules between the slabs.””8?! This has even been shown to induce such drastic
changes as shifting of the band gap nature from indirect to direct in some materials./303!
A more detailed depth discussion about the electronic consequences will be carried out in

the following sections.

1.3.2
Group IV Elements as Substitutes: Perovskite-Type
With the Group IV elements Sn and Ge, the same crystal structure of the archetypical

MAPDI; can be obtained because of their divalent oxidation state as cations. The corre-

sponding band structures with Cs as A cation can be seen in Figure 1.16.34
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Figure 1.16: Electronic band structures calculated with the quasiparticle GW method and
spin-orbit coupling for CsGels, CsSnlz and CsPbl3.B* Reproduced with permission.
Copyright 2016, American Physical Society.

Interestingly, replacement with germanium and tin leads to almost identical band struc-
tures with slightly changing band gaps. CsSnls has the lowest band gap with 1.0eV,
then CsGel; exhibits a band gap of 1.2eV and finally CsPbl; with 1.3eV.3 While
germanium-based perovskite materials still underperform at around 7%, the tin-based
compounds have shown efficiencies of up to 13.2% already.!®>3¢! The main bottlenecks
with these materials are pronounced instability and proneness to oxidation to the tetrava-
lent state.[®”-88] Furthermore, the diffusion lengths in tin perovskites seem to be shorter
than in lead-based analogs, making it hard to produce well-absorbing thick films without
losing charge carriers.!®"! This has been attributed to self-doping via oxidative reactions,

inducing unwanted recombination.®”! Nonetheless, the voltage values in devices of such
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materials are already high, hinting at a great potential for tin-based perovskites if the

stability can be enhanced, for which manifold strategies are currently being studied.[**°!]

1.3.3

Group V Elements as Substitutes: Double Perovskites

Because of the instability of the aforementioned materials and the still relevant toxicity
of tin,?! recent research looked one group further in the PSE towards Bi and Sb in the
double perovskite form. The most prominent example for double (I/III);; substitution
in the perovskite lattice is CsAgBiBrg.">**! Many interesting properties like long carrier
lifetimes of up to 1 us, very high stability and easy processability were demonstrated early
on, but the PCE still has not surpassed about 3%.°>7! The reasons become apparent when

the band structure is observed (Figure 1.17a).
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Figure 1.17: a) Electronic band structures of Cs; AgBiBrg, calculated with PBE and HSE,
with and without spin orbit coupling. b) Absorption curve, photoluminescence and elec-
troluminescence spectra for a CsyAgBiBrg thin film and solar cell device (EL). Inset:

Model of the crystal structure.[®®*! Reproduced with permission. Copyright 2022, Else-
vier B.V.

First of all, the band gap is quite large (> 2eV) and indirect, creating the need for
thick absorber layers and theoretically limiting the efficiency in solar cells to 10%
through the SQ limit.®® Accessing the iodide version would possibly circumvent this,
but was only shown to be accessible via dimensional reduction, e.g. in [AE2T],AgBilg
(5,5 -diylbis(aminoethyl)-[2,2’-bithiophene] (AE2T)).['%! Additionally, the photolumi-
nescence spectrum is strongly redshifted as seen in Figure 1.17b, as is the electrolu-
minescence, which is tied to the voltage limit.”””! The PL emission is tied to many ef-

fects, namely disorder through A/B cation mixing, electron-phonon coupling and color
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centers (point defects of trapped carriers), which are all unfavorable for photovoltaic
applications.['"~19] Furthermore, low contact selectivity was shown,!'%¥ further reducing
the efficiency for photovoltaic energy conversion. Approaches to capitalize and improve

on this material are focused on band gap reduction and device engineering.[!%-106]

1.3.4
Group V Elements as Substitutes: Defect Perovskites

As discussed before, if only one group V element like Bi and Sb is substituted for lead,
the so-called defect-ordered perovskites of the stoichiometry A3ByXg are obtained. This
class of materials offers some more advantages compared to double perovskites like
CsyAgBiBrg including easier fabrication, lower band gaps and lower exciton binding
energies.'””! The phase duality has great electronic impact here, as shown in the band

structures for Cs3Shslg in Figure 1.18a.
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Figure 1.18: a) Electronic band structures of Cs3Sbslg in the dimer and layered form, cal-
culated with HSE, and b) configuration coordinate model illustrating the phonon-coupled
recombination and absorption mechanism in Cs3Shylg.l""1%] Reproduced with permis-
sion. Copyright 2017, American Chemical Society.

Firstly, the size of the band gap is reduced significantly in the layered form with the corner
sharing octahedra compared to the dimer one with the face-sharing octahedra. Nonethe-
less, both polymorphs exhibit rather flat valence bands, which indicates holes with large
effective masses and therefore unfavorable transport properties.’”! Interestingly, the dimer
form was shown to be more efficient in devices generally, which is counter intuitive when
observing the band structures. The PCE record for dimer MA3Sbs]y lies at 2.77% and for
layered MA3Shylg at 1.8%.1197191 This is attributed to a very important and detrimental
effect in many lead-free perovskite devices: electron-phonon coupling (shown in Figure
1.18b).1'1% Here, these interactions of lattice vibrations with charge carriers lead to small

polarons, which trap carriers and produce self-trapped excitons, which then recombine
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with the help of a phonon (upper band: self-trapped excitons, lower band: valence band

in Figure 1.18).1108.110]

1.35

Group V Elements as Substitutes: Non-Perovskites

Lastly, as shown with the dimer defect perovskite structures, non-perovskite structures
based on ns? cations can also be efficient in photovoltaic cells. This has been demon-
strated extensively with numerous other structures, like pnictogen halides with the struc-
tural formula A'B"'X 1. (B = Bi/Sb) or chalcogen halides B Ch "X~ (X = Br/I;
Ch = O/S/Se)."112] Pnictogen halides consist of side-sharing (AX)*~/(BX4)3~ octa-
hedra, responsible for the frontier electronic structure as seen in most perovskite and
perovskite-derived materials. A'B; X, 3 can adopt two different structures: a struc-
ture in a rhombohedral unit cell as seen in Figure 1.19a with (AXg)5~ and (BX4)3~ oc-
tahedral slabs separated by also octahedrally coordinated A cations on different lattice
positions, and a cubic "defect-spinel" structure with all cations on the same lattice posi-

tions as seen in Figure 1.19b.!1!1:113.114]
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Figure 1.19: a) CdCl,-type crystal structure of Ag,Bi, X, . 31, b) cubic defect-spinel phase
of Ag,Bi, X, 3p, ¢) illustration of the phase width with stable stoichiometries and d) band
structures with model AgBil, calculated with the LDA/PBE/HSE methods with (orange)
and without (grey) spin-orbit coupling.!!'!13:114] Reproduced with permission. Copyright
2017, Wiley-VCH Verlag GmbH and Co. KGaA and 2016, American Chemical Society.

In general, this class of materials can be simplified as consisting completely of (AXg)?™,
(BXg)?~ and vacant octahedra (AXg)~.1""!] This enables a very large phase width as
shown in Figure 1.19c, especially when considering that the A and B cations can be
alloyed widely, shown extensively for Cu/Ag and Bi/Sh.['!>-!18 The band structures of the
prototpye AgBil, system are shown in Figure 1.19d, demonstrating a low and direct band
gap in the range of 1.7 eV, which was shown to lead to very high absorption coefficients
near the optimal range for single-junction solar cells.[''*!!*] These materials exhibited

promising efficiencies of 4.3% for AgsBilg and 5.4% for a sulfur doped-variant.[!!3-11]
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A factor hampering the device performance is the intrinsic high concentration of mostly
deep-lying defects, probably resulting from the stoichiometric and structural disorder of
these materials and the short carrier lifetime.!''") Furthermore, the charge carrier mobility
is low, owing to the mostly flat bands at the band edges (Figure 1.19¢).!'#! Lastly, the band
alignment with commonly used electron and hole transporting layers is still not optimal,

further reducing the efficiency, which could be, e.g., improved by alloying with sulfur.['""]

1.3.6
Intrinsic Challenges and Application Space

Multiple difficulties still stand in the way of completely replacing lead as central atom
for perovskite solar cells. This ranges from chemical and physical instability to unfavor-
able defect properties, pronounced exciton-phonon coupling, large band gaps and more.
Nonetheless, the facile processability and very wide phase width and tunability leads to a
plethora of new materials, also beyond the use as highly efficient solar cells.!'?"!

Here, for example, the defect perovskite Cs3BisBrg has been successfully employed as
efficient blue phosphor, as was the perovskite-type Bi : CsoSnClg 2122 Alternatively,
the double perovskite Cs;AgBiBrg was shown to be a robust and efficient semiconduc-
tor for photocatalysis, as was MA3Biyl,.[12%124 Cs, AgBiBrg, moreover, outperformed
lead-based perovskites in X-ray detection applications because of its heavy Bi cation and
pronounced stability.!?*! The layered defect perovskite Cs3Sbyly was demonstrated to op-
erate in an artificial synaptic memory device exactly because of its high electronic-ionic
coupling which was a drawback for solar cells.['>! Finally, the non-perovskite Cuy AgBilg
proved to be a highly efficient photovoltaic absorber if used in an indoor setting, i.e. with
a significantly lower light intensity and reduced spectrum, matching better with the higher

[115,127,128]

band gap.
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1.4 OUTLINE OF THIS THESIS

In this work, the synthesis, properties and application potential of multiple lead-free
"perovskite-inspired" materials were investigated. Here, perovskite-inspired is refer-
ring not only to a related crystal structure, but rather a way of designing and tuning
solution-processed halide materials to unravel novel semiconductors for a range of device

implementations.

In Chapter 3, an easy synthetic strategy to access the layered polymorph of MA3Shslg
instead of the thermodynamically favored dimer structure is presented. This is ac-
complished via replacing the usual halide precursors with acetate salts, increasing
the interatomic distance of Sb-Sb, thus leading to a phase-pure layered structure with

reduced band gap, exciton binding energy and higher photovoltaic performance.

In Chapter 4, the same approach is expanded with the addition of tin salts in vari-
ous oxidation states, dramatically boosting the absorption capability of the thin films.
This absorption increase is studied thoroughly and traced back to a heterovalent oxidation
state of the tin cations, stabilizing themselves in close mixed-valent clusters and adding a

broad intervalence absorption contribution in the process.

In Chapter 5, the thin film synthesis and characterization of novel lead-free mate-
rial CuyAgi_«Sb;_yBiyI3 is shown. We demonstrate a composition of 1:1:4 and
highlight the presence of deep Ag/Cu point defects in the band gap. Nonetheless, we
manage to improve the morphology by incorporation of Cu and Bi. These effects are
shown to be the root cause for performance improvement in solar cells, which is overall

boosted even further when working with low light intensity.

In Chapter 6, a unique double perovskite based on a Na/Fe pair is studied. By
means of theoretical and experimental methods, an unpaired spin system of 5/2 with a
spin-polarized electronic structure is shown. Through low temperature optical measure-

ments, thermochromism and excitonic behavior is demonstrated.

In Chapter 7, a fluorinated spacer cation is employed to dimensionally reduce the
archetype photovoltaic double perovskite Cs; AgBiBrg, demonstrating the stabilization
of a lower band gap iodide phase with a direct band gap due to band folding and revealing

ultrafast charge carrier localization in such systems.
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Characterization methods 7

2.1 X-RAY DIFFRACTION

X-ray diffraction (XRD) is a powerful technique to study the structure of crystalline mate-
rials, yielding useful information about the phase, crystallite sizes and orientation among
others. Because of the similar wavelength of X-ray radiation to the atomic interdistances
in the crystal lattice, monochromatic electromagnetic radiation can be elastically scattered
and undergo constructive and destructive interference, as described by Bragg’s law (equa-
tion 2.1), with n defined as positive integer, A as wavelength, d as interplanar distance and
0 as scattering angle (schematically shown in figure 2.1).[1)

nA = 2dsin(6) @2.1)

Figure 2.1: Constructive interference of X-rays in a crystalline material. A is the wave-
length, d the distance between crystal planes and 6 the Bragg angle.

The incoming X-ray is commonly generated in a cathode ray tube by heating a filament,
releasing electrons which are accelerated towards an anode material (usually Cu, Fe, Mo

or Cr) and filtered to achieve monochromatic radiation.?
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2. Characterization methods

This electromagnetic radiation then interacts with the electrons around the atoms in sam-
ple to produce a diffraction signal when the Bragg condition seen in equation 2.1 is ful-
filled. By varying the incident angle of the X-ray and/or angle of a detector, different
peaks can be produced corresponding to individual Bravais lattices in the observed sys-

tem.

2.1.1

Rietveld Refinement

When looking at diffraction from the geometric basis of the atoms, the periodicity of
an atomic system results in a periodic electronic density, which enables the system to
be analyzed via Fourier series.’’)¥ When applying this to the observed crystal system, a
construct is obtained which is widely used over all solid state physics: the reciprocal
lattice. Here, the periodicity of the reference system still holds, but essential properties
about the structure can be extracted from the Fourier components.?! Moreover, the general

diffraction condition can be written as follows:
Ak =G (2.2)

Here, Ak refers to the scattering vector and G to a point in the reciprocal lattice.
Obviously, different electronic configurations lead to different scattering intensities
around the atom center, with the amplitude being defined by the structure factor S as

seen in the following equation:

Sa = Z fiexp(—iG - ;) (2.3)

J

Here, j is an index for every atom in the cell, r; the vector to the corresponding atom
center, G' a reciprocal lattice vector and f; the atomic form factor being directly correlated
to the electronic density around the atom and a parameter extracted from the Fourier series
approach.

Therefore, minuscule atomic changes such as position and nature of atom can have a
significant influence on the shape of the individual XRD patterns. This can be very useful
when simulating a proposed crystal structure and comparing it to experimental results.

A very prominent technique to accomplish this is the Rietveld refinement method, where
an experimental pattern is matched to a simulated profile and refined via a least-squares
method to minimize the difference by varying parameters like atomic occupation, unit cell
symmetry and dimension, which yields information about the crystallographic constants

and general molecular constitution.!*!
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2.1.2
Grazing Incidence Wide Angle X-Ray scattering

Grazing incidence wide angle X-ray scattering (GIWAXS) is a powerful XRD technique
used to study surface and thin film nanostructures. While in a conventional locked-couple
scan configuration plenty of signal from the substrate is recorded, in this technique low
incidence angles can lead to a much increased signal as only the film surface is probed.
Additionally, precise information about the orientation of the film is retrieved.>®! The

basic working principle is illustrated in Figure 2.2.

Figure 2.2: Illustration of wide-angle grazing-incidence scattering with vectors and sig-
nificant scattering angles.

Here, an X-ray beam with the wavevector k; is used to probe the sample under an incident
angle «; which is usually in the range of < 1°. This is typically chosen around the critical
angle, i.e. where Total External Reflection of the wave occurs. After scattering on the
sample surface or in the bulk, a two-dimensional detector is used to collect the intensity
as values of oy and W that are then expressed as vertical (g) or lateral (g,) wavevectors.
Through this 2D imaging, special patterns depending on the orientation can be obtained,
with partial rings, or dots in the case of single crystals or perfectly oriented thin films.
Random orientation forms Debye-Scherrer rings with homogeneous intensity on the area

detector.!”!
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2.2 SCANNING ELECTRON MICROSCOPY

To investigate the morphology of materials on the nano- and micrometer scale, methods
beyond optical microscopy have to be employed because of the Abbe limit in resolution

as seen in equation 2.4.8!
A

~ ONA

Here, N A refers to the numerical aperture and A to the wavelength of light, resulting

d (2.4)

in a limit of approximately 200 nm resolution. Circumventing this is accomplished for
example by measuring the interaction of sample atoms with an incoming electron beam,
as performed in scanning electron microscopy (SEM). Here, the much smaller De Broglie
wavelength of electrons in comparison with photons enables imaging at a scale of only

few nanometers.

electron gun

anode

condenser lens
scanning coil

objective lens secondary

electron

‘ detector

backscattered
electron
detector

sample

Figure 2.3: Schematic representation of the scanning electron microscope.

In a typical SEM setup as illustrated in Figure 2.3, an electron gun emits a divergent
electron beam at acceleration voltages of 1kV to 30kV in high vacuum produced by a
tungsten filament cathode or a field emission gun. After this, the beam is shaped and
focused by a condenser and an objective lens. The image is generated by scanning over
a sample and measuring the resulting interactions, mainly yielding secondary electrons
with information about the morphology and higher energy backscattered electrons which

provide information about the elemental composition.
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2.3 PHOTOELECTRON SPECTROSCOPY

Photoemission or photoelectron spectroscopy (PES) is a powerful tool to study the energy
distribution of electrons in a compound, revealing information about elemental compo-
sition, nature of chemical bonds, electronic states and VB energy levels among others.
Generally, a sample is ionized by either ultraviolet (UV) or X-ray radiation and the ki-
netic energy of emitted electrons is measured. In general, the ionization process can be
described as follows:

A+hy — AT+ e (2.5)

As energy has to be conserved in the system and the electron’s energy is only kinetic

(KE), equation 2.5 can be rearranged and results in Einsteins photoelectric equation:!!
KE =hv — (E(AT) — E(A)) = hv — BE (2.6)

The difference (E(A") — E(A)) is described as electron binding energy (BE). A

schematic representation of a conventional spectrometer can be seen in Figure 2.4.

electron energy
analyzer

UV/X-Ray source

chamber

ultra high
vacuum pump

Figure 2.4: Schematic representation of a photoelectron spectrometer.

Importantly, the radiation source determines the information retrieved by the measure-
ment and is divided into X-ray photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS). In XPS, soft X-rays with an energy of 0.2keV to 2keV are
generated by a vacuum tube with an anode material (most commonly Mg or Al) to study

the energy levels of core electrons.!'”? In UPS, gas discharge lamps (mostly He, Ne or
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Ar) are used to ionize the sample with a photon energy of 10eV to 45 eV, which reveals

characteristics of valence levels.!'!]

2.4 UV-VIS SPECTROSCOPY

Ultraviolet—visible spectroscopy (UV-Vis) is a common and effective technique to exam-
ine light absorption and reflection of liquid or solid samples. Here, light in the wavelength
range of approximately 200 nm to 1200 nm is used to irradiate a sample of interest, ex-
citing electrons in the sample from the ground state into higher lying electronic states. In

general, macroscopic absorption is described by the Lambert-Beer law as seen in equation

2.7.112
I(A)
A(N) = —logyg (W) = —log,(T(N)) = aip(N)I (2.7)
0
A()) defines the absorbance, I()\) the transmitted intensity of light, Io()\) the light in-
tensity on the sample and «1o(A) describes the absorption coefficient with [ being the
thickness of the sample the light has to travel through. The quotient /(\)/[y(A) is also
referred to as transmittance 7'(\). Absorbance is measured using a white light source and
scanning A with a monochromator whilst detecting /(\). As a fundamental parameter
of semiconducting materials, the bandgap can be approximated by a method named after
the Czech physicist Jan Tauc.!'3 This method was originally developed for amorphous
semiconductors but can be very useful to get rough estimates of this value. It is based on
the following assumption that the absorption coefficient can be expressed as a function of
energy:

(

A =0.5 direct allowed

1/ A =1.5 direct forbidden

(ahv)* = B(hv — E,) (2.8)
A =20 indirect allowed

\)\ = 3.0 indirect forbidden

« is the absorption coefficient, hv the photon energy, B is a constant and A is a value that
accounts for the specific type of transition. Nonetheless, this can only be used reliably
if no sub-band absorption is present in the material, which is not the case for defect-
containing or non-single crystalline samples.!'* These sub-band gap states are accounted
for by an Urbach tail, an exponential increase of absorption depending on the energy,
described in equation 2.9.!"!

a(E) = agexp (EZ_? El) (2.9)
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g and FE are free parameters and I, is the Urbach energy, which accounts for the ener-

getic disorder.

241
Exitonic Absorption in Semiconductors & Elliott Model

As the absorption processes in semiconducting materials arise from fundamental proper-
ties of interest, a better model to describe these transitions can be an extraordinarily pow-
erful way to characterize new materials based on a quick and non-destructive technique
like UV-Vis spectroscopy. It was shown that in hybrid organic-inorganic perovskites, the
assumption of a completely delocalized electron wavefunction and therefore negligible
electron-electron interaction does not necessarily hold as they show pronounced excitonic
behavior, forming a hydrogen-like quasiparticle.!'®! In order to account for this, Elliott de-
rived a formula based on the electron-hole susceptibility starting from the semiconductor

Bloch equations and shown in equation 2.10.17!

> ArE3/? E,
a(v) = adf [Z nsb J (hu - E, - F)

n=1
(2.10)
2m\ B,
™V H(hw - E,)
1 —2m huE—bEg
—e

Here, o3P is a parameter scaling relative to the density of states, n is a positive integer
defining line transitions, [, is the bandgap and F} is the exciton binding energy, defining
the energy required to ionize an exciton into free carriers. ¢ is the Dirac delta function,
accounting for continuum absorption in the first term and H is the Heaviside step function
for the excitonic absorption in the second term. D’Innocenzo et al. furthermore reported
a modified equation for the case of MAPDbIs, which includes a term for inhomogeneous
thermal broadening I" and a parameter b for non-parabolicity of the density of states, and

can be seen in equation 2.11.1%!

X 4B h —E, - &
alv) = aif [Z anb sech (%

n=1

+/ sech (hy—e) 2mv Ey L de

r Con ] By 1 —0be—E
Eg 1—62 hubeg ( g)

Additionally, the Dirac and Heaviside functions were approximated by the hyperbolic

(2.11)

secant function sech(x). To illustrate the profound influence of the parameters on the

shape and position of the absorption curve, the Elliott Formula was simulated in Figure
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2.5, varying one parameter at a time starting from common values shown in the legend.

E,=1.50 eV ,
E,=0.04 eV b>ol

r=0.10eV " [, increasingp—]

E (eV)

Figure 2.5: Simulation of a UV-Vis spectrum with the Elliott Formula with the varying
parameters band gap F,;, exciton binding energy Fj, inhomogeneous broadening I' and
non-parabolicity factor b, starting from common values in perovskite materials. The band
gap was increased (green curves) incrementally by 0.2 eV, the exciton binding energy (red
curves) by 0.04eV. I' was doubled in the light grey spectrum and the non-parabolicity
factor was set as +0.31 in the dotted black line without changing the other parameters.

2.5 PHOTOLUMINESCENCE SPECTROSCOPY

While absorption spectroscopy is used for studying light that is lost, photoluminescence
(PL) spectroscopy measures light emission generated by radiative recombination from
an excited state to the ground state in a semiconductor material. Experimentally, a sam-
ple is excited by a laser with wavelengths in the range of 350 nm to 900 nm and the
resulting emission is measured. Mechanistically, this can happen directly from and to
the frontier bands or can also be mediated by a trap state in the bandgap. Nonetheless,
not every semiconductor - especially a material with an indirect bandgap - emits radi-
ation when recombining. Here, the extra energy is released via generation of a phonon
(Shockley-Read-Hall) or given to another electron in form of kinetic energy (Auger).1%2!
The different processes are illustrated in Figure 2.6. By measuring steady-state PL spec-
tra, information about the recombination nature, charge transfer efficiency and bandgap
can be obtained. Furthermore, this technique can be expanded by measuring over time,

where the recombination kinetics can be investigated. The lifetime of charge carriers can
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radiative recombination non-radiative recombination

kinetic energy

phonon

band-to-band trap-assisted Shockley-Read-Hall Auger

Figure 2.6: Illustration of typical recombination pathways in semiconductors.

also be studied, which is an important material property especially for optoelectronic ap-

plications. Obviously, the recombination mechanisms presented in Figure 2.6 will differ

in their respective kinetics, with the individual rate equations shown in the following:?!!

Ubana = B(np — n3) (2.12)
UAuger = (Cpﬂp + CnO)(np - TL?) (213)
2
np — n;
Usar = b : (2.14)

Tp(n 4+ ny) + 7 (p + pr)
The quantities n and p are the electron and hole densities, respectively, and B, Cy, Cy, are
coefficients for the band-to-band and Auger recombination processes. Defect-mediated
recombination is illustrated by the Shockley-Read-Hall formula, where 7, and 7,, are av-
erage lifetime parameters which are dependent on the defect concentration and the trap
energy level. n; and p; are electron and hole densities when the quasi Fermi level (QFL)
is identical to the energy of the trap state.

2.6 DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) is a quantum mechanical method to calculate proper-
ties and the electronic structure of many-electron systems from first principles. The main
advantage of this method is a high cost-effectiveness, which is a bottleneck for many
ab-initio quantum mechanical simulations when complex system are observed or high
accuracy is needed. The core principle revolves around expressing the energy of a sys-
tem as a functional of the electron density as opposed to the wave function as in regular

quantum-mechanical theories.!*?! Therefore, the Schrodinger equation with fixed nuclei
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(Born-Oppenheimer approximation) can be written as follows:*!

N

E:C——V)+§:Vn+§:Umm (2.15)

=1 1<]

HU = EU =

H is the main Hamilton operator, which can also be described as (T + V + U) with the
kinetic energy, potential energy and electron-electron interaction operator, respectively. W
is the wave function, m; the mass of a particle of interest and r;,r; are the vectors describ-
ing the position of such. As the wave function is difficult to interpret and is dependent on
all coordinates of all electrons in a system, a description of equation 2.15 with a physical
observable would be very advantageous. This was the starting point for the theorems of
Hohenberg and Kohn, where they postulated that all the information of a system is de-
scribed by the electronic density, a simple function with only 3 coordinates.?*! In classical
wave function theory, the Schrédinger equation is solved by minimizing it by varying a

trial wave function:
E = rr%n(\IJ|E|\If) (2.16)

In DFT on the other hand, the energy can be expressed as seen in following equation,
as the second Hohenberg-Kohn theorem proves that a ground state density exists which

minimizes the overall energy of the system:

E:mm/vww@w%+pummn (2.17)

n

Where n defines the electronic density and F' is a functional containing the kinetic energy
T' and the electron self-interaction term U. V' is a system-specific measure for the external
potential of the nuclei. Nonetheless, the key problem with this theory is that the exact form
of F[(n(r))] is unknown. The general formula can be seen in equation 2.18.

Fln] = T[n] 4+ Uln] = T[n] + J[n] + E.[n] (2.18)

J is the electrostatic repulsion of the electrons, which is easily derived from classical
theory. The calculation of 7" is avoided by employing Kohn-Sham functions, which intro-
duce fictional one-electron wave functions that result in the same electronic density as the
system of interest.[*>! . defines the exchange-correlation functional, the key unknown
in modern DFT. Many methods were presented to circumvent these issues, all of these
varying in computational cost and accuracy, depending on the needs of the system under
study. Some examples are definitions of F,. based only on the electronic density (local)
or the gradients thereof, e.g. generalized gradient approximations (GGA) like the Perdew-

Burke-Ernzerhof (PBE) functional.”?* Another class are the frequently used hybrid func-
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tionals, which mix DFT energies with contributions of wave function-based methods like
Hartree-Fock, e.g. the Heyd-Scuseria-Ernzerhof (HSE) functional, often used in calculat-

ing hybrid organic-inorganic perovskites.?°!

2.7 CURRENT-VOLTAGE MEASUREMENTS

To characterize as-fabricated solar cells, current-voltage (JV) measurements are the most
straightforward method to study their performance and extract key parameters like the
power conversion efficiency (PCE), short circuit current density (J.), open circuit voltage
(V,.) and fill factor (FF). For this, an external bias voltage is applied and scanned in a
range of —0.1V to 1.5V while illuminating the solar cell using a standard air mass 1.5
global (AM1.5G) spectrum with an incident power of 100 mW c¢cm~2.2"! The resulting
output current is measured and divided by the area of the solar cell to extract the current
density. A typical JV curve is illustrated in Figure 2.7.

A
Current density (J)

dark current

VOC
Voltage (V)

Figure 2.7: Illustration of a typical JV curve with photovoltaic parameters, these are ex-
plained in detail in the text.

In a typical pn-junction, this shape is described by the Shockley diode equation in the

dark:(?®]
J = Js {exp <%> — 1} (2.19)

Js 1s the voltage-independent reverse saturation current density, eV’ the electron charge
times the voltage, k7" is the Boltzmann constant times temperature. When light is applied

to the junction, the curve gets shifted up by J,. and starts generating power.

J = J {emp (Z—‘;) — 1] + Jse (2.20)
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The V,. describes the voltage where the net current that flows in the solar cell equals
zero. This value is linked to characteristic material properties like the band gap, which
is the theoretical limit for the V,. when maximum QFL splitting is assumed. However,
non-radiative recombination processes and short charge carrier lifetimes can influence
and thus reduce this value.

The J,., on the other hand, defines the maximum current flow in the cell at zero bias
voltage. This value is determined by charge carrier collection efficiency and generation
rate and thus by optical factors like incident light intensity/absorption.

The maximum power point (MPP) specifies a certain point F,,,, in the JV curve where
the maximum output power from the solar cell is obtained (yellow rectangle in Figure
2.7). This is connected to the V,. and J,. through a parameter defined as fill factor and can

be seen in equation 2.21.

Pypp  VuppJIupp
FF = =
‘/OC JSC ‘/OC JSC

(2.21)

This value is often linked to the general solar cell quality and is strongly influenced by
resistances like shunt (R,;,) and series (R,) resistance. These are illustrated in the solar

cell circuit model in Figure 2.8.

series
) current
resistance — >

light current

<> W < shunt Ivoltage

resistance

Figure 2.8: Equivalent circuit for an illuminated solar cell with internal shunt and series
resistances.

With these resistances, the JV equation can be written as follows:

(2.22)

J=Ju— . {ewp(w>_1} _ VAR

kT Rsh

Generally, a high series resistance and low shunt resistance leads to a increasingly linear
curve shape and therefore smaller FFs and efficiency, with the limit being 0.25 for a

completely linear trend.
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2.8 EXTERNAL QUANTUM EFFICIENCY

The quantum efficiency (QE) is defined as percentage of photons that is converted into
charge carriers. Here, we distinguish external quantum efficiency (EQE) and internal
quantum efficiency (IQE) with the first describing the incident photon to charge carrier
conversion efficiency and the latter the same efficiency with respect to absorbed photons.
In the first place, the spectral response function SR has to be determined. This is ac-
complished by measuring the current density of a sample solar cell J,, at short circuit
conditions and scanning over different wavelengths. This is then compared to a reference

diode current density J, s.*"

Jsa(A £ AN)
SRIANEAN) = ————= 2.23
( ) Jref(A £ AN) (2.23)
The EQE is then calculated as seen in equation 2.24.
he
EQE(\) = SR()\)J (2.24)

The IQE can then be derived with the reflectance R, when no other loss mechanisms such
as scattering are considered:
EQE(N)
IQE(\) = ———= 2.25
Furthermore, by integrating over the EQE, the integrated photocurrent can be retrieved,
which is used as a confirmation for J;. values from JV measurements as they should be

approximately equal.

ooy = € / T B EQE(\)A (2.26)
0

®(\) defines the photon flux of one sun.

2.9 TIME-RESOLVED MICROWAVE CONDUCTIVITY

Time-resolved microwave conductivity (TRMC) is a spectroscopic method to study the
carrier mobility in semiconductors. Herein, a sample of interest is excited by a laser pulse
at the nano to femtosecond time scale. The carriers created this way, both electrons and
holes, change the microwave conductivity, i.e. the ability of a material to conduct current
at microwave frequencies (300 MHz to 300 GHz).?°! This is accomplished via a resonance

cavity. A circulator is employed to reduce back reflections when the microwaves are
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directed. An illustration of a typical measurement device is shown in Figure 2.9.

storage
oscilloscope
sample
% 4 I I cryostat
laser (fs/ns) filter wheel I
microwave
source

Figure 2.9: Schematic illustration of a typical TRMC setup.

Here, the changes in conductance G are defined as proportional to changes in the incident

power of the microwaves AP as derived from Maxwell’s equations.

1 AP
AG =~ (2.27)

P 1s the background microwave power and K is a sensitivity factor.
To obtain information about the mobility of charge carriers, the conductance can be writ-
ten as follows.

AG = Aopl (2.28)

Ao is defined as the change in conductivity, while 3 defines the dimensions of the mea-
surement cavity and [ the length of the sample. In general, o can be related to the mobility

by equation 2.29.
Ao = ne Z L (2.29)

n defines the charge carrier density, e the elemental charge and p; finally describes the
charge carrier mobilities.

Furthermore, the yield of charge carriers ® correlates the carrier density with the laser
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intensity /.
nl

T IyFy
[ is the sample length as discussed before, [y the absorbed quantity of light.

)

(2.30)

Finally, the product of quantum yield for charge carrier generation and mobility can be

calculated via equation 2.31.

Oy = _AG (2.31)
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3. Formation of Stable 2D Methylammonium Antimony lodide Phase for Lead-free
Perovskite-like Solar Cells

3.1 ABSTRACT

The presence of lead in novel hybrid perovskite-based solar cells remains a signifi-
cant issue regarding commercial applications. Therefore, antimony-based perovskite-like
A3MyXy structures are promising new candidates for low toxicity photovoltaic applica-
tions. So far, MA3Sbsly was reported to only crystallize in the “zero-dimensional” (OD)
dimer structure with wide indirect bandgap properties. However, the formation of the
2D layered polymorph is more suitable for solar cell applications due to its expected
direct and narrow bandgap. Here, we demonstrate the first synthesis of phase pure 2D
layered M A3Shylg, based on antimony acetate dissolved in alcoholic solvents. Using
in situ methylammonium antimony iodide (MASI) methods, we confirm the stability of
the layered phase towards high temperature, but the exposure to 75% relative humidity
for several hours leads to a rearrangement of the phase with partial formation of the OD
structure. We investigated the electronic band structure and confirmed experimentally the
presence of a semi-direct bandgap at around 2.1 eV. Our work shows that careful control
of nucleation via processing conditions can provide access to promising perovskite-like

phases for photovoltaic applications.

3.2 INTRODUCTION

The hybrid lead halide perovskite material methylammonium lead iodide (MAPbDI;)
emerged with an initial photovoltaic performance of 3.8% in 2009.!! Today, the solar cell
efficiencies using MAPbI3-based absorbers already exceed 25% due to the material’s
intrinsic outstanding optoelectronic properties.[?! In particular, lead-based perovskites
exhibit high optical absorption coefficients, balanced electron and hole mobilities, long
photogenerated carrier lifetimes, long diffusion lengths, low trap densities and small
exciton binding energies.*8! These exceptional material properties originate from a
combination of high crystal symmetry, the chemistry of the Pb 6s? lone-pair states
and the ionic nature of the structure with large atomic sizes.” However, the toxicity
of lead together with the instability of this and related perovskite compounds towards
moisture and high temperature limit the commercialization of lead-based perovskite solar

cells.[10-14]

To find alternatives replacing lead, researchers have focused on other isovalent
ions, like Sn?t or Ge?*. Here, both MASnl; and MAGel; are suitable candidates
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for photovoltaic applications due to a possible crystallization in a black perovskite
crystalline phase.!'>2% Unfortunately, the divalent ions in tin- and germanium-based
perovskites are prone to oxidize to Sn** or Ge**, respectively. Therefore, these absorbers

are especially unstable in air and moisture, limiting their photovoltaic applications.[2%-242]

Maintaining the chemistry of the lone-pair ns? state, the trivalent antimony and bismuth
1ons represent another possible alternative to replace lead. However, the higher oxidation
state of antimony or bismuth compared to lead in MAPbI3 makes similar perovskite phase
formation impossible. Instead, MA3Sbylg or MA3Bislg form. The methylammonium-
based compounds crystallize predominantly in a non-perovskite, zero-dimensional (OD)
phase, consisting of face-sharing bioctahedral clusters of (Shylg)3~ or (Bislg)3~. The
antimony-based absorber layers crystallize in high quality with extended HI treatment.!2%!
If applied in solar cells, those layers enable power conversion efficiencies PCE of 2%
and can be further improved to 2.8% efficiency with a hydrophobic scaffold at the bottom
interlayer.!?”?8! The already promising photovoltaic performance indicates the suitability
of MA3Sbhsly as an absorber layer, even though the 0D structure exhibits neither a direct

bandgap nor interconnected octahedral layers for charge transport in any dimension.

In DFT calculations, MASI features more favorable materials properties when crystal-
lized in a layered 2D structure. The projected improved materials properties include a
direct bandgap, higher electron and hole mobilities and better tolerance to defects caused
by higher dielectric constants.?%28-3% However, the crystallization of the layered phase
preferably occurs with smaller cations than MA™, such as Rb™ or NH**.31-33] Absorber
layers based on Rb3Shylg and (NH,)3Sbslg exhibit a direct bandgap and reach PCEs of
0.7% and 0.5%, respectively.l*>33! Introduction of bulkier Cs™ cations in the layered 2D
structure requires more extended processing conditions, such as recrystallization of the
dimer phase in Sblz vapor.*! Exhibiting a direct bandgap, Cs3Sbyly enables a PCE of
1.5%.53% With MA™* as a cation, so far, layered MA3Sbyly_Cl, could only be achieved
via partial anion substitution using the smaller anion C1~.** In devices, high quality
2D thin films achieved a PCE of 2.2%, but the slightly wider bandgap of 2.1eV sug-

gests that even higher efficiencies could arise from a material with a narrower bandgap.*¥

In this work, we present a novel synthesis approach based on antimony acetate
precursor to crystallize a pure MA3Shslg 2D perovskite-like phase. We perform solvent-
engineering to induce the crystallization of the layered structure, confirmed with MASI
and UV-Vis analysis. Further investigations using in situ MASI proved the stability of the

material toward phase transition and degradation upon exposure to heat and substantially
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to moisture. In first-principles calculations, we predict a semi-direct bandgap of the 2D
compound and confirm these results with optical absorbance spectroscopy, showing a
direct bandgap of 2.1eV. Even though we fabricated rather low-quality thin film mor-
phologies of MASI, devices reach already PCEs around 0.6%, indicating the materials’

aptness for photovoltaic applications.

3.3 RESULTS AND DISCUSSION

The two known phases of MASI differ significantly, considering the crystal structure. The
dimer phase, as explained above, consists of face-sharing (Sb,lg)®~ bioctahedral clusters
with MA* and iodide, forming a quasi-hexagonal close packing.**! In this structure, the
closest Sb — Sb interatomic distance is 4.1 A. Increasing the range of antimony-iodide
octahedra such that the antimony atoms are separated by 4.8 A, MASI forms in the lay-
ered structure with corner-sharing octahedral. The MA™ and I~ ions form a quasi-cubic
close packing. This 2D phase can be understood as a defective MAPbI3-like perovskite
structure with the formula MA (Sby /5] /3)13. However, the 2D structure predominantly
forms with smaller cations than MA ™. Regarding literature results, only SbI; was utilized
as an antimony precursor in the different syntheses, with 4.4A separating the antimony
atoms surrounded octahedrally by iodide. Therefore, only small cations like Rb* and
NH] seem to easily squeeze between the octahedra in ShI; to form the layered phase and
larger cations instead push the octahedra closer towards the dimer phase, as illustrated
in Figure 3.1. Thus, we considered the antimony acetate precursor. In Sh(OAc)s, anti-
mony is coordinated with seven oxygen atoms, leading to a separation of 4.9 A between
the closest antimony atoms. We suggest that with the introduction of MA- and I-ions to
Sb(OAc)3, antimony iodide octahedra form with MA™ fitted in between, resulting in the
2D-MASI phase (see Figure 3.1).
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Sb-Sh: 4.1 A Sb'Sb_f 4’.4_}_&,

s

Sb-Sb: 4.8 A

Sbl, - Precursor

Sb-Sb: 4.1 A

Sb-Sb: 4.9 A

Figure 3.1: Schematic illustration of polyhedra arrangement in different antimony precur-
sors and OD-, 2D-MASI phase.

With powder XRD analysis, we confirm the successful synthesis of thin films of 2D-
MASI. The resulting crystal structure strongly agrees with the simulated pattern of the
material. Only small amounts of an additional dimer phase are visible. or the formation
of the 2D-MASI phase from antimony acetate precursor, the nature of the solvent is
decisive. Using dimethylformamide (DMF), the dimer phase forms predominantly with
traces of the layered phase, see Supporting Information (SI). Solvents containing sulfur
leading to a strong interaction with antimony, like dimethyl sulfoxide (DMSO) or tetrahy-
drothiophene 1-oxide (THTO), induce phase pure dimer phase crystallization (see SI).[*®!
However, solvents based on alcohols are highly suitable for MASI formation in the 2D
phase, with best results observed when using methanol (MeOH), see SI for more details
on exact thin film synthesis details. During MASI thin-film crystallization from MeOH,
the annealing temperature is decisive for the phase formation. With annealing tempera-
tures below 100 °C, the crystallization process slows down, which correlates with added
dimer formation (see SI). Therefore, we suggest a fast crystallization process to form

MASTI in the layered phase and not in the more thermodynamically preferred dimer phase.

Other alcohols such as ethanol (EtOH) also induce 2D phase formation of MASI
from antimony acetate precursor (see SI). However, the solubility decreases dramatically
to a concentration of 0.125 mmol Sb(OAc); in 1 mL EtOH. Therefore, alcohols with
longer organic chains like isopropanol (IPA) are not suitable for the synthesis. If not
otherwise stated, in the following, we always refer to the 2D-MASI compound prepared
from MeOH.

Other than structural differences, the dimer and the layered MASI phases are clearly

distinguished by their optoelectronic properties. The most significant divergence lies in
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the nature and width of the semiconductor’s bandgap. To predict the electronic band
structure of the OD and 2D-MASI phases, we performed first-principles calculations
using plane-wave pseudopotential methods within DFT as implemented in the Quantum
Espresso Package.”! For the sake of computational efficiency, all calculations were
carried out with the Cs cation since the organic cation shows no influence regarding
the frontier electronic band structure.!*®*! Neglecting the well-known deficiency of the
gradient corrected method PBE functional to estimate the magnitude of the bandgap, the
indirect nature of the bandgap is more strongly pronounced for the dimer phase compared
to the layered phase, see Figure 3.7.1%! The more pronounced indirect bandgap character-
istics most probably arise from the lower crystal lattice symmetry of the 0D polymorph
in comparison with the 2D phase.**! Additionally, the very flat band determined by the
valence band maximum of the 2D phase indicates a quasi-direct-indirect transition, seen
in the X — Y path in the Brillouin zone (see Figure 3.7).

To verify our theoretical calculations, we characterized our MASI films via UV-Vis
absorbance spectroscopy. Based on the absorbance spectra in Figure 3.2a, we observed
the onset at longer wavelengths with the layered phase indicating a narrower bandgap

compared to the dimer phase.
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Figure 3.2: UV-Vis spectroscopy data of dimer and layered MASI phase. (a) Absorbance
spectrum; (b) direct and indirect bandgap Tauc plot of layered MASI; (c) second deriva-
tive plot of the absorbance; (d) simulation of the free charge fraction over the total excita-
tion density at thermal equilibrium, typical excitation densities in solar cells highlighted

in orange.

Furthermore, calculated Tauc plots from the data of the layered material show a direct
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transition at 2.1eV and an indirect transition at 2.0eV, supporting the theoretical
expectations and verifying the phase purity of 2D-MASI (see Figure 3.2b). In principle,
materials benefiting from both direct and indirect bandgap behavior are favorable
candidates for photovoltaic applications. Usually, strong absorption is coupled with a
direct bandgap and long carrier lifetime with an indirect band-to-band transition, similar
to what was observed in MAPbI;.[*!1 We note, that films synthesized from EtOH instead
of MeOH indicate two onsets in the absorbance spectrum in SI Figure 3.5, implying a
2D and 0D phase mixture. Additional to the nature of the bandgap, the exciton binding
energy Fj, in a material determines the suitability of the compound for photovoltaic
applications. Here, the minima in the second derivative of the absorbance can be used to
estimate Fj.1*?! Our results, displayed in Table 3.1, show that compared to MAPbI;, the
exciton binding energy values in MASI thin films are one order of magnitude higher.!*?

However, our 2D-MASI films show significantly weaker exciton binding compared

| First minimum (eV) | Second minimum (eV) | E; (eV)
2D-MASI | 2.26 | 2.47 | 021
0D-MASI | 2.66 | 3.03 | 037

Table 3.1: Exciton binding energies estimated from the second derivative of the ab-
sorbance.

to the reported and our experimentally obtained values for the OD-MASI films.*¥ To
understand the influence of the exciton binding energy on carrier dynamics, we employed
a numerical method based on the Saha equation, described in detail in SL.!*?! Figure 3.2d
shows the results from the extracted data with a range of typical values reported for solar
cell absorbers for total excitation density marked in an orange box.[*?! With the dimer
MASI phase the excitonic contribution is dominant in contrast to what we observed with
our 2D-MASI thin films. Regarding the layered phase, the more desirable balanced
contribution of free charge carriers and excitons is evident. Therefore, the layered MASI
phase appears to be more suitable for photovoltaic applications compared to its 0D
polymorph.

In addition to the optoelectronic properties of the materials, the stability of the compounds
is crucial to consider their suitability for photovoltaic applications. Solar cells operate at
temperatures of up to 85°C and degradation of the absorber material can, therefore, be
a concern. In Figure 3.3a, we show an in situ XRD analysis conducted at 80 °C for one
hour and afterward at 130 °C for one hour. We analyzed the powder obtained from the
thin-film synthesis of the 2D-MASI phase to emphasize the substantially higher stability
of the compound. The analysis of the powder in contrast to thin films additionally avoids

the extinction of reflexes due to preferred crystal alignment and therefore highlights
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Figure 3.3: In situ XRD analysis of 2D-MASI. (a) Analysis of powder at high tempera-
tures with marked prominent reflection indexes; (b) analysis of thin films at 75% relative
humidity at temperatures between 27 °C and 31 °C.

here the presence of pure 2D-MASI phase, differing from the 0D-MASI phase with
an additional peak at around 27° 2. Neither a phase transition to the dimer phase nor
decomposition is evident in our study. The only apparent change in the high temperature
investigations is the shift of the reflections to lower 26 angles indicating an increase of the
unit cell dimensions in the layered structure similar to the observations for MAPbI;.[44]
The increase of the unit cell dimensions is reversible, as demonstrated by the shift of the
reflections to their original positions at higher 26 angles after cooling.

Another essential factor concerning the stability of the material is its sensitivity towards
moisture. Therefore, we performed an in situ XRD analysis at temperatures between
27°C and 31°C under 75% relative humidity conditions (see Figure 3.3b). Under
these harsh conditions, our pristine layered MASI films partly recrystallized to the
zero-dimensional phase after 10 h. In the course of further tracing the phase transition,
we found a complete transformation to the dimer phase after 50 h. Further continuous
moisture exposure for one week results in an oxidized antimony-containing phase as
confirmed via energy dispersive X-ray spectroscopy (EDX) spectroscopy, shown in
the SI. The observed instability towards moisture of the MASI compound is much less
pronounced than that of MAPbI;.!"3 Studies with much thinner 2D-MASI films obtained
from EtOH show that the sensitivity towards moisture becomes more evident, indicating

a strong influence of morphology on stability (see SI).

Finally, we applied our novel 2D-MASI absorber layer in photovoltaic devices, us-
ing metal oxide as electron transport layer (ETL) and spiro-OMeTAD as a hole transport
layer (HTL). As visible in the schematic in Figure 3.4a, the energy alignment of the ETL
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with our absorber layer is not optimal for efficient electron transport and other device

architectures are required.
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Figure 3.4: Photovoltaic devices with 2D-MASI absorber layer sandwiched between
FTO/metal-oxide electron transport layer and the hole-transporter 2,2°,7,7’-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD)/Au. (a) Schematic il-
lustration of energy levels of SnOs, TiO,, 2D-MASI and spiro-OMeTAD; (b) JV-curves
of devices with mesoporous titanium dioxide (mp-TiO,) or compact tin oxide (c-SnO,)
as ETL; (c) + (e) SEM cross-section of devices with c-SnO, ETL with (top) topography
sensitive secondary electrons detector and (bottom) mass sensitive detector; (d) + (f) SEM
cross-section of devices with mp-TiO, ETL with (top): topography sensitive detector and
(bottom) mass sensitive backscattered-electron detector.

The thin film morphologies of the MASI layer, shown in the SEM top-views in SI and
SEM cross-sections of devices in Figure 3.4, are also not yet optimized with their low
crystallinity and voids highly pronounced at ETL and absorber interface. However, even
under these limiting conditions, devices reach already PCEs of around 0.6%. Devices
with mp-TiO, as ETL perform best (see Table 3.2), highlighting the strong correlation
of absorber layer morphology with photovoltaic performance. In general, the phase pure

2D-MASI films obtained from MeOH solvent reach higher efficiencies compared to the
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ETL | Current density (mA cm™?) | PCE (%) | Voltage (V) | Fill Factor (%)
mp-TiO, | 2.21 | 054 | 046 | 52
c-SnO; | 0.98 | 036 | 057 | 64

Table 3.2: Photovoltaic parameters of the fabricated solar cells from Figure 3.4

less stable and less phase pure films from EtOH solvent synthesized under similar con-
ditions (see SI Figure 3.9). Similar to their hybrid lead halide relatives, MASI-based
devices show high hysteresis in JV-scans.[**! Only with c-SnO, as ETL, we observed no
pronounced hysteresis between forward and reverse scans (see SI Figure 3.9(a)) and im-
proved values for fill factor and voltage but significantly low current density values (see
Table 3.2 and SI). Additionally, the photovoltaic device performance using compact c-
SnO, as ETL is more reproducible than that of the higher-performing mp-TiO, devices,
see SI Figure 3.10. In particular, the lower current density limits the device performance
distinctly, using planar device architectures. Thus, we suggest that high defect densities in
the material due to the not densely-packed nanocrystalline MASI thin film morphologies
are responsible for the low photovoltaic efficiencies. Assuming internal quantum efficien-
cies near unity as observed in MAPbI3-based solar cells, possible current densities based
on our thin-film absorption are around 9 mA cm~2 (see SI Figure 3.5(d)).[*9! In combi-
nation with a voltage of 1V, which is defined by the energy level alignment of the HTL
and ETLs used in this work, device efficiencies of around 6% are probable. With more
optimized device architectures, the photovoltaic performance might even exceed 10% if

higher voltages with the wide bandgap material can be obtained.

3.4 CONCLUSION

In summary, we report the first synthesis of pure MA3Shslg crystallized in a layered
perovskite-like phase. Here, the use of the antimony acetate precursor is crucial for a
fast 2D-MASI formation with the sustainable solvents EtOH or MeOH. Our theoretical
calculations and experimental investigations agree regarding a semi-direct nature of the
bandgap in the 2D material, in contrast to the strongly indirect bandgap of the 0D com-
pound. Additionally, we find considerably weaker excitonic binding energies in 2D-MASI
compared to the OD polymorph, which is desirable for photovoltaic applications. At high
temperatures, the 2D-MASI phase remains stable. However, at this point, the inhomoge-
neous thin film morphology limits the stability of 2D-MASI at high humidity levels and

probably is responsible for the limited photovoltaic device performance. Therefore, we
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expect that with further optimized thin film morphologies, 2D-MASI is a promising new

candidate for lead-free photovoltaic applications.
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3.5 SUPPORTING INFORMATION

351

Experimental Details

MA3Sb219 Synthesis

All thin films were deposited via spin-coating in a nitrogen-filled glovebox. 80uL of
the precursor solutions were dynamically spin-coated on top of 9 cm? large substrates at
5000 rpm for 3 min. Afterwards, the substrates were annealed at 100 °C for 30 min. All
precursor solutions were prepared with antimony acetate, (Sb(OAc)s, Sigma Aldrich) and
methylammonium iodide (MAI, Dyesol) at a molar ratio of 2:9. We varied the solvents
for optimization of 2D MASI phase formation. With pure MeOH and EtOH, we achieved
the 2D MASI phase formation. The use of DMSO or THTO led to 0D MASI phase
formation and DMF solvent resulted in a mixture of both. In SI Table 3.3, the variation of

Sb(OAc)3 concentrations corresponding to the particular solvents are listed.

Solvents | Concentration of Sb(OAc)s in 1 mL solvent
MeOH 0.25 mmol
EtOH 0.125 mmol
DMF 2 mmol
DMSO 2 mmol
THTO 2 mmol

Table 3.3: Summary of Sb(OAc); concentration used in different solvents.
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Device Fabrication

Fluorine-doped tin oxide (FTO, Pilkington, 7 cm™2) substrates were etched with
2 M HCI and zinc powder and cleaned in 2% Hallmanex detergent, acetone, ethanol

and were plasma- cleaned in nitrogen plasma before deposition of charge transport layers.

A sol-gel approach was used to deposit the TiO, layer with a solution containing 0.23 M
titanium isopropoxide (Sigma-Aldrich, 99.999%) and 0.013 M HCl in isopropanol (IPA).
The solution (250 uL per 6 cm x 6 cm substrate size) was spin-coated dynamically on top
of the substrate at 2000 rpm for 45 sec, dried at 150 °C for 10 min and annealed at 500 °C

for 45 min.

In devices with mp-TiO, layer, an approx. 150nm thick, mesoporous mp-TiO, layer
was applied by spin-coating 100 uL. of a TiO5 nanoparticle paste (Dyesol DSL 18NR-T)
diluted in absolute ethanol (1:6 weight ratio) onto the compact TiO, layer at 2500 rpm for
30 sec, followed by subsequent annealing at 500 °C for 45 min under ambient conditions.

Devices employing a Cgy monolayer were treated with 0.5 mgmL~" 4-(1°,5’-dihydro-
I’methyl-2’H-  [5,6]fullereno-C60-Ih-[1,9-c]pyrrol-2’-yl)benzoic acid solution in
chlorobenzene (CLB) (Sigma Aldrich). The solution was spin-coated with 2000 rpm for
30 sec on top and dried at 100 °C for 5 min.

SnO, ETL were prepared by atomic layer deposition as described in*”! on FTO coated
glass substrates. Tetrakis(dimethylamino)tin(IV) (TDMASn, Strem, 99.99%) was used
as a tin precursor while the oxygen precursor was provided by generated Ozone (INUSA
AC2025). The tin precursor was held in a glass vessel at 75°C and the deposition was
conducted at 118 °C with a base pressure of 5hPa in a Picosun R-200 Advanced ALD
reactor. Nitrogen (99.999%, Air Liquide) was used as the carrier gas and purge gas with
a flow rate of 50sccm. Afterward, the substrates were annealed at 180°C for 1h in

ambient conditions and transferred into the glovebox.

MASI thin films were deposited on top of the ETLs and a spiro-OMeTAD (99.6% purity,
Borun New Materials Technology Ltd.) layer afterward. We used a 75 mgmL ™" spiro-
OMEeTAD solution in CB with 3 vol% of 170 mg mL ! bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI) (Sigma-Aldrich) in acetonitrile (Sigma-Aldrich, anhydrous, 99.8%)
and 1 vol% tert-butylpyridine (TBP) (Sigma-Aldrich, 96 %). The solution (80 uL. per
3cm X 3cm substrate size) was spin-coated at 2000 rpm for 45 sec. The devices were

stored for one day in a desiccator to oxidize the Li-TFSI additive in spiro-OMeTAD. To
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finalize the devices, a 40 nm thick Au counter electrode was thermally evaporated under
high vacuum conditions (< 10" mbar) through a metal aperture leading to devices with
active areas in the range of 0.10 cm?. The active area was determined with a 0.0831 cm?

metal aperture.

3.52

Characterization

X-Ray Diffraction

Every XRD analysis was performed with a Cu-K,, X-ray source. Films were deposited
on TiO,-coated FTO-coated glass and 6-0 scans were obtained using a Bruker D8 Dis-
cover X-ray diffractometer with a position-sensitive detector (LynxEye). Powder X-ray
diffraction (PXRD) data (26 scans) in transmission were obtained with an STOE Stadi
MP diffractometer equipped with a DECTRIS MYTHEN 1 K solid-state trip detector.
The X-rays were generated in both sources with a voltage of 40 kV and 40 mA.

In-situ X-Ray Diffraction

In-situ XRD measurements were all conducted employing a Bruker D8 Discover X-ray
diffractometer operating at 40 kV and 30 mA, equipped with a Ni-filtered Cu-K, radia-
tion source (A = 1.5406 ) and a position-sensitive LynxEye detector.

The heat treatment analysis was achieved under ambient conditions.

The investigations under controlled humidity were performed using a custom-made hy-
dration chamber with a volume of around 250 mL. made of X-ray transparent polymers
as already reported.!*8! The air humidity within the hydration chamber was held at about
75% relative humidity (RH) employing vials filled with deionized water and quantified
using a hygrometer. All experiments were conducted without illumination at temperatures
between 26 °C to 29 °C.

UV-Vis Spectroscopy

Steady-state absorption spectra were acquired with a Lambda 1050 UV-vis spectropho-
tometer (Perkin Elmer) using an integrating sphere. MASI films were prepared on glass

for characterization

First-Principles Calculations

All calculations were carried out using plane-wave pseudopotential methods within DFT

[37

as implemented in the Quantum Espresso Package.*”! The electron-ion interactions were
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described using the Standard Solid State Pseudopotentials (SSSP) library optimized for
efficiency.*>% A kinetic energy cut off of 400 Ry was used and Monkhorst-Pack k-
meshes in the size of 4 x 4 x 4 for tetragonal unit cells and 5 x 5 x 2 for hexagonal unit
cells were employed for Brillouin zone integrations.’!! The structure parameters were
optimized through energy minimization with the forces on the atoms converging below
1 x 107% a.u. The generalized gradient approximation formulated by Perdew, Burke and

Ernzerhof was used as the exchange-correlation functional.["!

Saha Equation!®?

2 2/3
T :l<2”kBT) (57) 3.1)

l—xz n h?
In the equation, x defines the ratio of free carriers n . to the total excitation density 7,

which is given by the sum of free carriers n. and the exciton density n.,.. The reduced
mass p 1s approximated as p = 0.5m, for OD-MASI and 0.25m, for 2D-MASI.

Scanning Electron Microscopy

A scanning electron microscope (FEI Helios NanoLab G3 UC) was used to acquire SEM

images of perovskite layers prepared on TiO,-coated FTO glass.

Device Characterization

Photovoltaic device performance was measured with a Keithley 2400 source meter in
air at 25 °C under illumination by a Newport Oriel Sol2A solar simulator, which was
calibrated to 100 mW cm ™2 with a Fraunhofer ISE certified silicon cell with a mismatch
factor of 1.01. The active area of the solar cell was defined with a square metal aperture
mask of 0.0831 cm?.
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Figure 3.5: Thin-film XRD and EDX analysis: a) XRD results of 2D MASI films synthe-
sized from MeOH or EtOH solvent with simulated pattern as reference; b) XRD results
of 0D MASI films synthesized from DMSO or THTO and mixed phases from reactions
based on DMF solvent; ¢) UV-vis spectra of 2D MASI films synthesized from MeOH or
EtOH solvent and pure 0D MASI films obtained from halide-based precursor mixture; d)
absorptance spectrum from 2D MASI films from MeOH.
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Figure 3.6: a) In situ XRD analysis at 75% relative humidity with 2D MASI films syn-
thesized from EtOH; b) EDX Analysis of the film from a) after oxidation.
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Figure 3.7: Band structure and DOS, a) for the dimer MASI phase; b) for the layered
MASI phase.

Figure 3.8: Top view SEM images of films prepared with: a+b) MeOH solvent; ¢c) EtOH
solvent.
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Figure 3.9: Photovoltaic devices with compact SnO, or with additional Cgy-SAM inter-
layer on top of compact TiOs: a) JV- curves with forward and reverse scans in light
and dark conditions of devices with SnO5 as ETL; b) JV-curves of devices with absorber
layer prepared from MeOH or EtOH and Cgy-covered c-TiO, as ETL; ¢) table with pho-
tovoltaic parameters.
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Figure 3.10: Photovoltaic performance statistics for devices with 2D-MASI absorber layer
sandwiched between FTO/metal- oxide electron transport layer and the hole-transporter
spiro-OMeTAD/Au. In our experiments, devices with mp-TiO, layers tend to show higher
current densities closer to open-circuit than short-circuit, resulting in false fill factor val-
ues. Therefore, we present in b) maximum values for the current densities on mp-TiO,
and exclude the deviations of fill factor of mp-TiO,-based devices.
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4. Heterovalent Tin Alloying in Layered MA;Sb,Ig Thin Films: Assessing the Origin of
Enhanced Absorption and Self-Stabilizing Charge States

4.1 ABSTRACT

Heteroatom alloying of lead-free perovskite derivatives is a highly promising route to tai-
lor their optoelectronic properties and stability for multiple applications. Here, we demon-
strate the facile solution-based synthesis of Sn-alloyed layered MA3Sbyly thin films by
precursor engineering, combining acetate and halide salts. An increasing concentration
of tin halides in different oxidation states leads to a strong boost in absorption over the
whole visible spectrum. We demonstrate phase-pure synthesis and elucidate the heterova-
lent incorporation of Sn into the MA3Sbslg lattice, proving the formation of additional
electronic states in the bandgap by theoretical calculations. On this basis, we dissect the
strong absorption increase into three components that we attribute to intervalence and
heteroatom-induced interband absorption. Finally, we show the charge-stabilizing effect
of the system through robustness towards precursors in mixed oxidation states and trace

the improved ambient stability of this material back to this feature.

4.2 INTRODUCTION

Metal halide perovskite materials have been the focus of optoelectronic research as ac-
tive layers in photovoltaic (PV) devices since their discovery in 2009 by Kojima et al.,
based on their unique optoelectronic properties, low-cost solution processing and rapid
rise in PV efficiencies, exceeding 25% PCE.[I-3] Unfortunately, the central lead atom in
commonly used perovskites in PV also introduces significant challenges for commercial
application because of an inherent low stability against moisture, light and temperature
as well as its high toxicity for humans and the environment of the resulting Pb(II)-based
compounds.'* Therefore, the search for materials with similar properties, decreased ma-
terial cost, facile processability and lower toxicity has been an active field of research
in the last years, mainly employing cations with the same ns? electronic configuration
of Pb ([X¢e]6s24 f145d'%6p?).I! Many strategies to replace lead in the regular ABX3 sto-
ichiometry made use of group IV cations like Sn and Ge, which unfortunately suffer
from stability issues because of rapid oxidation from state +II to +IV.[”"! An alterna-
tive approach to achieve isostructural materials is to combine heterovalent metal cations
like monovalent Ag and trivalent Bi, giving rise to double perovskite structures such as
CsoAgBiBrg.['% However, this class of materials features large, indirect bandgaps and
prominent non-radiative recombination causing low PCEs not exceeding 4%.!'!! Because

of these limitations, Savory et al. suggested that moving beyond the cubic perovskite
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lattice could enhance cation interactions and circumvent these problems.!'?! Hence, an-
other strategy to access perovskite-like structures was based on implementing trivalent
group IV cations like Sb** and Bi** into the ternary perovskite structure, resulting in
to so-called “vacancy-ordered perovskites” of stoichiometry A3ByXg, which crystallize
predominantly in two non-perovskite polymorphs: a OD dimer structure (space group
P63 /mmec, no. 194) with fused bioctahedra and a 2D layered structure (P-3m1, no. 164)
with corner-sharing octahedra as shown in Figure 4.1.

&
("
% ©

a) T b)

Figure 4.1: Crystal structure of OD (a.) & 2D (b.) Cs3Sbsly, visualized with Vesta.[!!

The OD phase of MA3Sbyly was shown to achieve up to 2.8% PCE with adequate device
engineering,'*! but still exhibits high exciton binding energies and an indirect bandgap of
over 2 eV, similar to Csy AgBiBrg. On the other hand, DFT calculations suggest that the
2D phase of MA3Shsly is more favorable as an active material in solar cells because of
a lower band-gap and lower exciton binding energies, although still featuring an indirect
transition of around 2 eV. Notably, the formation of this phase is thermodynamically unfa-
vorable, which however can be circumvented by precursor engineering, e.g. using acetate
salts as main antimony source or by introducing chloride into the system, leading to effi-

[15] However, the bandgap issue still persists, hampering the poten-

ciencies exceeding 3%.
tial of this material for single-junction photovoltaic devices. One approach to reduce the
bandgap is to introduce heteroatoms like Sn into the structure, which was recently shown
to boost the efficiency from 0.57% to 2.70% in Sn(IV)-substituted OD-MA3Sb,I,.16-1]
Furthermore, Krajewska et al. recently showed that mixed-valence Sn(II)/Sn(IV) doping
in 2D — Cs3Sbely powders resulting from alloying with Sn(II)-based precursors dras-
tically enhances the visible light absorption with unexpectedly high stability, which is
rather uncommon for Sn-containing perovskites.'®! Nonetheless, a route to produce thin
films of this compound has not been reported yet. Here, we establish the first solution-
processing route to access homogeneous thin films of 2D-MA3Shyly alloyed with tin,

employing tin chloride and tin iodide precursors with divalent and tetravalent oxida-
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tion states. We showcase the successful incorporation of tin into the vacancy-ordered
perovskite structure by X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD). Furthermore, we demonstrate a mixed valence synthesis approach for the first
time, highlighting charge-stabilizing effects in the system. DFT calculations underline
the successful incorporation of Sn(II) and Sn(IV), which introduce additional states in
the bandgap and explain the dramatically enhanced absorption over the entire visible spec-
trum. Furthermore, we assign the striking spectral changes of the absorption to interva-
lence and interband state transitions.!'¥! Lastly, we show the extraordinary stability of this
system in comparison to common Sn-based perovskite systems. Based on these results,
we illustrate the properties and challenges of this alloyed perovskite-like compound as
optoelectronic material and contribute to the understanding of heterovalent doping into

vacancy-ordered perovskite materials and their facile synthesis.

4.3 RESULTS AND DISCUSSION

For the synthesis of Sn-alloyed MA3Shslg, an acetate-based route was employed to access
the 2D polymorph because of its promising optoelectronic properties. As it was shown
that addition of chloride anions can also facilitate the formation of this 2D phase,?”! thin
films were fabricated with Snl, and SnCl, as tin precursors to investigate the influence
of different halides on the structural and morphological properties. Additionally, a mixed
valence precursor of 1:1 Snls/Snl, was introduced, as previous research efforts indicate
that the incorporation of the tin cations in the large bandgap defect-ordered perovskite
Cs3Shyly occurs by replacing two trivalent Bi*t cations (Wyckoff site 2d) in a mixed
valence cluster of Sn?*/Sn** .81 Contrary to the common halide synthesis approach, we
show that a color shift from red to black in thin films can also be achieved by partially
employing Sn** based precursors. The corresponding thin film XRD patterns can be seen
in Figure 4.3 for films containing Sn/Sb precursor ratios of 0.5 and 1.0 versus the pristine

(undoped) reference.

72



4. Heterovalent Tin Alloying in Layered MA;Sb,Ig Thin Films: Assessing the Origin of
Enhanced Absorption and Self-Stabilizing Charge States

Intensity (a.u.)

N

A L LT LTI AT TR
5 10 15 20 25 30 35 40 45

26 (°)

L

cﬂ
S

Intensity (a.u.)

e ——

10 20 30 40 50 60

Figure 4.2: (a) Thin film XRD of Sn : MA3Sh,Ig with Sn/Sb = 0.5 & 1 and theoretical
patterns for 2D-M A 3Sbs]g (red = mixed valence iodide precursor, blue = iodide precursor,
green = chloride precursor). The asterisks indicate the side phases (*) 0D-MA3Sbylg and
MASNnCl3 (**). The darker colored patterns refer to a Sn/Sb ratio of 0.5 and the lighter
ones to a ratio of 1. (b) Rietveld-fitted XRD data of Sn : MA3Sbyly powders with Sn/Sh
= (0.8 (red = mixed valence iodide precursor, blue = iodide precursor, green = chloride
precursor, black dots = experimental data, colored traces = Rietveld fits) compared to the
simulated pattern of 2D-MA3Sb,1g (black), which was broadened by a Gaussian function
with a width of 0.4° 26. The difference plots of the fits are shown in light grey below the
corresponding curves. The asterisk indicates the side phase (*) 0D-MA3Sbsly.

We note that a high Sn/Sb precursor ratio of at least 0.4 in comparison to the antimony
source is needed to guarantee phase purity and homogeneous coverage (Figure 4.1). The
XRD patterns of the thin films exhibit excellent agreement with the theoretical patterns,
high crystallinity and a pronounced orientation in the [003] direction, as also seen for
the undoped material.!'>! To verify the phase formation independent of orientation effects,
we also performed X-ray diffraction on powders obtained from multiple thin films, and
fitted them via the Rietveld method (Figure 4.3b).12!?2! The recorded patterns nicely match

with the simulated reference pattern of 2D-M A 3Sbslg with an added Gaussian broadening
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of 0.4° 26 to capture experimental conditions. The Rietveld fits also show only minor
discrepancies in the difference function (A in Figure 4.3b). In general, the different tin
halide precursors lead to slightly different peak positions and minor side phases like the
0D polymorph of MA3Sbylg (* in Figure 4.3a-b) and MASnCl3 (** in Figure 4.3a). A
slight shift towards smaller 26 angles in the prominent (003) reflection can be observed in
general for the alloyed samples, indicating a stretch of the c axis of the unit cell due to the
integration of thin heteroatoms in the structure, likely caused by the larger ionic radius
of Sn?* (118 pm)/ Sn** (83 pm) in comparison to Sn?* (76 pm).>*! The exact values
for the unit cell axes were calculated via Bragg’s Law and are compared to the results
obtained from the Rietveld refinement in Tables 4.2 and 4.10. The corresponding thin film
morphologies as observed by optical photography (a) and scanning electron microscopy

(b) in Figure 4.4, show a strong change with different tin precursor concentrations.

b)

SnCl,

Snl,/Snl,

%

10 50 100

Figure 4.3: Optical photography (a) and scanning electron microscopy (b) images of
Sn : MA3Sbylg with different Sn percentage added in synthesis.

Low tin content in the precursor solution (10% in relation to the antimony acetate precur-
sor) results in mostly dendritic growth for all samples where the small dendrites partially
grow together to form larger domains. An increased tin content of 50% seems to signif-
icantly aid the crystallization behavior of tin-doped MA3Sbsly films, resulting in more
homogeneous coverage and overall less pinholes, in accordance with the improved phase
purity established in the thin film XRD measurements. Nonetheless, C'l-containing sam-

ples prepared with 50% tin precursor concentration still exhibit some pinholes, which be-
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come even more pronounced within film morphologies prepared with a 1:1 ratio of Sb to
Sn precursor. Interestingly, this is not the case when exclusively employing iodide-based
precursors both in a divalent and mixed valence state, exhibiting an improved coverage,
which we tentatively attribute to the larger iodide anion stabilizing the alloyed crystal
structure. The influence of tin incorporation on the optical absorption is striking when
looking at optical photographs of the pristine reference versus Sn-alloyed samples, which
show a change from bright red to jet-black (Figure 4.4a). The corresponding absorption
measurements over the visible spectrum are depicted in Figures 4.6b-d, with the fitted

absorbance spectrum of the undoped reference shown in Figure 4.6a.
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Figure 4.4: (a) Absorbance spectra of undoped 2D-MA 3Sbsly, fitted with Elliott’s method
close to the band edge (yielding the bandgap F, the exciton binding energy £, and the in-
homogeneous broadening parameter ') and with Urbach’s method in the bandgap (yield-
ing the Urbach energy F,). (b-d) Absorption spectra of Sn : MA3Shslg with Sn/Sb =
0.1, 0.5 & 1 in the precursor solution. (Black, dashed: 2D-MA3Sbsly, green = chloride
precursor, blue = iodide precursor, red = mixed valence iodide precursor, light gray: nor-
malized AM1.5 solar spectrum).

The absorbance spectrum of pristine 2D-MA3Shsly can be fitted by Elliott’s method in
proximity of the band edge®?*! and Urbach’s method in the bandgap,?®?"! pointing to an
overall excitonic absorption behavior with a bandgap (£,) of 2.19eV, an Urbach energy
of 34.0 meV in the range of other reported Sn perovskites!?®! and a small exciton binding
energy of 18.1 meV, which is probably overshadowed by the large inhomogeneous
broadening component I' of 81.4meV. This broadening component is significantly

higher than in regular lead-based perovskites (=~ 20 meV).?°! The substantial broadening
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further hints at pronounced exciton-phonon coupling as already seen in other materials
based on the octahedral antimony-halide motif.*®! However, fitting of the data with
an excitonic absorption model was not possible with the absorbance curves of the
tin-alloyed material (4.12), where the exact origin will be discussed in the last section of
this work. Nonetheless, a remarkable surge in light absorption over the whole spectrum
is apparent for the samples alloyed with any ratio of tin, which can be controlled by
increasing the tin content. The absorption in the short wavelength regions decreases for
chloride-containing samples, whereas it remains mostly constant for thin films prepared
with only Snl, and mixed Snl,/Snl, precursors. This finding could be attributed to the
more inhomogeneous morphology and increasing side phases when employing SnCl,
as tin precursor. Interestingly, the strongest absorption increase can be observed for the
films prepared with mixed valence tin iodide precursors in 1:1 ratio to antimony acetate.
Moreover, the absorption increases more strongly in the low energy region than the
absorption of compounds prepared with only Sn(II) as tin source, suggesting relevant
contributions of Sn(IV) in the final morphology. Overall, these optical results further
confirm successful tin alloying in MA3Sbylg and establish the facile tunability of the
light absorption by increasing Sn concentration, coupled with homogeneous thin film

coverage and orientation in the [003] direction (Figure 4.3a).

DFT calculations were performed to rationalize the origin of enhanced absorption
upon Sn incorporation. For sake of simplicity, the equivalent Cs3Shslg perovskite was
used due to the expectedly small impact of the A-site cation on the electronic structure!*!!
and optical properties.!*?! The rotational dynamics of M A in classical MAPDbI; can affect
the octahedral tilting and with this the impact of spin-orbit coupling (SOC),"*!) which
however is of less relevance in the given case of Sb and Sn as B-site elements (see also
SI Figure 4.15), justifying the use of Cs. Ionic positions of the pristine and the Sn-doped
structures were obtained by PBEO+D3 geometry optimization, with refined electronic
structure calculations using the hybrid HSEO6 functional including SOC and van der
Waals corrections to obtain accurate defect properties,**! see Supporting Information for
computational details. Our calculations on the pristine Cs3zSbolg predict a band gap of

2.10€V, see Figure 4.5a, in good agreement with the experimental results.
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Figure 4.5: Projected density of states of (a) pristine Cs3Sbylg and of (b) heterovalent
Sn(I1)/Sn(IV) doped Cs3Sby 755102519 with Cs = green, Sb = orange, I = purple, Sn =
blue. Sn(II) occupied and Sn(IV) unoccupied orbitals are highlighted in orange and blue
color, respectively, in panel b. (c) Local structure of Cs3Sb; 75500 2519 and average Sn”1
bond lengths, highlighting the Sn(II) ion in orange circle and the Sn(IV) ion in blue circle.
(d) Calculated defect formation energy for the paired Sng;, — Sngy, as function of the Fermi
level Er. Thermodynamic ionization levels are indicated within the graph. Panels (e) and
(f) visualize the occupied Sn(II) and unoccupied Sn(IV) orbitals, respectively.

Sn-doping is modeled by replacing Sh3* ions in a 2x2x2 supercell at different Sn:Sh
ratios. To understand the impact of heterovalent Sn(II)/Sn(IV) doping, we replace two
neighboring Sb*" by Sn ions, the most stable configuration in O charge state (see SI
Figure 4.16), at different charge states of the supercell (+2/0/ — 2), in line with previous
studies on the similar compound Cs3Bi,Brg.!'81 At charge state —2, representing two
Sn(II) ions, Sn 5s orbitals introduce additional occupied states at around 0.29 eV above
the highest occupied Sb states as well as additional states at 3.3 eV, see SI Figure 4.16.
The lowest unoccupied orbital delocalizes within the Sn-free layer, while the highest
occupied Sb orbital is delocalized within the whole supercell. For the neutral supercell,
we observe the appearance of additional unoccupied Sn 5s states at 1.3 eV above the
Sb occupied states, see Figure 4.5b, while occupied Sn 5s states are shifted slightly
towards the Sb occupied states (0.22 V). Considering the individual Sn ions, we observe
substantially shortened Sn”I bonds of 2.92 A and a Bader charge of +1.25 for the Sn
ion (highlighted in blue, Figure 4.5c) that attributes the additional gap states, being
characteristic for Sn(IV) species.*® The other Sn ion shows Sn—I bonds of 3.17 A and
Bader charge of +0.98 (highlighted in orange, Figure 4.5c), representing a Sn(Il) ion.

The occupied Sn(II) and unoccupied Sn(IV) orbitals are localized on the respective Sn
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ions, see Figure 4.5e and 4.5f, respectively. Changing the charge state of the supercell
from 0 to +2, we observe both Sn ions in 44 oxidation state, represented by an additional
undercoordinated Sn ion with Bader charge of +1.23, see SI Figure 4.18. Now, the occu-
pied Sn 5s states disappear and additional unoccupied Sn 5s states appear, highlighting
the presence of Sn(IV). To further investigate the stability of the different oxidation
states, we calculated the defect formation energy (DFE) and thermodynamic ionization
level (TIL) of the Sngb-Sngb doped structure, see Figure 4.5d. We observe a DFE for the
neutral Sngb-Sngb defect of 0.42eV, and TILs at 0.29¢eV for the +2/0 transition and
at 1.24 eV for the 0/ — 2 transition. While oxidation of Sn(II) to Sn(IV) is known to be
unfavorable in bulk methylammonium tin iodide, Sn(IV) can be stabilized in combination
with Sn(Il), opening additional bands for sub-gap absorption in tin-alloyed MA3Sbslg
as observed in our experiments. As recently proposed by Ricciarelli et al.,** the key
to observe Sn(IV) in perovskites is the presence of partially disconnected octahedra
with shortened Sn I bonds. Thus, alloying with heterovalent tin precursors, resulting in
Sn(I)/Sn(IV) pairs, is a general feature of layered, vacancy-ordered perovskites and not

limited to MA3Sbslg or the previously studied Cs3BisBrg.!'®!

To examine the chemical environment and oxidation states of the atoms of interest
in as-synthesized thin films, XPS measurements were conducted on films synthesized
with only divalent and with mixed valent tin iodide precursors. Samples were measured
with (Figure 4.6a-d) and without Argon (Figure 4.18) sputtering to remove possible

surface contamination and compare surface and bulk results.
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Figure 4.6: XPS spectra of Ar-sputtered Sn : MA3Sbslg thin films with (Sn/Sb) = 1 thin
films for blue = iodide precursor, red = mixed valence iodide precursor. a.) Sn-d states,
b.) Sb-d and O-s states, c.) N-s and C-s states and d.) I-d states.
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Intriguingly, both samples yield the same results except for a shift of 0.13 eV higher bind-
ing energies which is probably due to a Fermi level shift towards the CB for the mixed va-
lence precursor. As seen in Figure 4.6a, the Sn-d orbitals show the same binding energies,
independent of the precursor being only Snls or a mixture of Snly/Snly. The presence of
a single signal suggests strongly interacting Sn centers, as isolated and different oxidation
states would strongly shift the signals as seen with degraded samples (Figure 4.19). Strik-
ingly, the ratio of Sn/Sb is also the same for both samples, indicating successful incorpo-
ration of both species (presented in Table 4.8 for all samples). This incorporation could
be explained by a self-regulating charge mechanism as established for CsSnls/CsySnlg,
which shows that holes are not localized on single atoms but rather distributed through the
octahedral motif.?>*®! The Sn-3dj;/, has a binding energy of 486.1 eV with a spin-orbit
splitting of 8.4eV, in agreement with previous reports.*”! Furthermore, the remaining
atoms in Sn:MA3Sbhslg can be seen in Figure 4.6b-d and are in the expected ranges for
conventional hybrid organic-inorganic perovskites, confirming the homogeneous forma-
tion of the target material in the bulk and on the surface.’”! If we assume delocalized
valences in the strongly coupled Sn — I — Sn motif as for Sn:Cs;BiyBry,¥11% we can
attribute Sn:MA3Sbsly belonging to either Class II or III mixed-valence compounds as
defined by Robin and Day in 1968.5%! Nonetheless, these two mixed-valence types can
be very difficult to distinguish experimentally and theoretically.*®! Both these classes are
known to exhibit strong and broad absorption bands in the visible or infrared region of
the spectrum. This approach can be used to understand the origin of the enhanced absorp-
tion in Sn:MA3Sbylg by subtracting the normalized absorbance spectrum of the undoped
compound from the spectra of the alloyed materials. The corresponding results are shown

in Figure 4.7a-1.
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Figure 4.7: Absorbance difference spectra for tin-doped versus undoped MA3Shslg. a-c:
Thin films prepared with SnCl, as precursor with increasing concentration of Sn. d-f:
Thin films prepared with Snls as precursor with increasing concentration of Sn. g-i: Thin
films prepared with a mixture of Snls/Snl as precursors with increasing concentration
of Sn. All the data were fitted via three gaussian functions labeled as A (VB to Sngjsoce),
B (Sngee to CB) and CT (Sngee to Sngisoec). The fitting curves are depicted as green
(+SnCl,), blue (Snl,) and red (+Snly/Snly) line.

A striking trend can be seen when observing the curve maxima from left to right with
increasing Sn concentration. The ratio of the two peaks at approximately 2.0 eV (B) and
2.3eV (A) seems to grow while being approximately the same for samples with 50% Sn
concentration (4.7b,e,h). In agreement to our DFT calculations, we assign the additional
contributions to the absorption to two new transitions from Sn states to the frontier bands
of MA3Sbslg. The high energy components A and B (Figure 4.7) may be assigned to
transitions between occupied Sb-p/I-p to Sn-p/I-p (VB to Sn, A) and between occupied
Sn-s to unoccupied Sh-p/I-p (Sn to CB, B), respectively, as seen in Figure 5d. We may
expect a rise in the occupied Sn DOS with increasing Sn concentration, which conse-
quently leads to a stronger contribution of transition B in comparison to A. Adding a third
gaussian function (CT) to capture intervalence absorption between Sn(Il) and Sn(IV) or-
bitals, as expected in a Robin Day class II/III compound results in an excellent fit of the
absorbance differences (Figure 4.7, red: CT, pink: Sn to CB, B, blue: VB to Sn, A). The
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corresponding schematic diagram is shown in Figure 4.8.
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: Sn(IV)-5s
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CT (~ 1.6-1.9 eV)

- 1 Sn(l)-5s

occ. M VB (Sb-I)

Figure 4.8: Schematic illustration of the additional absorption features in Sn : MA3Sboly.
The orange blocks indicate the frontier bands of the reference material.

Intriguingly, the energy differences add up extraordinarily well with the experimental
bandgap determined via Elliott’s method and the theoretically obtained energy levels
arising from the formation of the unoccupied Sn band above the reference CB. Fur-
thermore, they seem to be very consistent while iteratively least-squares fitting over all
sample data, independent of concentration and precursor (Figure 4.13). Attempts to
employ the tin alloyed thin films in usual solar cell architectures only led to below-par
efficiencies (under 0.05%), which could be explained by the additional Sn states acting
as deep traps for charge carriers. Furthermore, photoluminescence and time-resolved
microwave conductivity measurements did not yield any measurable signal, which
further reinforces this interpretation. This effect could also arise and be enhanced by the
usual strong electron-phonon coupling found in this class of materials.**! Additionally,
valence band XPS measurements reveal a shift of the Fermi level closer to the CB
with increasing Sn content (Figure 4.19). This leads to a strongly n-doped nature thus
limiting conventional applications in optoelectronic devices with common architec-
tures. An approach to address these issues could be improving the alignment of charge

extraction layers or by employing novel concepts such as intermediate band solar cells.[*"!

Finally, the stability of the thin films was examined, as rapid degradation and oxi-

dation of Sn in conventional Sn-based perovskite solar cells is a significant problem
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hampering potential applications. The corresponding UV-Vis spectroscopy and XRD
measurements are shown in Figure 4.19 and 4.20. Strikingly, the thin films show a very
high stability when stored in air over weeks and when exposed to high temperatures
of up to 125°C, which is highly unusual for materials containing Sn. We attribute this
stabilization to the proposed (and favored) tin mixed valence incorporation having a
beneficial effect and preventing complete oxidation. When degrading under ambient
conditions at 25°C and 70% RH SnCly-alloyed films undergo a similar mechanism
as regular 2D-MA;3Shyly, partially rearranging to the OD polymorph first and then
dissociating into MAI and diverse oxide phases such as SbyOs5, SboO4 and SnzOy, as
shown in Figure 4.21.

4.4 SUMMARY

In conclusion, a facile solution-based synthesis route for the otherwise elusive tin-alloyed
layered M A3Shsly is presented for the first time. A significant increase in overall optical
absorption can be observed, and first-principles calculations show the formation of het-
eroatom defect states above the valence band. Furthermore, a synthesis approach based
on mixed Sn oxidation states in the precursors is described, which leads to the same
electronic states compared to a synthesis using only divalent Sn halides. Starting from
delocalized valences in the strong-coupling Sn — I — Sn motif, a model for the additional
absorption is suggested based on mixed-valence and defect state absorption. This is used
to describe the challenges such heteroatom-alloyed systems face for employment in com-
mon optoelectronic devices. Lastly, the thin films are found to show very good stability
in ambient conditions which is attributed to self-balancing valences. Collectively, these
results can help to achieve enhanced synthetic control and general understanding of the

benefits and challenges of heterovalent alloying in lead-free perovskite materials.
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45 SUPPORTING INFORMATION

451
Methods

Precursor Solution

To synthesize Sn : MA3Sbolg, MAI (397.69 mg, 2.5 mmol, 5 eq., Sigma-Aldrich, >
99%), Sb(CH3CO3)3 (150.00 mg, 0.5 mmol, 1 eq., Sigma-Aldrich, 99.99%) and varying
amounts of Sn precursors (Snly (Sigma-Aldrich, > 99%), Snl, (Sigma-Aldrich, > 99%),
SnCl, (TCI, > 97.0%)) were weighed in a Ny-filled glove box and dissolved in N,N-
dimethylformamide (500 pL. Sigma-Aldrich) to yield a 1 M solution. The percentage ad-
dition of Sn refers to the constant amount of Sb(CH3CO,)3 in the solution. (e.g. 10% =
0.05 mmol SnXy /4, 50 % = 0.25 mmol SnXy/4, 100 % = 0.5 mmol SnX, 4. For the mixed
samples the amount of substance was divided by two, respectively (100 % = 0.25 mmol
SnX, + 0.25 mmol SnX,).

Thin film deposition

For deposition of Sn:MA3Sbylg, varying substrate types were cleaned with oxygen
plasma under vacuum. Glass and fluorine doped tin oxide (FTO) substrates were cleaned
at 50% power for 5 min. Indium tin oxide (ITO) and silicon substrates were cleaned at
80 % power for 20 min. 75 uL of the solution was then spin-coated onto the substrates
in a nitrogen-filled glove box at 4000 rpm for 3 min and the substrates were annealed at

100 °C for 30 min in nitrogen atmosphere.

X-Ray diffraction

X-ray diffractometry for thin films was recorded on a Bruker D8 Discover operating at
40kV and 30 mA with Cu-K, radiation (A = 1.5406 A) and a position-sensitive LynxEye
detector. XRD patterns were measured in the range of 5 °26 to 60 °26 with a step size of
0.05°. Powders were measured on a STOE STADI P diffractometer with Cu- K, radiation
and a Ge(111) single crystal monochromator equipped with a DECTRIS solid state strip
detector MYTHEN 1K, which was used for wide angle X-ray diffraction measurements
in transmission mode. Powder patterns were measured in the same range and resolution
and a step size between 0.5° and 4° with a counting time of 20's to 90 s per step. To fit the

experimental data, the least-squares method was used as implemented in the EXPO2014
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software.!*!! The background was modeled by a shifted-Chebyshev function and non-

structural parameters were refined with the Le Bail method.[**!

Ultraviolet-Visible Spectroscopy

UV-VIS spectroscopy was conducted with a Perkin Elmer Lambda 1050 UV/VIS/NIR
spectrometer equipped with a 150 nm integrating sphere. A tungsten-halogen and a deu-
terium lamp were used to create a visible and ultraviolet light spectrum, respectively. For
adjustment of discrete wavelengths, a monochromator was employed. The measurement

interval was chosen from 350 nm to 900 nm with a step size of 2 nm.

Scanning Electron Microscopy

For analysis of the thin film morphology, thickness and composition, SEM was performed
on a FEI Helios Nanolab G3 UC-DualBeam scanning electron microscope with an accel-

eration voltage between 2 keV to 5 keV.

X-Ray Photoelectron Spectroscopy

Two set-ups were used for the XPS measurements, one in Munich and one in Darm-
stadt. The regular XPS measurements in the main text were performed with a TA10 X-
ray source (Mg- K, energy) and a VSW HA100 hemispherical analyzer and measured in
Munich to assure a controlled sample environment. For sputtering the sample, argon gas
with p = 3 10~ mbar was introduced into the chamber at a voltage of 1kV and kept for 20
minutes. The photoelectron peaks were fitted in Igor Pro 6.0.2.4 based on a convolution of
a Doniach-Sunjié-function and a Gaussian function, the background was subtracted lin-
early. All measurements expect noted were carried out on this machine. The second setup
is a ThermoFisher VG Escalab 250 spectrometer and was used to acquire valence band
data. XPS was performed with a monochromatic Al-K, source (1486.6 eV) set at 13 mA
and 15kV. The pressure inside the analytical chamber was monitored below 10 ® mbar.
The valence band region (12, —2 eV) was acquired with a pass energy of 10eV and a
step size of 0.05eV. In this configuration, the instrumental resolution was estimated to
0.35eV based on the Fermi edge of a clean Ag foil. The latter was also used for the
calibration of the spectra. For the experiment performed in Darmstadt, the samples were

prepared, packed under nitrogen atmosphere and shipped from Munich.

Computational Details

DFT calculations have been performed using a 2 x 2 x 2 supercell of the undoped Cs3Sb,lg

and the tin-doped Cs3Sby 755109519 perovskite. In all cases, lattice parameters are fixed
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toa = b = 8.661 and ¢ = 10.625, with o = 3 = 90° and v = 120°.1*3! We chose Cs as
A-site cation instead of methylammonium (MA) due to the low impact of the A-site on
the conduction and valence bands.

Hybrid functional PBEO calculations have been performed for geometry optimization
using the freely available CP2K software package,!**! keeping the Fock exchange o
at 0.25 and including van der Waals interactions with the DFT-D3 scheme including
Becke-Johnson damping.!*>! Kohn-Sham orbitals are expanded in a double-zeta basis set
(DZVP-MOLOPT)“®! in combination with the norm-conserving Goedecker-Teter-Hutter
(GTH)“"! pseudopotentials, and a cutoff of 300 Ry for expansion of the electron den-
sity in plane waves. The auxiliary density matrix method with the cFIT auxiliary basis
set was applied to accelerate the optimization of ionic positions within hybrid functional
calculations.*8!

Electronic structure calculations on the optimized geometries were performed using the
HSEO06 functional®! including spin-orbit coupling and DFT-D3 dispersion corrections®”!
within the Quantum Espresso package.>!! We used full relativistic norm-conserving pseu-
dopotentials (Sn, 22 electrons, 452, 4p5, 4d*0, 5d?, 5p*; Sb, 15 electrons, 4d*°, 552, 5p; I,
7 electrons, 552, 5p°; Cs, 9 electrons, 5s2, 5p°%, 6s') with a cutoff on the wave functions of
40 Ry and 80 Ry on the Fock grid, an increased fraction of exact exchange in the HSE06
functional of o = 0.43 and sampling the Brillouin zone at the gamma point. PDOS plots
have been generated with a Gaussian smearing of 0.1 eV. Bader charges in the Sn-doped
structures were characterized using the code of Henkelman et al.’! DFE and TIL were

calculated as follows:153!

DFE[XY] = E[XY] — Elprist]| = > _nipi; + ¢(Evpy + Er) 4.1

DFE[X9 — DFE[XY]
7 —q
where E[X Y] is the energy of the defective supercell with defect X in charge state ¢,

TIL[g/q] =

(4.2)

E[prist] is the energy of the pristine supercell, n; and p; are the number and chemical
potential of the added and subtracted species, respectively, Ey gy and Er are the valence
band energy and the Fermi energy, respectively, and £ are electrostatic potential cor-
rections due to the finite size of the supercell. Electrostatic finite-size effects have been
accounted for using the Freysoldt-Neugebauer-Van de Walle approach as implemented in

the sxdefectalign code.>*
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452
Supplementary Data

Structural Properties & XRD

Figure 4.9a depicts thin films alloyed with only 10% Sn precursor and the asterisks show
the pronounced MALI side phase in all the alloyed thin films, highlighting the need for a
high concentration of Sn halides to obtain phase purity. In Figure 4.9b a zoom on the

relevant 003/221 reflex is shown, which highlights the enlargement of all unit cell axes.
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Figure 4.9: XRD patterns of (a) Sn : MA3Sbhsly films with 10% Sn precursors and (b)
zoom on the relevant (003) reflection of 50% (light color) and 100% Sn-alloyed thin films
for chloride (green), iodide (blue), mixed valence iodide (red) and the pure control (black).

The unit cell parameters in Table 4.1 were calculated via the following equation based on
the hexagonal unit cell:

(003) 26 (°)/c axis length [A] 10% 50% 100%

+ SnCl, 25.19/10.60 | 25.01/10.67 | 24.99/10.68

+ Snly 25.19/10.60 | 25.13/10.62 | 25.11/10.63

+ Snly/+ Snly 25.19/10.60 | 25.07/10.65 | 25.01/10.67
(011) 26 (°)/a(b) axis length [A] 10% 50% 100%

+ SnCl, 14.60/8.53 | 14.38/8.70 | 14.36/8.71
+ Snl, 14.60/8.53 | 14.46/8.65 | 14.45/8.65
+ Snly/Snly 14.60/8.53 | 14.52/8.58 | 14.42/8.66

Table 4.1: Unit cell parameters.
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The parameters for the Rietveld refinement as shown in the main text are seen in Table
4.2.

80% SnCl, | 80% Snl, | 80% Snly/Snl,
R, 4.06 5.13 4.69
Rup 5.42 7.18 6.57
R. 2.64 2.76 2.71
x> 421 6.76 5.86
a (=b) [A] 8.60 8.67 8.63
c[A] 10.72 10.65 10.69

Table 4.2: Rietveld refinement fit parameters.

Optical Properties

The absorbance was calculated starting from the measured thin film transmission via the
following equation:
A =2—1log(%T) (4.3)

Absorbance data near the band edge for the reference material were fitted with a least-
squares approach via Elliott’s method with added thermal broadening as described by

D’Innocenzo et al, shown in the following.!

ap | o= AT B hv — B, — 2
a(u):agD[Z anb sech (—V I‘g 1

n=1

+/ sech (hu—e) 2mv By L de

r or [ B 1—ble—FE
E.q 1—62 hubeg ( g)

To fit the absorbance in the bandgap, a simple Urbach fit as shown in equation 4.5 was

(4.4)

employed (with oy and E; being fitting parameters and F; the Urbach energy).!?6-?7]

E—E
Ey

a(E) = agexp 4.5)

The absorbance data for the different samples and the corresponding transmission and

reflection plots are shown in Figure 4.10.
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Figure 4.10: a-c) Transmission and reflection data for MA3Shslg thin films with different
amounts of Sn precursor. (d-f) Corresponding absorbance data plotted logarithmically for
chloride (green), iodide (blue), and mixed valence iodide precursors (red).

From the logarithmic plot of the absorbance data, the characteristic shape of the ab-
sorbance for Sn-doped MA3Sbylg can be seen with the approximately three linear contri-
butions, represented as gaussian functions in the main text. The absence of a PL signal is

illustrated in Figure 4.12, measured with a 405 nm excitation laser.
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Figure 4.11: Fitting parameters for contribution A and B over all samples (a) and ab-
sorbance difference for all samples (b).
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Figure 4.12: Room temperature PL spectra of MA3Shslg thin films with different Sn
iodide precursors.
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DFT Calculations
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Figure 4.13: Density of states of the Cs3Sby 75510 9519 2 X 2 X 2 supercell in 0 charge state,
mimicking Sn(I)/Sn(IV) heterovalent doping, obtained from DFT calculations based on
the (top) PBE functional without spin-orbit coupling and (mid) with spin-orbit coupling
(SOC). The lower panel gives the density of states obtained from the PBEO functional
with original Fock exchange of 25% and SOC. The red arrow visualizes the position of
the Sn(IV) 5s orbitals in each panel.
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Figure 4.14: (a) Relative energy of the Cs3Sby 755092519 2 X 2 x 2 supercell in O charge
state, mimicking Sn(I1)/Sn(IV) heterovalent doping, as function of the Sn — Sn distance.;
(b) to (d) visualize the optimized structures, with Sn represented by yellow balls.
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Figure 4.15: Electronic structure of the Cs3Sby 7551002519 2 X 2 x 2 supercell in —2 charge
state; (a) and (b) visualize the occupied and unoccupied molecular orbitals. (c) Projected
density of states of the Cs3Sb; 755002519 2 X 2 X 2 supercell in —2 charge state, with both
tin ions being in II oxidation state. The colored rectangles indicate the respective region

in the DOS used for the isodensity orbital plots in panels a and b. Bader charges of the Sn
ions are +0.99 and +1.00.
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Figure 4.16: Electronic structure of the Cs3Sby 7551002519 2 X 2 X 2 supercell in +2 charge
state; (a) and (c) visualize the occupied and unoccupied molecular orbitals. (b) Geometry
representation of the Sng;, — Sngy, pair. Bader charges of the Sn ions are +1.23 (Sn(1))
and +1.28 (Sn(2)), indicating that both Sn ions are in oxidation state +IV. (d) Projected
density of states of the Cs3Sby 75591002519 2 X 2 X 2 supercell in 42 charge state, with
both tin ions being in +1V oxidation state. The colored rectangles indicate the respective
region in the DOS used for the isodensity orbital plots in panels a and c.

XPS & Electronic Structure

The overview spectra of the 100% alloyed iodide samples as seen in the main text can
be seen in Figure 4.17a Furthermore, the Sb and Sn spectra of the unsputtered ones are
shown in 4.17b and 4.17c, showcasing only minor change with respect to the data shown

in the main text.
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Figure 4.17: (a) Overview XPS spectra of Ar sputtered thin films prepared with 100%
iodide and mixed valent iodide precursors (blue, red). Sb 3d (b) and Sn 3d (c) spectra
with fits for unsputtered films.

XPS data of surface oxidized thin films can be seen in Figure 4.18 and showcases a dis-
tinct difference between Sn(II) and Sn(IV) species, strengthening the assumption that no

defined mixed valent incorporation is taking place.

a) ' ' ' b)

Intensity {(a.u.)
Intensity (a.u.)

545 540 535 530 525 500 495 490 485 480
Binding energy (eV) Binding energy (eV)

Figure 4.18: Sb 3d (a) and Sn d (b) spectra with fits for a surface oxidized film.
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Tables 4.8 showcase the atomic ratios found in all XPS measurements discussed in the

main text and of the degraded samples, highlighting the incorporation of tin.

Table 4.3: XPS elemental ratios of an Table 4.4: XPS elemental ratios of an
MA3Sbolg thin film prepared with 100% MA3Sbsolg thin film prepared with 100%

Snl, without Ar sputtering. Snl, with Ar sputtering.
Sntot | Sn+Il | Sn+IV | Sb I Sntot | Sn+Il | Sn +IV | Sb [
87% 13% 99% 1%
53% 48% 63% 37%
16% 84% 26% 74%
15% | 85% 17% | 83%

Table 4.5: XPS elemental ratios of an Table 4.6: XPS elemental ratios of an
MA3Sbylg thin film prepared with 100% MA3Sbsolg thin film prepared with 100%

Snly/Snl, without Ar sputtering. Snly/Snl, with Ar sputtering.
Sntot | Sn+Il | Sn+IV | Sb I Sntot | Sn+Il | Sn +IV | Sb |
86% 14% 95% 5%
18% 82% 61% 39%
4% 96% 20% 80%
15% | 85% 14% | 86%

Table 4.7: XPS elemental ratios of an
MA;3Shsly thin film prepared with 100%
Snl, after oxidation in air over 2 days.

Sntot | Sn+Il | Sn +IV | Sb 1

49% 51%

34% 66%

9% 91%

17% | 83%

Table 4.8: XPS elemental ratios of different M A3Sblg thin films.
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Valence band XPS data (measured on the ThermoFisher VG Escalab 250 spectrometer)
are shown in Figure 4.19 for thin films prepared with tin chloride precursor to quantify
the incorporation of Sn in combination with chloride anions. Fitting of the VB states was
performed following the methodology detailed in.>®! The trend in the contributions I and
II can be explained with the DOS being mostly made up of Sb in [ and Sn in II (4.19a,d).

Figure 4.19¢ shows the increase in Fermi level when increasing the Sn content in the

structure.
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Figure 4.19: (a-c) Valence band XPS spectra for thin films doped with SnCls. (d) Highly
broadened (o = 0.1) density of states showing only antimony and tin contributions.

Stability

XRD and UV-Vis measurements for different conditions and for different precursors are
shown in Figure 4.20 and 4.21. We note that the stability appears to be consistent through-
out all samples, independent of precursors. For the temperature-dependent measurements,
the thin films were kept at the specified temperature for 5 minutes and were then mea-

sured. If compared to Figure 4.21a, we can see the strong stabilizing effect of Sn in the

system.
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Figure 4.20: XRD measurements at varying temperature (a) for 100% Snl, precursors
and (b) for 100% SnCl; precursor. (c¢) & (d) Thin film XRD measurements of 50% SnCl,
alloyed thin films in ambient atmosphere and in the glove box (GB), respectively. The
darkest green lines without legend refer to the reference film.
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Figure 4.21: (a) Degradation of pure MASnl; thin films after 3d and (b) UV-Vis spectra
of a 40% SnCl, prepared thin film over the course of one month.
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5.1 ABSTRACT

In the search for lead-free perovskites, silver pnictohalides recently gained attention as
novel perovskite-inspired materials for photovoltaics due to their high stability, low toxi-
city and promising early efficiencies, especially for indoor applications. Recent research
on such “rudorffites” mainly addresses silver bismuth iodides (Ag-Bi-I), while their an-
timony analogs are hardly investigated due to intrinsic challenges in the synthesis of Sb-
based thin films. Here, we establish a synthetic route to prepare Ag-Sb-I thin films by
employing thiourea as Lewis-base additive. Thin film morphologies were further opti-
mized by alloying with Cu, resulting in improved power conversion efficiencies of 0.7%
by reducing undesired side phases. Density functional theory calculations and optical
characterization methods support the incorporation of Cu into a Cu;_,Ag,Sbl, phase,
keeping the stochiometry and band gap virtually unchanged upon alloying. Our results
further reveal the detrimental role of Ag point defects representing trap states in the band
gap, being responsible for low open-circuit voltages and sub gap absorption and emis-
sion features. Moreover, additional minor amounts of Bi are shown to boost efficiency
and stabilize the performance over a wider compositional range. Despite the remaining
challenges regarding device performances, we demonstrate a strong increase in external
quantum efficiency when reducing the light intensity, highlighting the potential of Ag-Sb-
I rudorffites for indoor photovoltaics.

5.2 INTRODUCTION

Lead-halide perovskites have drawn enormous interest for optoelectronics applications,
particularly photovoltaics, from industry and research alike. Still, the practical applica-
tions of these materials remain limited by their notorious instability coupled with the high
toxicity of the constituents and degradation products.!'3! Nonetheless, through the recent
upsurge of emerging semiconducting materials, the focus of photovoltaic research has
greatly shifted from purely inorganic materials such as silicon or CIGS with high energy
demands for production to novel compounds that combine favorable optoelectronic prop-
erties with remarkable defect tolerance, in combination with low-temperature solution
syntheses.!+ !

Starting from the prototypical methylammonium lead iodide, MAPbI3, a classical strat-
egy to circumvent the toxicity issues is homovalent or heterovalent substitution of the

central lead atom while retaining the perovskite structure. This is commonly achieved
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through elements with the same ns? electronic configuration, as this was repeatedly sug-
gested to be the basis of the exceptional defect tolerance in lead-halide perovskites.!!!
An obvious and intensely studied candidate for substitution is the group IV neighbor tin,
which was shown to be both efficient and less problematic than lead in terms of environ-
mental impact.['>!*! Nonetheless, MASnlI3 and other Sn(II) based compounds are highly
sensitive towards oxidation, requiring pure precursor chemicals and non-oxidizing sol-
vents, which still hampers the successful implementation of these materials.['4!"1 Alter-
native approaches combine adjacent elements of tin and lead in the periodic table, namely
trivalent antimony(IIl) and bismuth(III), which still showcase the characteristic electronic
ns? configuration, with monovalent cations like silver and copper, as prominently seen
and studied in the archetype double-perovskite Cs,AgBiBrg.['31°! Although this com-
pound exhibits several promising properties like long charge carrier lifetime and high
environmental stability, the photovoltaic efficiency is bottlenecked by rapid non-radiative
recombination and a large bandgap.!!3-20]

If the monovalent metal ion is omitted entirely in the above systems, the original per-
ovskite structure is sacrificed, leading to another class of perovskite-derived materials
with the general structural formula A3B,Xg, which also suffer from detrimental factors
such as high exciton binding energies, strong exciton-phonon coupling and low dimen-
sionality, among others. Herein, the A-site cations are mostly derived from the lead-based
perovskite counterparts, namely methylammonium, formamidinium or cesium(I). Many
reports have already shown the significant influence of this cation, not only on the elec-
tronic properties but also as structure templating agent./?!2?!

Most recently, a new class of (Sb/Bi)-based materials has emerged, with the accom-
panying monovalent A cations being silver and/or copper, featuring the general struc-
tural formula A,ByX, 3, and straying even further away from the original perovskite
lattice. These compounds were coined “rudorffites”?*! in previous reports and are com-
prised of interconnected [A/B]Xg octahedra, where the A and B cations share equivalent
lattice positions, thereby inducing a high degree of stoichiometric freedom. Notably,
these pnictohalides show favorable bandgaps for single-junction solar cell devices and
high absorption coefficients.[>>*¥ The hitherto published materials are mostly based on
Ag-Bi-I and were shown to already surpass 5 % PCE within only a couple of years’
time.'?>! Moreover, rudorffites were also employed successfully in other types of devices
like X-ray detectors,'*! memristors'?’! or, as of latest, as highly efficient indoor light
harvesters,1??! competing with commercial solar cells in this field. Alloying and sub-
stituting Ag with Cu was also shown to be an efficient way to tailor their structural and
electronic properties. %%

While research efforts to date have been mostly focused on Bi-based rudorffite structures,
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only few reports concerning pure (Ag/Cu)-Sb-I materials can be found, some of which
being inconclusive about important properties like color, bandgap and structure.**3! This
may be due to synthetic difficulties when working with Sbl; as precursor,'*?! which ex-
hibits a high vapor pressure and is prone to evaporation when using film annealing tem-
peratures above 100 °C. Furthermore, instability of the pristine AgSbl, under ambient
conditions was reported as well.[*"!

Herein, we demonstrate the thin-film synthesis of Cu,Ag;_,Sbl, (CASI) rudorffites us-
ing a Lewis-base assisted approach. We establish the formation of the crystalline target
materials in thin films and furthermore we highlight the beneficial effect of an optimal
ratio of 40% Cu to Ag on the morphology, reducing grain boundaries and improving the
overall coverage. Notably, an additional incorporation of only 5% Bi lead to the afore-
mentioned morphology improvement over a broader range until a Cu content of 90%,
which can also be seen in the photovoltaic performance. Density functional theory (DFT)
calculations shed light on the impact of the stoichiometry of various Cu — Ag — Sb — I
phases, highlighting the incorporation of Cu into the layered Cu,Ag;_,Sbl; composi-
tion. Ultraviolet photoelectron spectroscopy measurements demonstrate the disappear-
ance upon Cu addition of other trivalent oxide antimony states like Sbl3 and SbO, as side
phases likely created through degradation and surface oxidation. UV-Vis spectroscopy
and photoluminescence measurements further reveal the presence of deep defect states
and broad emission with large Stokes shift, confirmed by DFT calculations pointing to
extraordinarily low defect Ag point defect formation energies of 0.16 eV. Additionally,
PL measurements reveal static emission and lifetime characteristics over the whole dop-
ing range, which we discuss in view of varying charge carrier mobilities and photovoltaic
performance. Conceptually, we connect the luminescence behavior to the thin film mor-
phology via hyperspectral optical measurements, explaining the improved performance
in solar cells when using an optimal copper content. Lastly, EQE measurements reveal
a much-improved photocurrent at low photon flux when no white light bias is employed,

hinting at great promise of these materials for indoor photovoltaic applications.

5.3 RESULTS AND DISCUSSION

To synthesize thin films based on Cu,Ag;_,Sbl; (CASI), a common spin-coating ap-
proach was employed by dissolving the corresponding halide precursors (Cul/Agl/Sbl;)
in a mixture of 1:1 DMF:DMSO to achieve a concentration of approximately 0.6 M, fol-
lowed by deposition on different substrates (glass/FTO/ITO/mp-TiO2). Furthermore, a

small amount of the Lewis base thiourea (TU) was added to retard the crystallization of
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the thin film, a crucial step in controlling the formation of the CASI material, which has
been reported to exhibit significant stability issues.**3!-*3 This is a necessary step to ob-
tain working devices and circumvent recurrent problems of the halide precursors, with
Agl being only hardly soluble in organic solvents like DMF that are commonly used for
spin-coating. The influence of the additive on the behavior of the precursor solution is pre-
sented in Figure S1 in the Supporting Information (SI). Similar effects have been shown
for lead-based and lead-free perovskites.**=7! Furthermore, Sbl; is known to have a high
equilibrium vapor pressure®! which prohibits the use of elevated annealing temperatures,
shown to be crucial for the formation of the Bi analogue.[24] In this work, we therefore
employed a ramped thermal annealing approach from 50 °C for 1 h to 80 °C for a minute
to anneal the films. An ‘inverse’ technique based on one short immediate heating step for
1 min at 120 °C leads to improved crystallinity but less complete coverage, as shown in
the XRD graphs and SEM images in Figure 5.8.

The XRD patterns for Cu,Ag;_Sblz films on FTO/c-TiOo/mp-TiO, are shown in Fig-
ure la for incremental replacement of Ag with Cu in 10% steps. The substrate material
was chosen to reflect the crystallization conditions which will be later adopted in solar

cell devices.

a) FTO(")/c-TiO/mp-TiO, * ) . T
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Figure 5.1: Thin film XRD data normalized to the highest intensity on FTO/c-TiO/mp-
TiO, (a) and on FTO (b) of Cu,Ag;_,Shl; thin films. a) Increasing Cu concentrations in
steps of 10% from red to blue with theoretical patterns from Oldag et al.*®! The FTO
reflections are removed for correct normalization and marked by an asterisk (*). b)
CuxAg;_Sbl; films on FTO with 0%, 40% and 60% Cu with [101] patterns highlighted
in light gray and the [102]/[006] peak in light pink. Inset: Crystal structure used for simu-
lation of AgSbl,.

The patterns were normalized after removing the additional reflections arising from the
substrate. As these match very well with the theoretical patterns extracted from the Bi
analogue AgBil,,*”! we assume a similar space group (123m) and a related crystal struc-

ture based on the CdCI2 prototype (Figure 5.1b), in line with Gray et al.*!! Materials
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based on AB, X3, stoichiometries with A being a monovalent transition metal cation
(Ag*/Cu™), B a trivalent pnictogen cation (Bi**/Sh3") and X a monovalent halide an-
ion, commonly [~, are constructed of alternating occupied and unoccupied positions of
edge-sharing octahedra [AX;4]°~, [BX¢]?>™ and [AXg]®™ (A = vacancy).**! In our case,
the halide ions occupy the octahedral corners (Wyckoff 6¢) and Ag/Cu/Sb occupy the
Wyckoff positions 3a in the octahedral center.*”) Nonetheless, because of the afore-
mentioned disorder, exact crystal structure analysis of such materials was shown to be
a challenge.***! This is caused by an important feature in rudorffites, namely A and
B cations occupying the same Wyckoff sites, which enables a vast number of composi-
tional permutations. In recent years, different elemental compositions for Ag-Bi-I sys-
tems were explored experimentally, ranging from AgBi,l; to AgsBil.[23#!=! Further-
more, for silver- or copper-rich compositions, the monovalent A cations additionally may
occupy the 3b positions in-between the octahedral slabs.*>#! As shown later, we can care-
fully exclude compositions of other stoichiometries than the AgSbl, one on the basis of
our theoretical calculations, which suggest that a a band gap collapse can be observed by
having an excess of Ag in comparison to Sb or vice versa, in line with previous consider-
ations on the Bi-based analogues.!*!

Interestingly, the peak positions in Figure 5.1a only show a very small shift upon in-
cremental alloying with Cu, suggesting no significant change of the unit cell. The most
pronounced change is the intensity decrease of the [104] and [003] reflections for increased
Cu content. Furthermore, the intensity ratio of the neighboring [102]/[006] peaks reverses
when more Cu is introduced, which can be seen in more detail in Figure 5.1b for films
deposited on FTO despite a strong orientation along the [003] direction. This intensity
change is linked to a decrease in sectional symmetry because of additional tetrahedral Cu
polytypes centered at the 3a positions of Cu in the layers, as demonstrated by our DFT
calculations which will be discussed later.

Previous reports suggested an intrinsic instability of the AgSbl4 phase, whereas the Bi-
based analog with a larger ionic radius was shown to be highly stable under synthesis and
in ambient conditions.*!! Moreover, Al-Anesi et al. showed local symmetry enhancement
through Sb doping of CuyAgBilg, thereby improving photovoltaic efficiency through en-
hanced local structural symmetry and thus reduced defect density.””®! Consequently, we
also prepared a system with only a small addition of 5 % Bi, resulting in a decrease in
band gap (see below) and improved morphology. The corresponding XRD patterns show
no significant change when comparing Bi-alloyed structures versus the pristine antimony
thin films (see Figure 5.9).

In the following, we focus on samples with 0%, 40% and 60% Cu:Ag, as they are ex-
emplary for the electronic and morphological changes in this system. The SEM images
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for those samples, shown in Figure 5.2a-f, highlight the strong impact of the monovalent

halide precursor on morphology and crystallization.

Figure 5.2: Scanning electron microscopy images of Cu,Ag; Sbl, thin films on FTO/c-
TiO2/mp-TiO,. a)-c) Increasing amount of Cu (0%, 40%, 60%) and d)-f) increasing
amount of Cu (0%, 40%, 60%) combined with 5% Bi/Sb substitution.

First of all, the addition of Bi seems to generally aid the crystallization, resulting in films
with significantly better coverage and homogeneous morphologies. Enhanced lattice
stability may further rationalize the increased coverage and high homogeneity at 40%
Cu, resulting in overall homogeneously covered films. Beyond 50% Cu, the homogeneity
decreases again.

XPS spectra confirm the incorporation of Cu and the presence of the expected elements,
verifying the formation of the pure silver and copper-alloyed phases, see SI Figure
S2a-c. Interestingly, the XPS spectra of the pure AgSbl,, shown in SI Figure 5.7c, show
additional states of either SbO,, which could result from surface oxidation, or Sbl, side
phases at approximately 585.5eV. These side phases vanish when Cu is added to the
system (see SI Figure 5.7).
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Figure 5.3: a) Fitted absorption coefficient of AgSbl, (green), Cug4Agy¢Sbly (blue),
AgSbg.95Big.0514 (yellow), Cug 4AgysSbo.gsBig.osls (red). The red and blue boxes high-
light the bandgap extracted from the Elliott fits. The straight lines around the band edge
are fitted with Elliott’s method and the black lines in the bandgap are exponential Urbach
tails. b) Mobility values extracted from TRMC measurements for Ag concentrations of
100%, 60%, 40% without (blue) and with 5% Bi addition (red). c) Averaged spectra of
photoluminescence measurements for incremental Cu percentage from 0% to 100% with-
out Bi addition (dark to light blue: increasing Cu content). The yellow box highlights the
self-trapped exciton emission and the light blue box the band-to-band emission. d) Av-
eraged time-resolved photoluminescence measurements for incremental Cu percentage
from 0% to 100% without Bi addition. (dark to light blue: increasing Cu content) e)
Hyperspectral images of the photoluminescence intensity and time-resolved photolumi-
nescence intensity distribution on a 5 um x 5 pm large area of a CuyAg;_,Sbly thin film
from 0% to 60% Cu/Ag ratio.

We now employ a combined fitting procedure following Elliott’s method for the absorp-
tion coefficient close to the band edge and Urbach’s tail to quantify the bandgap and
sub-bandgap states.[*! The band gap of AgSbl, lies within the range of 2.0eV to 2.2V,
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as in Figure 5.3a for AgSbl, (green), Cug4AgsSbly (blue), AgSbgg5Big 514 (orange),
Cug 4Ago.6Sbo.g5Big.os14 (red). Changing the Cu:Ag ratio does not alter the band gap,
while the addition of Bi reduces the bandgap by 0.2eV. The decrease in band gap upon
Bi/Sh alloying has previously been successfully assigned to the formation of aggregates
rich of either Sb or Bi, being source of the reduction in the electronic band gap.%*” Fur-
thermore, the Urbach tails all converge to the same energy of around 1.6 eV, pointing to
the presence of trap states. This deep bandgap contribution is reduced through incorpora-
tion of 40% Cu, which is most likely tied to the improved crystallinity and morphology,
suggesting that fewer defects are introduced in the synthesis compared to the reference
systems as confirmed by absorbance log plots (SI Figure 5.11). These disorder-related
deep levels are also confirmed by the photoluminescence emission as seen in Figure 5.3c,
where the main emission maximum lies at around 1.6 eV as well, with only a small con-
tribution at the band edge (2.3 eV), which agrees well with the band gap obtained from
the Elliot fits. This low energy emission is probably caused by self-trapped excitons
dominating the emission behavior, which was reported to be induced by exciton-phonon
coupling and the resulting ultrafast carrier localization in multiple lead-free perovskite
materials.!*8-% Furthermore, the lifetimes are also unaffected by additional Cu doping,
and occur in the range of only ps (Figure 5.3d). The detailed spectral trends of photo-
luminescence and lifetime measurements for all samples are shown in Figure 5.13, with
only negligible intensity and lifetime differences evident.

Mobility values for the thin films, extracted from TRMC, highlight an overall increase
when reducing the silver contribution, shown in Figure 5.3b. This is in line with previous
reports on the related Cuy,(AgBi);_,I4 compound, where small polaron formation was
found to be responsible for ultrafast charge carrier localization that could be mitigated
via the introduction of Cu.[*85% The mobility values are mostly low when compared to
other double perovskites like CsyAgBiBrg.l°!! Moreover, Bi addition does not increase
the overall mobility in the pure AgSbl,, but significantly boosts the mobility for systems
with excess Cu of 60%.

To connect the optical properties with the morphology changes upon Cu doping, we
performed fluorescence-lifetime imaging microscopy (FLIM) measurements; results are
shown in Figure 5.3e. Here, the intensity of the PL emission and the lifetime are spa-
tially resolved on a film area of the size 5um X 5um. These results confirm the trend
of increased homogeneity of the surface of film samples alloyed with 40% Cu, showing
the most consistent lifetimes overall and the best (homogeneous) distribution of lumi-
nescence intensity. The latter decreases sharply at 50% Cu and above, drastically de-
creasing the lifetime of the whole sample area. Keeping in mind the similar electronic

characteristics over the whole substitution range, these measurements reveal the impor-
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tant role the A cation plays in such structures, directing morphology, excitation behavior
over a bigger sample size and, as shown in Figure 5.5, device performance and statis-
tics. DFT calculations were then performed to shed light on the impact of composition
of the Ag — Sb — I and Cu/Ag — Sb — I rudorffite phases. Ionic positions and cell pa-
rameters were optimized on the PBE level of theory including D3 dispersion corrections,
with refined PBEO+SOC calculations for formation energies and electronic band gaps; see
computational details in the SI. The cubic ThZr,H;-type AgShoI; stoichiometry,!43-52-54]
see Figure 5.21, is unlikely to form as seen in the large formation energies of 4.86 eV/f.u.,
see Table 5.1. Additionally, predicted band gaps of 0.39 eV, far below the experimen-
tal values, rule out the existence of AgShsl; stoichiometry, in line with studies on its
Bi-based counterpart.!*3! AgSbl, and Ag;Sblg phases show disorder in their position of
Sb and Ag ions, see Figures 5.15 and 5.16. Starting from the structure of the Bi-based
counterparts,*®3233! 3 configurational screening was performed to obtain low energy con-
figurations using DFT. Both compositions (AgSbl, and AgsSbls) show low energy struc-
tures with formation energies of —0.01 eV and 0.03 eV with band gaps of 2.07eV and
1.78 eV for AgSbl, and AgsSblg, respectively. Recalling the experimental bandgap val-
ues of 2.0eV to 2.2 eV, this supports the existence of layered AgSbl, phases, see Figure
5.4a, while AgzSblg-rich side phases may contribute to the sub-gap absorption and emis-
sion features. The DOS of the AgSbl, phase shows the expected dominant role of iodide
at the valence band edge, while the conduction band edge is dominated by Sb and I states
from the Sblg octahedra, with limited contribution from Ag, see Figure 5.4b. Note that
entropic contributions, neglected in our study, likely contribute to the phase stabilization

of such disordered phases.
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System Er (eV/fu.) E, (eV) Lattice constants (A) Cell Angles (°)
AgSh,l; 4.86 0.39 a=b=c=14.637 a=£=y=90
AgSbly -0.01 2.07 a=28.671 a=88.97

b = 8.665 £5=91.11

¢ =20.804 ~v=120.58
AgsSblg 0.03 1.78 a=9.178 a=86.57

b=28.751 £=92.47

¢ =20.763 v=122.65
CupAgShlg 0.42 1.90 a=38.551 a=89.96

b =8.525 £=90.11

c=21.452 ~v=119.52
Cugs5AgosSbly  0.14 2.13 a=38.671 a=88.97

b = 8.665 £=91.11

¢ =20.804 ~v=120.58

Table 5.1: Optimized lattice parameters (PBE, D3) of the low energy configurations of
the Ag — Sb — I and the Cu/Ag — Sb — I rudorffite phases. Formation energies (Er) per
formula unit and electronic band gaps (£,) are given at the PBEO level of theory with in-
clusion of SOC corrections on the PBE+D3 optimized geometries. Table 5.3 summarizes
a configurational analysis for each composition

Moving to the (Cu/Ag) — Sb — I compositions, especially the Cuy AgSbls phase has re-
cently been proposed to form in the Bi-counterparts.!*’! The structure of the given phase is
highly disordered, with many cations occupying same lattice positions,, requiring a con-
figurational screening, see Figure 5.17. The proposed low energy structure shows a for-
mation energy of 0.42 eV/f.u., containing layers of Ag/Cu — I without Sb incorporated,
see configuration c11 in Figure 5.17, which is substantially lower than fully mixed struc-
tures, see Table 5.3. This may point to favorable phase segregation in such compounds.
Electronic band gap values of 1.90 eV are in fair agreement with experiments. Still, the
successful incorporation of Cu ions over a wide range of Cu:Ag alloying in our experi-
mental investigation raises concerns about the relevance of the CuyAgSblg phase. Thus,
we performed DFT calculations on the Cug5Agy5Sbly composition, keeping the overall
A-B-X stoichiometry of 1-1-4 and replacing half of the Ag ions by Cu, as suggested by
our XRD data in Figure 5.1. Interestingly, the formation energy of the Cug;Agg5Sbly
phase, see Figure 5.4b, decreases to 0.14 eV/f.u. with a band gap of 2.13 eV, in excellent
agreement to our experimental thin films. We further predict an upshift of the valence

band edge by 0.24 eV compared to the AgSbl, phase, see Figure 5.4c. Notably, valence
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band (VB) XPS spectra (SI Figure 5.7d) show an increase in the VB energy upon Cu
addition by 0.15eV to 0.25eV, which confirms our DFT results and, most importantly,
underlines the existence of the 1:1:4 stoichiometry in our synthesized thin films. Thus, we

can expect that the 1:1:4 stoichiometry is accessible over a large range of Cu:Ag alloying.
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Figure 5.4: (a, b) Structural representation of AgSbl4 and Cug ;Agy5Sbly, respectively,
with following color code: Ag = silver, Cu = green, Sb = orange, I = purple. (c) Density
of states on the PBEO+SOC level of theory of (top) AgSbl, and (bottom) Cug 5Agg 5Sbly.
Electronic band gap values are given in each panel. The potential of the considered sys-
tems has been aligned with respect to the vacuum level to obtain the VB and CB shift
between AgSbl, and Cug 5Agg 5Sbly, as highlighted in red color. The DOS of the AgSbl,
has been set to zero energy. (d) Thermodynamic ionization levels of point defects, vacan-
cies Vx and interstitials X; for each element X = (Ag, Cu, Sb, I), based on the hybrid
PBEO+D3 DFT calculations with inclusion of SOC. The orange colored parts highlight
the valence band (bottom) and conduction band (top). Computational details on the defect
calculations are provided in the SI.

We further calculate the defect formation energies, see Figure 5.19 to 5.20, and thermo-
dynamic ionization levels (TILs), see Figure 5.4, for the pure AgSbl, and the alloyed
Cug 5Ago.5Sbly compounds, respectively. All geometries were optimized on the PBE+D3
level of theory, with refined calculations for DFE and TILs based on the PBEO level of
theory with inclusion of spin-orbit coupling corrections. We observe low DFEs of 0.16 eV
for Ag vacancies (V) and interstitials (Agh), representing hole and electron trap states
at 0.44 eV above the VBM and 0.25 eV below the CBM, see Figure 5.4d and Figure 5.19.
This suggests that sub-gap emission features at 1.6 eV may likely be caused by recom-

bination of electrons trapped at Ag vacancies. The low formation energies of Ag point
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defects further are in line with features of Ag — Bi — I compounds that previously have
been considered for ionic conduction due to their mobile Ag ions.[*¥! Notably, Sb and I
point defects also act as trap states within the band gap, see Figure 5.4d, while showing
moderate formation energies of 0.7 eV to 0.9 eV, thus being of less relevance for the op-
toelectronic properties of AgSbl,.

Moving towards the alloyed Cugs5Agy55bly, we observe negligible differences in the
TILs and DFEs (Figure 5.20) for Ag and Cu vacancies and interstitials, in line with the
low dependence of sub-gap emission on Cu:Ag alloying as shown in Figure 5.4c. This
suggests further that the reduction of sub-gap absorption upon Cu addition is due to the
growth of more homogeneous morphologies rather than a suppression of point defect for-
mation. Consequently, Cu alloying is mainly relevant for reducing Agl rich side phases,
while the concentration incremental Cu alloying shifts the type of detrimental defects

between Ag and Cu.
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Figure 5.5: Characterization of photovoltaic devices. a-c) PCE, Jsc, Voc statistical box
plots with median, interquartile range and statistical outliers for 10% changes of the
Cu/Ag ratio from CuggAggy1Sbly to AgSbly. The same color scheme for the colored
boxes as for Figure 5.3a was used to highlight the reference and the most efficient alloying
step. d-f) PCE, J,., V,. statistical box plots for 10% changes of Cu/Ag ratio with fixed 5%
Bi content from Cug gAgg.1Sbg.95Big.0514 to AgSbg 95Big g514. The same color scheme for
the colored boxes as for Figure 5.3a was used to highlight the reference and the most effi-
cient alloying step. g) and h), EQE spectra and integrated photocurrent density of the most
efficient solar cells for AgSbl, (green), Cug 4Agg ¢Sbly (blue), AgBig.05Sbg.95Big.0514 (or-
ange) and AgBig ¢5Sbl, (red). The data in g) are measured with a constant 100 mW cm 2
white light source in the background, while the data in h) are measured without white
light bias.

After elaborating the structural and electronic properties of the CASI rudorffites,
photovoltaic devices were fabricated in the n-i-p architecture with increasing amounts
of Cu.
amine) (PTAA) as hole transporting layer.[>»?*361 The statistical analysis of the device

Mesoporous titania was used as electron transporting layer and poly(triaryl

performance can be seen in Figure 5.5a-f. Firstly, the overall performance increases

significantly when employing only a small substitution of 5% Bi, which is attributed to
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the band gap decrease as seen in the absorbance curves shown in Figure 5.3a. Inter-
estingly, this minor incorporation of Bi additionally stabilizes the performance over a
wide range of Cu/Ag ratios. We attribute this impact of Bi to the improved homogeneity
of morphology as seen in Figure 5.2f, hinting at a highly beneficial role of Bils in the
precursor solution. In the Bi-free series, samples prepared with 40% Cu are generally
the most efficient, showing the overall highest PCE, mostly due to the increased current
density. Notably, the low open circuit voltage is the main bottleneck in these systems,
as also suggested previously.”*?3 In our studies, only samples with added Bi surpass
0.4V open circuit voltage in some cases, whereas Cu-alloyed samples show only small
improvements. We attribute the low voltage to non-radiative recombination processes
mediated by Ag point defects, representing trap states with low formation energies as

shown by our DFT calculations, and ultrafast carrier localization.[¢48!

To further estimate the potential of Sb-based rudorffites for indoor photovoltaics, EQE
measurements were carried out on well-performing solar cells with and without white
light background illumination. As shown in Figure 5.5g, the EQE measured under white
light illumination at 100 mW cm~2 is comparably small, with a maximum of 20% for
Cu-alloyed films at 450 nm without Bi and at 550 nm with Bi. Interestingly, when using
a chopped white light source without a white light bias, the overall EQE increases sig-
nificantly by approximately 10% overall for all thin films except Cug 4Agp¢Sbly, which
could be explained by a different recombination mechanism at high fluence intensities in
this system as seen in the TRMC curves in Figure 5.12b. This is in line with the behavior
of CuyAgBilg rudorffites, where the efficiency for indoor light illumination almost dou-
bles up to 10% iPCE,**! being attributed to reduced non-geminate recombination, which
seems to be an intrinsic feature of (Cu/Ag) — (Sb/Bi) — I based materials.

Although the initial performance falls behind Bi-based “rudorffites”, this class of materi-
als suggests to offer a lot of potential for possible indoor applications while being easily
tunable and also strongly influenced by the compositional freedom solution-processing
offers.?*3%331 This class of materials offers great potential for indoor applications while
being easily tunable. Furthermore, our results demonstrate the compositional freedom
of solution-processed rudorffites. We propose that through stoichiometry tweaking, pre-
cursor engineering - i.e. by employing acetates or other metal sources!'*>”! - or further
additive modification, the performance could be strongly improved to offer a viable alter-

native for low-cost indoor photovoltaics.
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5.4 CONCLUSIONS

To summarize, we successfully synthesized “rudorffite”-type Cu/Ag — Sb — I thin films
using the Lewis-base additive thiourea. We establish control of the thin film morphology
by partial alloying of Ag with Cu atoms, resulting in homogeneous coverage, which was
even improved upon partial substitution with Bi. DFT calculations and optical characteri-
zation point to the formation of a AgSbl, phase in the pure Ag case and the incorporation
of Cu ions, partially replacing Ag and forming Cu;_,Ag,Sbl,. Other phases that have
been previously discussed for the Bi-based counterparts could be ruled out to the large
formation energies or low predicted band gaps. Our results further reveal the detrimen-
tal role of Ag point defects, which induce sub-bandgap electronic states that may act as
recombination centers resulting in sub gap emission and absorption features. We further
demonstrate that Cu alloying does not signifcantly alter the electronic band gap, which
consequently represents a facile strategy for the optimization of Sb-based rudorffites. So-
lar cells based on the CASI rudorffites show low power conversion efficiencies of around
0.3%, mainly hampered by large losses in the open-circuit voltage. Interestingly, substi-
tuting a small amount of 5% bismuth raises the efficiencies to up to 0.7%, mainly through
a reduction of the electronic band gap. We observe an apparent stabilization in current
density and open-circuit voltage upon addition of Bi over a wide range of Cu:Ag alloys.
Finally, white light bias-free EQE measurements suggest a much-improved performance
of these materials for indoor photovoltaic applications, which we attribute to reduced
geminate recombination at low light intensity. These observations offer opportunities for
the control and design of novel Sb-based rudorffites as perovskite-inspired semiconductor

for diverse optoelectronic applications such as indoor photovoltaics.
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5.5 SUPPORTING INFORMATION

55.1
Methods

Precursor Solution

To synthesize (Cu/Ag)-(Bi/Sb)-I films, the corresponding iodides were dissolved in a 1:1
vol% mixture of DMF/DMSO in a 0.6 M precursor solution with a 1 wt% additive of TU.
1 mL precursor solutions for the Cu,Ag; _,Sbl, system were weighed in as follows:

x is the molar ratio, the masses are given in weight/amount of substance [mg/mmol].

X = 0 0.1 0.2 0.3 0.4 0.5
Agl (Sigma Aldrich) | 140.8/0.6 | 126.8/0.54 | 112.7/0.48 | 98.6/0.42 | 84.5/0.36 70.4/0.3
Cul (Sigma Aldrich) 0/0 11.4/0.06 | 22.9/0.12 | 34.3/0.18 | 45.7/0.24 57.1/0.3
SbI3 (Alfa Aesar) | 301.4/0.6
X= 0.5 0.6 0.7 0.8 0.9 1
Agl (Sigma Aldrich) | 70.4/0.3 | 56.3/0.24 | 42.3/0.18 | 28.2/0.12 | 14.1/0.06 0/0
Cul (Sigma Aldrich) | 57.1/0.3 | 68.6/0.36 | 80.0/0.42 | 91.4/0.48 | 102.8/0.54 | 114.27/0.6
SbI3 (Alfa Aesar) | 301.4/0.6

Table 5.2: Precursors and respective weights/substance amounts for the thin film synthesis
of Cu,Ag;_,Sbly thin films.

To these mixtures, 1 wt% with respect to total precursor weight of thiourea (TU) was
added (4.42 mg, 0.06 mmol, Sigma Aldrich) and dissolved in 0.5 mL DMF and 0.5 mL
DMSO. Furthermore, for 5% Bi substitution, 17.69 mg (0.03 mmol) Bil; was added and
only 286.4 mg (0.57 mmol) SbI3 was used.

Thin Film Deposition

All solutions were heated at 70 °C on a hotplane in Ny atmosphere for 30 min prior to
spin-coating. For thin film deposition, 70 uL of the precursor solution was spin-coated
on different substrates at 3000 rpm for 10 s followed by 6000 rpm for 50 s. Varying
substrate types were cleaned with oxygen plasma under vacuum. Glass and fluorine-
doped tin oxide (FTO) substrates were cleaned at 50% power for 5 min with a Diener

Femto Plasma Etcher.
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X-Ray Analysis

XRD data on thin films were recorded on a Bruker D8 Discover operating at 40 kV and
30 mA with Cu-K,, radiation (A\ = 1.5406 A) and a position-sensitive LynxEye detector.
XRD patterns were measured in the range of 5°26 to 60 °26 with a step size of 0.05°.
Powders were measured on a STOE STADI P diffractometer with Cu-K, radiation and
a Ge(111) single crystal monochromator equipped with a DECTRIS solid state strip de-
tector MYTHEN 1K, which was used for wide angle X-ray diffraction measurements in

transmission mode.

Device Fabrication

A sol-gel approach was used to deposit the compact TiO, layer from a solution containing
0.23 M titanium isopropoxide (Sigma-Aldrich, 99.999%) and 0.013 M HCl in isopropanol
(IPA). The solution (250 uL per 6 x 6 cm? substrate size) was spin-coated dynamically
on top of the substrate at 2000 rpm for 45 s, dried at 150 °C for 10 min and annealed at
500 °C for 45 min.

In devices with mesoporous TiO, layer, an approx. 150 nm thick, mesoporous (mp)-
TiO, layer was applied by spin-coating 100 uL. of a TiO, nanoparticle paste (Dyesol
DSL 18NR-T) diluted in absolute ethanol (1 : 6 weight ratio) onto the above compact
TiOs layer at 2500 rpm for 30 s, followed by subsequent annealing at 500 °C for 45 min
under ambient conditions.

PTAA (12 mg, average molecular weight Mn = 30000) was dissolved in 1 mL toluene and
the resulting solution was filtered using a syringe filter (pore diameter 0.45 pm). 70 uL of
the filtered solution was spin-coated on top of the active layer in a single-step spin coating
program at 3000 rpm for 35 s, and the obtained films were annealed at 100 °C for 5 min.
The top electrode with a thickness of 40 nm was deposited by thermally evaporating gold

under vacuum (at ~ 10~7 mbar).

SEM Measurements

For analysis of the thin film morphology, thickness, and composition, scanning electron
microscopy (SEM) was performed on an FEI Helios Nanolab G3 UC-DualBeam scanning

electron microscope with an acceleration voltage between 2 and 5 keV.

X-Ray photoelectron spectroscopy

For XPS analysis, a ThermoFisher VG Escalab 250 spectrometer was used. XPS was
performed with a monochromatic Al-K, source (1486.6 eV) set at 13 mA and 15 kV. The

pressure inside the analytical chamber was monitored to be below 1 x 10~ mbar.
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Photoluminescence Measurements

For photoluminescence (PL) measurements, hyperspectral images and time-resolved PL
images, a home-built confocal laser scanning microscope was used. It is based on a micro-
scope body (NIKON) which is combined with an xyz-piezo-scanning stage (PHY SIK IN-
STRUMENTE). The samples were measured upside down in epi-direction with an air ob-
jective (1.4 NA, Apo-Chromat, NIKON). A beamsplitter (MELLES GRIOT 03BTLO00S)
and a spectral 490 nm long pass filter was used to separate the laser from the PL-light.
A sub picosecond laser (ichrome TOPTICA) which is tunable from 476 nm to 645 nm
was used for excitation. Here we measured only with the 476 nm laser light, which was
additionally filtered by a band pass 473/10 nm (CHROMA) in the excitation arm. The
detection side consists of two parts, which are separated by a flippable mirror. One has
an avalanche photo diode (APD, type: MPD PDM, detector size 50 x 50 um), which
can be combined with a Time Correlated Single Photon Counting (TCSPC) electronics
(BECKER UND HICKEL) measuring time resolved PL-transients. The second part con-
sists of a spectrometer (ANDOR SHAMROCK SRi303) combined with an open electrode
CCD camera (ANDOR NEWTON DU920) recording spectra. The data were recorded us-
ing a customized LABVIEW (NATIONAL INSTRUMENTS) program that combines the
manufacturers’ software with our desired measurements. Further processing and analysis
were carried out using MATLAB (MATHWORKS) programs to obtain the PL spectra,
TCSPC transients and the images.

TRMC Measurements

Thin films on sapphire substrates were placed in a microwave cavity. The TRMC tech-
nique was used to measure the change in reflected microwave (9 GHz) power after pulsed
excitation (repetition rate 1 kHz) of the samples at 355 nm using the third harmonic of an

Nd:YAG laser. The layers were illuminated from the back side.l!!

Solar Cell Characterization

Photovoltaic device performance was measured with a Keithley 2400 source meter in
air at 25 °C under illumination by a Newport Oriel Sol2A solar simulator, which was
calibrated to 100 mW cm~2 with a Fraunhofer ISE certified silicon cell with a mismatch
factor of 1.01. The active area of the solar cell was defined with a square metal aperture
mask of 0.0831 cm?.
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EQE Measurements

Measurements were performed on a home made system with a halogen lamp, a monochro-
mator and a silicon reference diode. The light was chopped at 330 Hz and the signal was
detected through a lock-in amplifier. The setup was calibrated with a silicon solar cell and

no bias light was applied.

Computational Details

Density Functional Theory (DFT) calculations have been performed on Ag-Sh-I and
the alloyed Cu/Ag-Sb-I rudorffites. Cell parameters were refined within the Quan-
tum Espresso software packagel®® (vc-relax) using the GGA-PBE exchange correla-
tion functional.® Electron-ion interactions were described by scalar relativistic ultrasoft
pseudopotentials (Ag, 11 electrons, 552, 4p”; Cu, 11 electrons, 4s2, 3d°; Sbh, 5 electrons,
5s2, 5p3; 1, 7 electrons, 5s2, 5p°). Plane-wave basis set cutoffs for the smooth part of
the wave functions and the augmented density were 40 and 320 Ry, respectively. The
Brillouin zone was sampled using a 4x4x1 Monkhorst-Pack grid.[”! Dispersion correc-
tions were accounted for by the DFT-D3 scheme.[®!! Accurate electronic band gaps were
calculated using the PBEQ functional!®” including spin-orbit coupling within the Quan-
tum Espresso package'>®! Here, we used full relativistic norm-conserving pseudopoten-
tials (Ag, 19 electrons, 4s2, 4p5, 4d'°, 5s2, 4p%; Sb, 15 electrons, 4d'°, 5s2, 5p°; 1, 7
electrons, 5s, 5p°) with a cutoff on the wave functions of 40 Ry and 80 Ry on the Fock
grid and sampling the Brillouin zone using a 2x2x1 Monkhorst-Pack grid. PDOS plots

have been generated with a Gaussian smearing of 0.1eV.
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Supplementary Data
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Figure 5.6: Infrared spectrum of two 1.0 M solutions of AgSbl, with (red) and without

(black) 1 wt% (with respect to total precursor weight) thiourea additive. Characteristically
changing vibrations are highlighted.
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Figure 5.7: XPS spectra for AgSbl, thin films with and without Bi (5%) and Cu (40%,
60%) replacement. a) Cu 2p; /2 and I 3p, s, regions. b) Ag 3d states. c) Sb 3d states with
an inset of SbO,/Sbl, states. d) Valence band XPS data with valence band edge for all

samples.
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Figure 5.8: SEM images on compact TiO, and XRD data of AgSbl, thin films synthe-
sized by annealing a 1 M precursor solution prepared as described in the methods section
at 110°C for 1 min and 70°C for 1 h. a) Addition of 0 mol/L, b) 0.11 mol/L, c¢) 0.18
mol/L, and d) 0.33 mol/L thiourea. e) XRD patterns for different thiourea concentrations
with theoretical patterns for AgBil, (orange) and Agl (grey).

123



5. Stability and Performance of (Cu/Ag)-Sb-I Rudorffite Thin Films for Photovoltaic
Applications

5 E
S ]
>
= g
C -
9 E
£ 4
T T T T
10 20 30 40 50
] T
—_~ - 0, H
===
% ::"hwm. WL‘ -
C -
9 I , -
e L Rpr
B o
E 1
10

26 (°)

Figure 5.9: Thin film XRD data obtained on FTO/c-TiOo/mp-TiO, for Cu,Ag; ,Sbly,
thin films with increasing Cu concentrations (10% steps) from red (0%) to blue (100%
Cu). (upper panel: films without added Bi, lower: 5% Bi additive)
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Figure 5.10: a) Fitting parameters for the Elliott fits in Figure 5.3a with exciton binding
energy, inhomogeneous broadening and Urbach energy. b) Bandgap trend and tail energy
of the exponential Urbach tails for the sample subset.
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Figure 5.11: Logarithmic absorbance data for Cu,Ag; ,Sbl, thin films on glass with (a)
and without (b) 5% Bi additive. In (b), the deep sub bandgap region beyond the Urbach
tail is highlighted in green, the shallow sub bandgap region in dark yellow and the bandgap
edge in orange.

Urbach and Elliott Fit

Absorbance data near the band edge for the reference material AgSbl, were fitted with a
least-squares approach via Elliott’s method with added thermal broadening as described
by D’Innocenzo et al,[®* shown in equation 5.1 (with E}, being the exciton binding en-
ergy, n an integer describing the continuum transitions, hv the photon energy, I" the in-
homogeneous broadening parameter, £, the bandgap and m,.b a factor determining the

parabolicity of the fitting curve).
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To fit the absorbance in the bandgap, a simple Urbach fit as shown in equation 5.2 was
employed (with o and E; being fitting parameters and F; the Urbach energy).!%+63

E—E;

0

a(E) = agexp (5.2)
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Figure 5.12: Traces of the TRMC measurements for thin films with and without Bi and
100%, 60% and 40% Cu/Ag ratio.
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Figure 5.13: a) Spectral trend chart of photoluminescence measurements with intensity
distribution and emission width. b) Spectral trend chart of the time-resolved photolu-
minescence traces fitted with an exponential decay function, with intensity and lifetime

shown.
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Compositional Analysis

Due to the presence of disorder in the lattice, we considered several permutations to ob-
tain a low energy structure for further analysis. Formation energies are calculated with
respect to the bulk phases of the precursors (Cul / Agl / Sbl3) matching the stoichiometry
of the final composition.

First, we consider the cubic ThZryH7-type crystal structure resulting in the AgSh,I;
stoichiometry,143233 Figure 5.14. Optimized lattice parameters of a=b=c=14.64 are ob-
tained with a zero band gap at the PBE level of theory. Notably, large formation energies
are observed, suggesting an intrinsic instability of this compound. This is in line with

previous studies on the Bi-based analogue,'*! which allows us to rule out given geometry.

Figure 5.14: Optimized geometry (PBE, D3) of the AgSbh.I; composition resulting in a
cubic structure with cell parameters a=b=c=14. At PBE level of theory, this composition
shows metallic behavior with band gap of 0eV. Colors are as follows: Sb, brown; Ag,
silver; I, purple.

Next, we consider the CdCl,-type crystal structures, in particular AgSbl, and AgsShlg,
which have been frequently proposed for the Bi-based analogues.?83+3366] Starting from
the AgSbl,, a CdCl,-type crystal with % Sb and % Ag occupation of the octahedral centers,
see Figure 5.15. We observe low differences in energies and cell parameters, see Table
5.3, with the c2 configuration that contains alternating Ag and Sb centers being most

favorable.
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Figure 5.15: (left) CdCl,-type structure with AgSbl, stoichiometry with metal centers
occupied by 3 Sb and £ Ag. (right) Permutations of the AgSbI, geometries, labeled with
cl to c3. Colors are as follows: Sh, brown; Ag, silver; I, purple.

Next, we focus on the crystal structure of AgsSbls. Starting from the structure proposed
by Oldag et al.,*® we consider various permutations and perform optimizations of the
ionic positions and the cell parameters. Starting from the AgSbl,, a CdCl,-type crystal
with % Sb and % occupation of the octahedral centers, see Figure 5.16. We observe low
differences in energies and cell parameters, see Table 5.3, for final cell parameters, en-
ergies, and band gaps. Notably, the AgzSbly structures show a reduction in electronic
band gap compared to the AgSbl, ones and further feature larger formation energies, thus

being less likely to appear.
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Figure 5.16: (left) CdCls-type structure with AgsSblg stoichiometry following Oldag et
al.’8 Metal centers in the mixed Sb/Ag layers are occupied by % Sb and % Ag. The
sites in the interlayers are populated by 1/3 Ag to complete the stoichiometry. (right)
Permutations of the AgzSbls geometries, labeled with c1 to c4. Colors are as follows: Sb,
brown; Ag, silver; I, purple.

Upon Cu addition, we consider the formation of a CuyAgSblg phase as reported from re-
cent studies on the Bi-based counterpart.?®! The fundamental crystal structure is modeled
by replacing Bi of the Cuy AgBilg!*"! by Sb. As shown in Figure 5.17, there is disorder in
the Ag/Sh sites and a plentitude of potential positions for Cu, highlighting the large dis-
order in this system. To derive low energy structures, we constructed a variety of several

configurations, Figure 5.17, following some fundamental rules:

e Random distribution of Sb, Ag, and vacancies, with at least three Ag or Sb ions

being in each layer.

* The charge of the Sb, Ag, and Cu ions in each layer should balance the charge of
the 8 iodide ions. Thus, according to the amount of Sb and Ag placed in between

the iodides, Cu ions are added randomly to bond undercoordinated I ions.

* We place maximal as many Cu ions in between the Sb/Ag layer as Ag or Sb are

present. The remaining Cu ions are placed on the Ag/Sb sites.

Note that this certainly does not sample the full compositional space, but provides funda-
mental insight into the structural and electronic properties of the Cuy AgShls. We further
note that the resulting structures show similar features as the low energy structures pre-

dicted by Sansom et al.[*’! for the Bi-based system.
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Figure 5.17: (Top) Visualization of the CdCl,-type structure with Cuy AgSblg stoichiome-
try with partial occupations highlighted, following Sansom et al.[**! (Bottom) Exemplary
structural configurations of the CuyAgSblg stoichiometry. Colors are as follows: Sb,
brown; Ag, silver; I, purple.
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System Config| Er (eV/fu.) E, (eV) Lattice Cell Angles
constants “)
(A)
PBE / PBEO PBE / PBEO
AgShol; - 4.09/4.86 0/0.39 a=b=c=14.64 a=£=~v=90
AgSbly cl 0.03/0.00 1.07/2.13 a=28.684 «=89.99
b=28.579 £5=89.26
¢ =20.828 | v=119.60
c2 0.01/-0.01 1.03/2.07 a=28.671 a=88.97
b = 8.665 £5=91.11
c=20.804 | v=120.58
c3 0.03/-0.01 1.06/2.10 a=28.696 a=89.22
b =8.692 £=90.79
c=20.870 | v=120.77
AgsSbhlg cl 0.24/0.12 0.43/1.54 a=38.569 «=90.03
b =8.983 £5=91.81
¢=20.829 | v=120.88
c2 0.15/0.03 0.76 / 1.70 a=9.123 a=87.35
b =8.659 £5=91.76
c=20.852 | v=121.84
c3 0.14/0.03 0.82/1.78 a=9.178 a=86.57
b=28.751 £5=92.47
c=20.763 | v=122.65
c4 0.59/0.52 0.23/0.70 a=38.685 a=89.66
b =8.684 £=90.31
c=20.383 | v=119.59
CusAgSblg cl 0.54/1.13 0.54/0.43 a=8.640 a=90.11
b =8.588 £5=89.89
c=20.720 | v=119.94
c2 0.17/0.56 0.45/1.50 a=38.567 a=89.81
b =28.539 £=90.45
c=20.991 | v=119.60
c3 0.58/0.97 0.12/0.45 a=38.786 a=87.17
b=28.572 £5=89.96
c=20.953 | v=121.03
c4 0.16/0.52 0.81/2.04 a=2_8.574 a=89.43
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b =8.635 £=90.85

c=21.161 | v=120.69
c5 0.18/0.73 0.96/2.03 a=8.593 a=90.70
b=28.611 £=90.32

c=21.051 | v=119.98
c6 0.20/0.41 0.81/1.89 a=28.571 a=90.69
b =8.598 £=90.75

c=21.242 | v=120.39
c7 0.19/0.63 0.99/2.09 a=28.674 a=90.02
b =8.548 £=90.58

c=21.196 | y=120.65
c8 0.18/0.57 0.7471.82 a=8.593 a=88.20
b =28.539 £5=89.88

c=21.323 | v=120.14
c9 0.18/0.52 0.71/1.79 a=28.728 a=89.57
b =8.654 £5=90.41

c=20.792 | v=120.64
cl0 0.30/0.64 0.29/1.29 a=8.688 a=88.49
b=28.618 £=91.12

¢=20.906 | y=120.48
cll 0.06/0.42 0.86/1.90 a=_8.551 a=89.96
b=28.525 £=90.11

c=21.452 | v=119.52
cl2 0.33/0.68 0.02/0.85 a=28.574 a=88.96
b =28.618 £=90.51

c=20.884 | v=120.32
Cups5AgosSbly| - 0.06/0.14 0.83/2.13 a=28.671 a=88.97
b =8.665 £5=91.11

c=20.804 | y=120.58

Table 5.3: Optimized lattice parameters (PBE, D3) of the Ag-Sb-I and the Cu/Ag-Sb-I
rudorffites. Formation energies and electronic band gaps are given at the PBE level of
theory; refined band gaps and formation energies are calculated on the PBEO level of
theory with inclusion of SOC corrections on the PBE+D3 optimized geometries.
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SyStem €elec €ion

AgSbl, | €,, = 7.46 | €,, = 32.88
€y =1.99 | €,, = 36.65
€..=584 | €,,=150
€ =15.39

Table 5.4: Electronic (€...) and ionic contributions and (¢;,,,), respectively, to the static
dielectric constant for AgSbl,. The averaged static dielectric constant, €, is used for all
defect calculations.

Defect Calculations

Electronic structure and defect calculations of the optimized geometries were performed
using 2x2x1 supercells. The PBEO functional'®® including spin-orbit coupling and DFT-
D3 dispersion corrections!®!! were employed within the Quantum Espresso package.®!
Here, we used full relativistic norm-conserving pseudopotentials (Ag, 19 electrons, 452,
4p8, 4d'°, 552, 4p°; Sb, 15 electrons, 4d'°, 552, 5p?; 1, 7 electrons, 5s2, 5p°) with a cutoff
on the wave functions of 40 Ry and 80 Ry on the Fock grid, an increased fraction of exact
exchange in the HSEO6 functional of o = 0.43 and sampling the Brillouin zone at the
gamma point. PDOS plots have been generated with a Gaussian smearing of 0.1 eV.

DFE and TIL were calculated as follows: 676

DFE[XY] = E[XY] — Elprist]| = > _nipi; + ¢(Evpy + Er) (5.3)

DFE[X9 — DFE[XY]
q—q
where E[X,] is the energy of the defective supercell with defect X in charge state g,

TIL[g/q] = (5.4)

Elprist] is the energy of the pristine supercell, n; and p; are the number and chemical
potential of the added and subtracted species, respectively, Ey gy and Ep are the valence
band energy and the Fermi energy, respectively, and EZ  are electrostatic potential

corrections due to the finite size of the supercell. Electrostatic finite-size effects have

been accounted for using the Makov-Payne correction scheme.!”!

Static dielectric constants of AgSbl, were obtained using the density functional perturba-
tion theory (DFPT)!"!! in the Vienna ab initio simulation package (VASP),!”?! with PBE
exchange-correlation functional®® and the projector-augmented wave (PAW) method!”*!
using a 400 eV plane-wave cutoff, 6x6x1 Monckhorst-Pack k-point sampling, and a

tightly converged electronic wavefunction (within 10-8 V).
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Role of the functional during defect geometry optimization on TILs

In lead-halide perovskites, defect geometries and TILs were shown to depend also on the
role of the used functional during geometry optimization. Hybrid PBEO calculations have
been performed for geometry optimization of the ionic positions using the freely available
CP2K software package,!” keeping the Fock exchange ¢ at 0.25 and including van der
Waals interactions with the DFT-D3 scheme including Becke-Johnson damping.!”>! Kohn-
Sham orbitals are expanded in a double-zeta basis set (DZVP-MOLOPT)!%! in combina-
tion with the norm-conserving Goedecker-Teter-Hutter (GTH)!"”! pseudopotentials, and
a cutoff of 600 Ry for expansion of the electron density in plane waves. The auxiliary
density matrix method with the cFIT auxiliary basis set was applied to accelerate the op-
timization of ionic positions within hybrid functional calculations.!”8!

The TILs, shown in Figure 5.18, show low dependence on the utilized exchange corre-
lation functional during geometry optimization for the PBE and PBEO level of theory.
The most relevant Ag point defects show limited changes with the functional. Geometry
optimizations with the PBEQ level of theory impose further challenges, resulting in large
changes in the layered structures, and require further investigation. Consequently, we

report the defect properties with geometries from PBE optimization in the manuscript.

2.5 2.5 2.5
PBE-opt PBE0-opt
2o (-2/-3) =— (L0 - 20 (-2/-3) g — 1
ey Y = (+/0) —= < e : 0
o L5} “2) (o) (2+/+) 13157 (--2) ((://O)) e )(_) 115
= X g ! 342+
51 oF o (01 (4/) (3+/24)(+/0) | 51 0 ﬂ 0 |
] (+/0)  (+/0) 9] (07-)
v J i p— 1 G 0.5F 0 — 10.5
0.0r — - 0.0r — 40.0
Vag Vsp Vi Agi Sb; li Vag Vsb Vi Agi Sb; I

Figure 5.18: Role of exchange correlation functional during geometry optimization on
the defect TILs.
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Figure 5.19: . Defect formation energies in AgSbl, under (a) I-rich and (b) [-poor condi-
tions. Solid lines give the DFE for interstitials, dashed lines visualize DFEs for vacancies.
The Fermi level of the system, dominated by the defect equilibrium between Ag vacan-
cies and Ag interstitials, is highlighted by the dotted vertical line.
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Figure 5.20: Defect formation energies of Cu0.5Ag0.5Sbl, under I-rich conditions. Solid
lines give the DFE for interstitials, dashed lines visualize DFEs for vacancies. The Fermi
level of the system, dominated by the defect equilibrium between Ag vacancies and Cu
interstitials, is highlighted by the dotted vertical line.
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Figure 5.21: Light (a,b) and logarithmic dark (c,d) current-voltage curves for the record
pixels (solar cells) discussed in the main text. (a,d) Cug4Agy.sSbl, without Bi additive,
and (b,c) with 5% Bi added.
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6. Low Temperature Optical Properties of Novel Lead-Free Cs,NaFeClg Perovskite
Single Crystals

6.1 ABSTRACT

Lead-free double perovskites have attracted lots of attention as possible alternative to the
lead halide based perovskite in photovoltaic applications. However, up to now, only few
double perovskites have been successfully employed in optoelectronic technical device
prototypes. Therefore, the search for other stable and lead-free materials is ongoing.
Here, we present the successful growth of high-quality Cs;NaFeClg single crystals and
its temperature-dependent structural and optical properties. By combining electron para-
magnetic resonance (EPR), crystal structure analysis and density functional theory (DFT)
we could determine a cubic crystal structure with a spin of 5/2. Additionally, DFT re-
vealed a spin polarized electronic character with an indirect semiconducting bandgap,
which shows a direct transition located only 30 meV below the valence band maximum.
Furthermore, connecting photoluminescence (PL) and absorption measurements we find a
bandgap of approximately 2.1 eV at room temperature as well as the presence of excitonic
states. Using Elliot’s theory we are able to extract the temperature dependent behavior of

the bandgap as well as an estimated exciton binding energy of only 20 meV at 80 K.

6.2 INTRODUCTION

Lead-free double perovskites, are becoming more and more popular due to their promis-
ing properties, such as long photoluminescence lifetimes, high crystallinity and high sta-
bility to oxygen and humidity.['-3! Nevertheless, the usage of lead-free double perovskites
in electronic devices is an ongoing and challenging project although it is possible to man-
ufacture prototypes of X-ray, photodetectors, and light emitting diodes.!*! Furthermore,
it was recently shown that double perovskite solar cells are strongly limited by indirect
band gaps, high trap densities, low charge carrier diffusion lengths, poor energy level
alignment as well as poor contact selectivity in the device.l'>!!] Therefore, the search for
other lead-free double perovskite structures and the investigation of their characteristic
physical properties and their limitations is still a hot topic in perovskite research in order
to accelerate their industrial applications in the near future.

Recently, cesium sodium iron chloride (CsyNaFeClg) single crystals were introduced as
new promising lead-free double perovskite material for thermochromic applications.!?! It
has been shown that the perovskite has a bandgap of 2.07 eV at room temperature (RT) and
exhibits promising absorption in the visible region.!'*! Furthermore, doping Cs,NaFeClg

with small amounts of the metal silver (Ag) resulted in significant changes in structural
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and optoelectronic properties.!'¥ It was found that incorporating silver into the crystal
structure leads to a decrease of the lattice constant.['*! As a result, it was also possible to
significantly modify the bandgaps of crystals with a stoichiometry of CsoAg,Na; ,FeClg
(0 <x <1) from 2.07 eV for the pure CsyNaFeClg to 1.55 eV for CsyAgFeClg.[!]
Although, silver-doped Cs;NaFeClg showed promising properties for the application
in optoelectronic devices such as a tuneable bandgap and improved charge carrier
mobilities,!'*! only little is known about the fundamental physical properties of the pure
CsoNaFeClg. Latest studies proposed a fundamental change of the optical properties
from low to high temperatures, due to an order-disorder transition in the material.!'?! The
observed order-disorder transition is caused by the expansion of the lattice constant of
CssNaFeClg, which results in slight variations of bond lengths and bond angles with
rising temperature. As a result, a reversible color change of the crystal was observed
going from yellow at 80 K to red at 300 K and to black at 500 K. It was concluded
that the color change of the crystal and the temperature dependent band gap variation
makes Cs,NaFeClg a promising candidate for thermochromic applications.!'?! Although,
a significant temperature dependence of the band gap was reported by absorption mea-
surements, nothing is yet reported about the emission properties of CsyNaFeClg crystals.
However, the material emission is another important key whether a material can be also
used as absorber layer in optoelectronic devices.!'*

In this work, we first of all report the growth of high quality Cs;NaFeClg single crys-
tals by the established controlled cooling growth method.!'>!315-171 We then continued
to perform detailed qualitative, quantitative and structural measurements by applying the
techniques X-ray fluorescence (XRF), EDX, and X-ray diffraction (XRD) to confirm the
growth of the single crystal with the specified stoichiometry. In addition, we analyzed
the temperature dependence of the crystal structure through EPR, to investigate a possible
structural phase transition of CssNaFeClg at low temperatures. Moreover, DFT calcu-
lations were conducted to elucidate the electronic structure and possible spin states as
Fe(III) exhibits unpaired spins in the d orbital. In a last step, we intensively investigated
the color change of the crystal by means of temperature-dependent photoluminescence
(PL) and absorptance. The applied measurement techniques provided a deeper under-

standing of the fundamental properties of Csy;NaFeClg.
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6.3 RESULTS AND DISCUSSION

In order to improve the growth process and obtain reproducible, phase-pure and large-
sized crystals, we prepared temperature dependent solubility diagrams. To achieve the
correct stoichiometry, the precursor salts cesium chloride (CsCl, 2 eq), sodium chloride
(NaCl, 1 eq) and iron(IIl) chloride (FeCls, 1 eq) were dissolved in hydrochloric acid
(HCl, 37 wt%). We found that the solubility of the perovskite is approximately 9 times
higher at a temperature of 100°C compared to RT, as can be seen from the solubility
curve in Figure 6.1a. Therefore, by slowly cooling down the solution at a rate of 1°C/h
the solubility decreased. A reduced solubility with decreasing temperature has also been
observed for the more common double perovskite Cs; AgBiBrg in the past, when acids
were used as solvents.131]

By slowly reducing the temperature, supersaturation of the perovskite solution was
achieved at around 70°C, followed by the formation of small nuclei. By further cool-
ing the solution the small crystal nuclei started to grow into larger red crystals. (Further
details about the crystal growth setup, see Supporting Information (SI)). After successful
growth, the crystals showed defined facets and a clear octahedral shape, typically ob-
served for lead-free double perovskites.!”-%1%!

As a next step, we analyzed the grown crystals by means of XRF and EDX in order
to confirm the incorporation of the elements caesium (Cs), sodium (Na), iron (Fe), and
chloride (Cl) by their corresponding photon energies determining their stoichiometry. For
XRF measurements the crystals were ground into a fine powder. Figure 6.1b clearly iden-
tifies the L,; and Lg; X-ray emission lines of Cs at 4.34keV and 4.72keV respectively.
Moreover, we could assign, the K,; and Kjp; lines of Fe and Cl at the photon energies
6.51keV, 7.10keV and 2.79 keV. We could not find any emission lines for Na, due to the

very low photon energies of the Na shells.?"!
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Figure 6.1: (a) Temperature-dependent solubility of Cs;NaFeClg precursor salts with a
photograph of a millimeter sized crystal as inset. The solid line is a guide to the eye.
(b) XRF spectrum of a ground Cs;NaFeClg crystal with the assigned energies for the
elements Cs, Fe and Cl. The peak marked with an asterisk is due to the sample holder.
(c) EDX spectrum of the crystal surface to verify the correct crystal composition and
stoichiometry of Csy;NaFeClg.

However, by measuring EDX, we were able to detect the elemental composition of the
crystal surface. Figure 6.1c shows the obtained EDX spectrum, clearly showing the K
shell emission line of Na at 1.04 keV. Additionally, we found the emission lines for Cs
(La1 =4.29keV , Lg1=4.63keV, Lgy =4.95keV, L,; =5.30keV), Fe (L, =0.71keV ,
K, =6.4keV, K =7.05keV) and Cl (K, =2.62keV, Kz = 2.82keV). Therefore, the
obtained XRF and EDX results already hint towards a successful growth of CssNaFeClg
crystals via the controlled cooling method. In order to determine the exact stoichiometry
of the grown crystals, quantitative EDX measurements were additionally performed giv-
ing us information about the atom fractions of each element on the crystal surface. Table

6.1 shows a nearly perfect experimentally determined stoichiometry of CssNaFeClg.

Element Theoretical Experimental
atom fraction | atom fraction
(%) (%)
(Crystal Sur-
face)
Cs 20 18.76
Na 10 11.25
Fe 10 8.44
Cl 60 61.55

Table 6.1: Quantitative analysis of the Csy;NaFeClg crystal composition by EDX.
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Figure 6.2: Crystal Powder, fitted and simulated XRD pattern for Cs;NaFeClg. b) Out-
of-plane XRD measurement on {111} surface facet and c) corresponding rocking scan of
a CsyNaFeClg single crystal. d) 3D illustration of a CsyNaFeClg truncated octahedron
with determined crystal surface facets. e) XRD measurements on the (111) surface and
on [111] surface facet. The asterisks mark the peaks that can be assigned to the adhesive
tape of the sample holder.

To further confirm the crystal structure, we performed XRD measurements of the crystal
powder. The XRD pattern in Figure 6.2a suggests a phase-pure growth of Csy;NaFeClg

when compared to the crystal structure analysis data from literature.*!! By fitting the
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peaks of the obtained XRD pattern we were able to determine the Miller Indices and
compared the identified reflexes with the simulated scan (Figure 6.2). We assigned a sim-
ple cubic (sc) crystal structure with a lattice constant of a = 10.35 £+ 0.03 A at RT, which
is in perfect agreement with results published recently (for further information see also
Figure 6.7).[1>2!1 In addition to the powder XRD, crystal structure analysis performed at
RT verifies the single crystallinity of the grown crystals and the obtained lattice constant
of 10.39 A (Further details see crystal structure analysis in SI). In addition, we conducted
out-of-plane XRD and rocking scans to gain more information about the quality of the
grown crystals, which are shown in Figure 6.2b and 6.2c. From the out-of-plane XRD
pattern, it is clear that the crystal only shows Bragg reflexes belonging to the {111} peak
series, proving that no other Bragg reflexes can be found on the crystal surface. Further-
more, the {111} peak series shows narrow peaks observable up to the fifth order. Those
results allow the conclusion of crystal growth along the [111] direction of the unit cell and
indicate a single crystalline growth. To verify the quality of the crystal in more detail, we
additionally performed rocking scans of the {111} and {400} reflexes, which are shown
in Figure 6.2¢ and 6.8. The rocking scans revealed single, narrow and very sharp peaks
with full width at half maximums (FWHM) below 0.04°. Therefore, we suggest a low
mosaicity and conclude that the controlled cooling technique results in high quality and
phase-pure CsoNaFeClg crystals. To gain an understanding of the crystal morphology
the next step was to draw a 3D model of a Cs;NaFeClg crystal. The model served as an
orientation to assign in a further step the crystal surface facets, which were determined by
reflectometry. A total of 4 different facets were measured which are shown in Figure 6.2d
and Figure 6.9. The crystal facets of the contact surface in the growth vessel as well as
the “free” surfaces grew along the [111] direction and showed the shape of hexagons of
different size ratios. The measurement of another crystal surface showed the shape of a
rectangle grown in the [100] direction. Using these measurement results and counting the
total of 14 crystal surfaces, the eight hexagonal surfaces were assigned to the [111] direc-
tion and the 6 rectangular surfaces to the [100] direction. Concerning the crystal habit, the
examined CsoNakFeClg crystal agrees with that of a regular truncated octahedron (Figure
6.3d). Comparing both crystal models in terms of habit, one can assume an isometric one
for the regular model since the growth velocity is constant in all three spatial directions
X, y and z, symbolized by the arrows in Figure 6.3d. However, this is not the case for
the CsyNaFeClg crystal. Here, we assume a planar growth, since the growth in x and z
seems to be preferred to the y-direction. This is an interesting aspect which seems to be
independent of the perovskite crystal growth technique and has also been observed for

lead-halide perovskite crystals such as methylammonium lead triiodide (M APbI3)./??!
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Figure 6.3: a) EPR spectrum of Csy;NaFeClg at RT consistent with a spin of S=1/2 or
S=5/2 (with D=0). b) EPR spectra in the range 4-300K shows a cubic structure without
any phase transitions (assuming S=5/2).

To further investigate temperature-dependent changes of the crystal structure caused by
phase transitions in the material, we performed EPR measurements. EPR allows to di-
rectly address the paramagnetic ions , e.g., the Fe3* ions, and predict their spin state and
thus the environment.”! An EPR spectrum of Cs,NaFeClg at RT is depicted in Figure
6.3. Note that the signal (red) shows no significant features and can thus be described by
the derivative of a simple Lorentzian (dashed line). This is consistent with a spin S=1/2
or S=5/2 with a zero field splitting (ZFS) of D=0, which are both appropriate candidates
for Fe3.l'7! It was already demonstrated for Cs, AgBiBrg that the environment (given by
the lattice structure) has a direct influence on ZFS.!'”! Thus, for a ZFS=0 a cubic and for
a ZFS>0 a tetragonal crystal structure is present. Since the stoichiometry and the crystal
structure of CsyNaFeClg is identical to Cs; AgBiBrg, we use the same approach to inves-
tigate possible phase transitions of Cs;NaFeClg at low temperatures. Assuming a spin of
S=5/2, as we will later confirm by DFT calculations, the RT measurement suggests the
cubic crystal structure of the previously shown XRD data. In order to identify potential
phase transitions, the sample was cooled down to 4 K (see Figure 6.3b). In the entire
temperature range, the EPR signal can always be fitted with the derivative of a simple
Lorentzian, which consistently gives strong indications for a cubic structure of the crys-
tal. In contrast to Csy AgBiBrg, no phase transition can be identified Cs;NaFeClg when a
spin S=5/2 is assumed.

DFT calculations within the localized spin-density approximation (LSDA) were con-
ducted in order to verify the most stable spin configuration and to elucidate the elec-
tronic structure.**! As the EPR results hint at indistinguishable total spin states of either
1/2 or 5/2, both phases were optimized and relaxed with respect to atomic positions and
cell parameters. The relaxation calculations reveal a significantly better estimation of

the [FeClg]®— octahedral geometry for the high spin state compared to the experimen-
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tal single crystal data and a lower ground state energy (Table 6.3 in the SI), hinting at
the fivefold unpaired electrons in the d-orbital of Fe (spin state = 5/2) being the more
favourable configuration. Furthermore, Hubbard correction U was employed to correctly
describe the localized d-subshell orbitals in Fe?*", employing a factor of U = 4 eV (Table
6.3 in SI).[?>! The PBE+U band structures for the spin up and down case for the suggested
high-spin conformation are shown in Figure 6.4a and 6.4b, respectively. It can be seen
that the electronic structure is completely spin-polarized around the Fermi level.

The spin-up band structure exhibits a direct and insulating band gap of 4.5 eV located at
the I' point in the center of the Brillouin zone. We note that the estimation of band gap
magnitude by DFT-PBE is known to be flawed and therefore should only be treated as
a rough estimate. The valence band maximum (VBM) is flat and degenerate, hinting at
high effective masses for the holes, whereas the conduction band maximum (CBM) is
more dispersed, suggesting smaller effective mass values for the electrons. The orbital
contributions for the frontier bands are depicted in Figure 6.4c, showing that the character
of the VBM is dominated by Fe-d and Cl-p orbitals. The CBM consists mostly of Na-s
and Cl-p contributions. This transition is opposed to common A,B(I)B(III)Xs double
perovskites like Csy AgBiBrg, where the trivalent bismuth and halide atoms form the CB
and the monovalent silver-halide bonds govern the CB character.?®! The band structures
and DOS for both spin cases without Hubbard correction are further depicted in Figure
6.10 and Figure 6.11 in the ESI.

The spin-down band structure has semiconducting character with an indirect band gap of
around 1.4 eV, with the VBM at the I' point and the CBM at the X' point in the Brillouin
zone which is indicated as blue arrow in Figure 6.4b. Additionally a direct transition
is located only 30 meV under the VBM. For this case, the VB is mostly flat and highly
degenerate, with the states above the Fermi level consisting of Fe-d and Cl-p contribu-
tions and the VB made up of Cl-p states, similar to previously reported double perovskite
oxides.!?”] Klarbring and co-workers recently demonstrated that the preferred magnetic
state over 3 K for CsyNaFeClg is paramagnetic, which results in disordered spin direc-
tions at different sites.?®! To account for this, they employed disordered local moments
(DLM) modeling to retrieve the effective band structure for the paramagnetic case, result-
ing in semiconducting character, as seen in the the spin down band structure presented in

Figure 6.4b, which agrees well with our optical measurements.?®!
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Figure 6.4: a) + b) Spin up (a., green) and down (b., blue) polarized band structures of
CssNaFeClg (spin state = 5/2), with the Fermi energy set to zero, calculate with DFT-
PBE + U (= 4 eV). ¢) Total and projected density of states for spin up (positive) and
down (negative) with orbital contributions of Cl-p/Fe-d/Na-s. d.) Visualization of the
spin density in the primitive unit cell (red: spin up, iso-value: 0.0011823).

As we were able to gain information about the structural properties and the band structure
of CssNaFeClg we further studied the optical properties of the material in the following.
We therefore performed temperature-dependent PL. and optical transmission studies on
the CsyNakFeClg crystal. By lowering the temperature, we observed a continuous color
change of the grown crystal from red at RT to yellow at 50 K, as shown in Figure 6.5a.
This effect is reversible and has been reported for Csy,NaFeClg crystals recently, where
this thermochromic behavior was ascribed to an order-disorder transition in the material.!®!
We performed temperature-dependent PL measurements, as no PL has been reported for
this material so far. One possible reason for this, as can be seen from Figure 6.5b, the sam-
ple hardly shows any luminescence under excitation above the band gap of 2.07 eV when
measured at room temperature. However, upon cooling the crystal, we find increasing
luminescence gradually shifting towards higher energy. Furthermore, the inset of Figure
6.5b shows a blue-shift and narrowing of the observed peak at around 2.1 eV when the
temperature is reduced.

Surprisingly, at about 140 K it seems that either the PL peak splits into two individ-
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ual peaks or a second peak appears at 2.4 eV, which strongly increases its intensity by
decreasing temperature. We further notice that the dip between these two PL peaks is
around 2.32 eV and slightly blue shifting. The rise of additional PL peaks has also been
reported for the lead halide perovskite MAPbDI3, and related to a phase transition from a
tetragonal phase to the orthorhombic phase.*”! However, the previously presented EPR
measurements showed no evidence of a structural phase transition for this material, and
we therefore exclude a phase transition as the cause for the rise of the additional PL at
24eV.

In order to explain the blue-shift of the PL spectra as well as the rise of the second PL peak
at higher energies, we performed temperature-dependent absorption measurements shown
in Figure 6.5b. (Further information about the absorption measurement can be found in
the SI). At room temperature, the absorption edge can be observed at around 2.05eV
which is consistent with bandgap values reported in the literature for Cs,NaFeClg.[!2!3]
When the temperature is decreased, a strong blue-shift of the absorption onset was found,
suggesting an increase of the bandgap at low temperatures. This effect has also been pre-
viously reported for temperatures ranging from 450 K to 260 K.!'?! Additionally Figure
6.5b shows a second pronounced absorption peak at 2.32 eV for temperatures lower than
140 K. For further evaluation, we superimposed the two graphs for 80 K, shown in Figure
6.5d, and found that the observed PL from the crystal seems to be partly reabsorbed by the
state at 2.32 eV visible in the absorption spectra. Hence, we speculate that reabsorption is
leading to the visible dip in the PL at 2.32 eV shown in Figure 6.5a and ¢ and ultimately
to an apparent second PL peak at higher energies. Additionally, it can be seen in Figure
6.5c that PL and absorptance overlap, which leads to a strong decrease in PL intensity at
energies greater than 2.4 eV.

The strong absorption at 3900 K in CsyNaFeClg in combination with the weak PL in-
dicate that non-radiative recombination processes dominate even in a high-quality and
phase-pure crystal. Since the PL increases with decreasing temperature, we assume that
recombination in the material is mainly first order (e.g., traps or defects) at elevated tem-
peratures, with these being “frozen out” at lower temperatures. A similar effect was
observed for lead halide perovskites namely that lowering the temperature causes a de-
crease of the monomolecular recombination rate while simultaneously the bimolecular

recombination rate is increasing.**3!! Hence, the measured PL signal is increasing.!**-3!!
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Figure 6.5: a) Photographs of the temperature-dependent color change from red (270K) to
yellow (50K) of CsyNaFeClg single crystals. b) Steady state PL of the Csy,NaFeClg single
crystal, shows that PL of the crystals can only be observed at low temperatures. Inset
shows the normalized PL on a logarithmic scale. ¢) Temperature-dependent absorptance
shows an additional absorption peak for low temperatures d) Absorption and emission
spectra of CssNaFeClg crystal at T=80K.

To further investigate the origin of the dip in PL as well as the additional absorption
peak at 2.3eV which arises at low temperatures, we investigated the excitonic proper-
ties of CsyNaFeClg by means of Elliot’s theory.!*”! Therefore, we used fits according to
the model of Elliot to analyze the measured absorption spectra and extract the band gap
energy E,4, exciton binding energies as well as broadening parameters of the absorption
peak at 2.3 eV.’% (For further details about the fitting procedure see section Elliot Fit-
ting in SI). However, in order to account for the steep increase of the absorption after the
excitonic contribution we added a parameter for the direct interband transition described
by a second bandgap E,», which is very close to the indirect bandgap as seen in Figure
6.6b, in accordance with the difference of E, and E,, in the low temperature region.*!
Figure 6.6a shows the resulting Elliot fits together with the measured absorption data.
Note that the fits for 190 K and 200 K are not included as they did not converge during
the fitting routine. It is clear that the obtained fits match very well with the experimental
results. Consequently, this allowed us to investigate the temperature dependence of the
bandgap of CsyNaFeClg crystals as shown in Figure 6.6b. We find that also within the
Elliot model the bandgaps E, and E, shift towards higher energies as soon as the temper-
ature decreases. The variation of the energy values can be explained due to the influence
of different carrier-phonon coupling at different points in the band structure, fluctuations
in the automatic fitting procedure or divergent thermal broadening of discrete states due
to the paramagnetic nature.[**! This behavior is expected for conventional semiconducting

materials like Si, SiC, Ge, GaAs and InP and can be described by Varshni’s empirical
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Figure 6.6: a) Measured absorptance (solid line) together with obtained Elliot fits (dotted
lines) for temperatures between 80 K and 340 K . b) Extracted bandgap energies from the
fits for the measured temperature range.

Additionally, we extracted the temperature dependence of the exciton binding energy for
CsyNaFeClg using the Elliot model. We found that the exciton binding energy at 80 K
can be estimated to be approximately 20 meV, whereas hardly any excitons are present at
RT as is shown in Figure 6.12a. The very low exciton binding energy of Cs,NakFeClg is a
major advantage compared to the conventional Cs; AgBiBrg, which has exciton binding
energies of approximately 268 meV at RT.*®! A slight increase of the exciton binding en-
ergy with decreasing temperature has also been observed in the past for other perovskites
like MAPbI; and triple cation lead based perovskites.*”! Due to the very low exciton
binding energy at RT of <10 meV, excitons dissociate into free carriers just by the ther-
mal energy k;, 7, and therefore presumably only free carriers are present. However, the fact
that no PL has been observed at room temperature, strongly hints towards non-radiative
recombination being the main recombination pathway of charge carriers.

We furthermore analyzed the broadening parameter ['of the excitonic contribution in the
absorption spectra, shown in Figure 6.12b. We observed that the broadening significantly
increases when the temperature is increased from 80 K to 350 K. A linewidth broadening
with increasing temperature is usually expected, and has been observed also previously
for other perovskites such as MAPbI3 and Csy AgBiBrg.[?*3831 The observed broadening
is usually associated with electron-phonon coupling in the material.[>>*?! We note that,
it is not possible to differentiate between the coupling of longitudinal optical phonons

and acoustic phonons in the shown temperature range. However, the temperature depen-
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dence of the broadening parameter suggests that impurity scattering can be neglected in
this material.””®! This is due to the fact that linewidth broadening caused by impurities

should lead to a saturation of the linewidth at higher temperatures, which is not the case
for CsyNaFeClg.*!

6.4 CONCLUSION

In conclusion, we present a method to grow high-quality crystals of the new double per-
ovskite CsyNaFeClg. XRF, EDX and ICP-OES proved a nearly perfect stoichiometry
whereas the successful growth of CsyNaFeClg single crystals were verified by detailed
X-ray studies. Furthermore, we were able to assess the spin properties of the material
and correlate them with their crystal structure by connecting theoretical calculations with
experimental data. We found that the spin 5/2 system Csy;NaFeClg has a cubic crystal
structure and although the crystal changes its color from red to yellow upon cooling, no
structural phase transition was observed. Additionally, optical measurements suggest that
non-radiative recombination is dominant at room temperature. However, upon cooling we
find substantial emission, together with reabsorption of emission by an additional exci-
tonic state with low binding energy of only 20 meV at 80 K. We therefore conclude, that
although the emission of Cs;NaFeClg seems to be governed by non-radiative processes at
high temperatures, its low exciton binding energy, substantial PL at low temperatures, and

[12]

the reported high stability against thermal cycling,"' < still indicate a potential application

for thermochromic windows,'?! or detectors and devices operating at low temperatures or

in space.[*!!
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6.5 EXPERIMENTAL DETAILS

Materials And Solvents

CsCl (2mmol), NaCl (1 mmol) and FeCl; (1 mmol) were weighed in stoichiometric
amounts into a 3mkL glass vial in a nitrogen filled glovebox (Water and oxgen com-
pound below 1 ppm). The solubility curve was achieved, by adding small amounts of
HCI (200 L) every hour under constant stirring of the solution until the precursor salts
were completely dissolved. This was done for a temperature range from 25 °C to 100 °C,

in order to obtain an exact solubility curve for Csy;NaFeClg in HCI.

Cs,;NaFeClg crystal growth from controlled cooling

In order to obtain Cs;NaFeClg crystals from HCI the commonly known crystal growth
protocol was followed.["! A 0.3 molar solution of CsCl (2mmol, 252.54 mg), NaCl
(1mmol, 43.83mg) and FeCl; (1 mmol, 121.65 mg) was prepared with 10 mL of 37%
wt HCI. The solution was placed on a hotplate, in an oil bath, and heated to 100 °C for 2 h
in order to obtain a completely dissolved precursor solution. To promote crystal growth,
the solution was cooled down at a rate of 1 °Ch~! to RT. The crystals were then washed
and dried with dichloromethane (DCM) in order to avoid any precursor precipitates re-

maining on the surface.

EDX measurements

EDX characterization of the crystal surfaces were performed in high vacuum using a
scanning electron microscope (SEM) Carl Zeiss Ultra 55+ and an INCAPentaFET-x3
Si(Li) detector to obtain the elemental distribution of Cs, Na, Fe, and Cl. At least 4
working areas on the crystals were measured. The obtained data was then normalized and
averaged to obtain an average stoichiometry and elemental distribution over the whole
crystal.

X-ray Diffraction and X-ray Fluorescence

Powder and single crystal XRD measurements as well as XRF measurements of the crys-
tal powders were performed using a General Electric XRD 3003 TT with a monochro-
matic Cu- K, radiation source (V = 40kV, I = 40mA) with wavelength A\ of 1.5406
A. Further XRF measurements were recorded with an XR-100T detector from Amptek
and an X-ray unit from PHYWE. For the measurements, we applied an unfiltered Mo

(Molybdenum)-K,, radiation source (V = 35kV, I = 0.1 mA). All measurements were
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performed at RT. The crystal surface facets were determined by reflectometry with a Mo-
K, radiation source (A = 0.71073 A, V =50kV, I=1mA). The crystals were placed on
an adhesive tape to carry out the measurements. The recorded XRD patterns were plotted

against the scattering vector ¢, = 47 /) - sin(6), where 0 is the scattering angle.!*?!

Crystal structure analysis

An orange block-like specimen of Csy;NaFeClg, approximate dimensions 0.020 mm x
0.020mm x 0.020mm x 0.030 mm, was used for the X-ray crystallographic analysis.
The X-ray intensity data were measured on a Bruker D8 Quest system equipped with a
multilayer mirror optics monochromator and a Mo K, rotating-anode X-ray tube (A =
0.71073 A). The measurements were performed at 297 K.

EPR measurements

The continuous wave EPR measurements were performed with a Magnettech MS 5000
X. In order to reach cryogenic temperatures, we extended the setup with an Oxford flow-
type cryostat. The CsyNaFeClg crystal was placed on a quartz rod sample holder and
positioned in the centre of the EPR resonator. We choose the lowest applicable microwave
power (PMW=1 =# W) to exclude saturation effects and used a modulation amplitude of
Bmod=0.5mT to gain a sufficiently high signal-to-noise ratio without broadening the line

shape of the observed EPR signature.

Density functional theory calculations

DFT calculations were performed using the Quantum ESPRESSO package based on
plane wave basis sets, employing the Perdew-Burke-Ernzerhof (PBE) parameterization
of the generalized gradient approximation (GGA) for solids (PBEsol) to describe ex-
change correlation interactions.[**! The GBRV high-throughput ultrasoft pseudopotential
library was utilized to describe the interactions between valence electrons and atomic
cores.*?l Furthermore, the simplified Hubbard correction of Cococcioni and de Gironcoli
was included.*>=3 A kinetic energy cutoff of 60 Ry for the wavefunctions and 500 Ry for
the charge density was used. Self-consistent field (SCF) and geometry relax calculations
were carried out on a fully converged 4x4x4 Monkhorst-Pack grid, while a larger mesh

was utilized for the density of states calculations.

Photoluminescence measurements

Temperature dependent photoluminescence was measured using a FLS980. The sample

was placed in vacuum in a cryostat and was cooled down using liquid nitrogen. PL was
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measured in reflection geometry. As excitation a Xenon lamp with tunable wavelength

was used. The excitation wavelength was chosen to be 336 nm.

Transmission measurements

Temperature dependent transmission was measured in a cryostat under vacuum condi-
tions. The sample was excited with a white light LED and transmission was detected
using a Princeton Instruments Acton SpectraPro SP 2300 Spectrometer and a PyLoN Sil-
icon CCD Detector. In order to calculate the absorptance from the obtained data, the re-
Terystal

flection of the crystals was neglected and transmission calculated according to T=-;

lamp

The resulting absorptance was then obtained by A=1-T.
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6.6 SUPPORTING INFORMATION
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Figure 6.7: XRD pattern of CsyNaFeClg powder, which were recorded with a monochro-
matic copper radiation source. The calculated XRD pattern (red) and the corresponding
Miller indices for each peak are shown. From that we found a lattice constant of 10.341
Aand a cubic crystal structure.
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Figure 6.8: These exemplary rocking measurements were performed on the (400) peak
and the (111) peak of a CsyNaFeClg single crystal conducted with a Mo-K,, source. The
low FWHMs of < 0.04° indicate a low mosaicity hinting at a very high quality of the
grown CsyNaFeClg crystals.
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Figure 6.9: XRD measurements on (111) crystal surface facet (cyan-colored data set) and
on the (111) of powders, which were recorded with a molybdenum K, radiation source.
The XRD measurement of the tape shows reflections that are also seen in the crystal
surface measurements.

Crystal Structure Analysis

Crystal data for Csy;NaFeClg single crystals obtained by crystal structure analysis, show-

ing the lattice constant and angles for the cubic system.
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Chemical formula CsyoNaFeClg
Formula weight 557.36 g/mol
Temperature 293 K
Wavelength 0.71073 A
Crystal system cubic

Space group

Fm -3 m, Nr. 225

Unit cell dimensions

a=10.3392(3) A

Volume 1105.25(1) A3
Z 4
Density (calculated) 3.350 g/cm3
Absorption coefficient 9.277 mm-1
F(000) 996
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Diffractometer

Bruker D8 Quest (Microfocus)

Radiation Source

MoK, Gobel-Mirror

Theta Range for Data collection

3.413° - 45.051°

Wavelength 0.71073 A
Index ranges -20<h, k, 1 <20
Reflections collected 26691

Independent reflections

282; 258 with I > 20(I)

Refinement method

Full Matrix Least-Squares on F2, SHELXL-2018/3

Structure solution technique

Direct Methods, SHELXS97

Function minimized

ow(Fo2-Fc2)2

Weighting scheme

wl =0.0161, w2 =46.4725

Goodness-of-fit on F2

1.095

Data/restraints/parameters

258/0/6

Final R indices

For I > 20(I): R1 =0.0458, wR2 = 0.0895;

For all data: R1 =0.0497, wR2 =0.0916

R.M.S. deviation from mean

0.298

Largest diff. peak and hole

2.911/-4.566

Refinement Program

SHELXL-2018/3

Atomic coordinates and equivalent isotropic atomic displacement parameters (A2):

x/a y/b | z/c U(eq)
Nal 0 0 | 0 | 0.026(2)
Fel 172 0 | 0 |0.0145(3)
Csl 1/4 1/4 | 1/4 | 0.0250(2)
Cll | 0.2687(2) | 0 | O | 0.0249(3)

Bond lengths:
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Atom 1 | Atom 2 | Length [A] | Atom 1 | Atom 2 | Length [A]
Fel Cll 2.392 Cll Fel 2.392
Fel Cll 2.392 Cll Fel 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel cl 2.392 Fel Cll 2.392
Nal Cll 2.778 Fel Cll 2.392
Nal Cl1 2.778 Fel Cll 2.392
Nal Cll 2.778 Fel Cll 2.392
Cll Fel 2.392 Fel Cll 2.392
Cll Fel 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Nal Cll 2.778 Fel Cll 2.392
Nal Cll 2.778 Fel Cll 2.392
Nal Cll 2.778 Fel Cll 2.392
Cll Fel 2.392 Fel Cll 2.392
Cll Fel 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Fel Cll 2.392 Fel Cll 2.392
Nal Cl1 2.778 Nal Cll 2.778
Nal Cll 2.778 Nal Cll 2.778
Nal Cll 2.778 Nal Cll 2.778
Cll Fel 2.392 Nal Cll 2.778
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Cl1 Fel 2.392 Nal Cl1 2.778
Fel Cl1 2.392 Nal Cl1 2.778
Fel Cl1 2.392 Nal Cl1 2.778
Fel Cl1 2.392 Nal Cl1 2.778
Fel Cl1 2.392 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
CIl Fel 2.392 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Cl1 Fel 2.392 Nal Cl1 2.778
Nal Cl1 2.778 Nal Cl1 2.778
Nal Cl1 2.778

Nal Cl1 2.778
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Bond angles:

Atom 1 | Atom 2 | Atom3 | Angle [°] | Atom 1 | Atom 2 | Atom3 | Angle [°]
Cl1 Fel Cl1 180.00 Cll Nal cl 180.00
Cl1 Fel Cll1 90.00 Cll Nal Cll 90.00
Cl Fel Cl1 90.00 Cl1 Nal Cl1 180.00
Cl1 Fel Cl1 90.00 cl Nal cl 90.00
Cl1 Fel Cll1 90.00 Cl1 Nal Cl1 90.00
Cl Fel Cl1 90.00 Cl1 Nal Cl1 90.00
Cl1 Fel Cll1 90.00 Cl Nal Cl1 90.00
Cl1 Fel Cll1 90.00 Cl1 Nal Cl1 180.00
Cl1 Fel Cl1 90.00 Cl Nal Cl1 90.00
Cl1 Fel Cll1 180.00 cl Nal Cl1 90.00
Cll Fel Cll1 90.00 Cl1 Nal Cl1 90.00
Cl Fel Cl1 90.00 Cl Nal Cl1 90.00
Cl1 Fel Cll1 90.00 Fel Cl1 Nal 180.00
Cl1 Fel Cll1 90.00 Nal Cll1 Fel 180.00
Cl Fel Cl1 180.00 Nal Cl1 Fel 180.00
Cl1 Nal Cl1 90.00 Nal Cl1 Fel 180.00
Cll Nal Cll1 90.00 Nal Cll1 Fel 180.00
Cl Nal Cl1 90.00 Nal Cl1 Fel 180.00
Cl1 Nal Cl1 90.00
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DFT Calculations
Exp. Low Low High High High High
[RT] Spin U |Spin U |Spin U|Spin U | Spin U | Spin U
=0eV =4eV =0eV =3eV =4eV =5eV

Fe-Cl 2.392 2.311 2.321 2422 2.430 2.439 2.445
[A]
Cs-Cl 3.661 3.637 3.670 3.773 3.732 3.736 3.736
[A]
Na-Cl 2.778 2.812 2.855 2.835 2.833 2.832 2.831
[A]
Unit cell | 7.311 7.321 7.321 7.434 7.443 7.454 7.462
length
[A]
E [Ry] ‘ -749.26 | -749.03 | -749.33 | -749.15 | -749.21 | -749.17

Table 6.3: Unit cell parameters and ground state energy of CssNakFeClg calculated by
DFT-PBE (+U) depending on the spin state and U value.

The unit cell parameters and conformation energies were calculated in a relaxed unit
cell to compare the influence of different spin configurations and Hubbard correction
factors on the bond lengths and overall energy in the system. As can be seen in table
S1, the low spin (S = 1/2) configuration with and without Hubbard correction drastically
underestimates the Fe-Cl octahedral bond length, while the high spin calculations yield
overall more accurate results (S = 5/2). Furthermore, starting from the optimized high spin
structure, the Hubbard factor to accurately describe the localized Fe-3d unpaired electrons
was estimated via a linear response method, resulting in U = 3.93 eV. This factor also leads
to the lowest energy compared to U =3 eV and U = 5 eV and was adopted throughout
the calculations in the manuscript. As expected, the electronic structure is drastically
influenced by the different spin configurations as seen in Figure 6.10 (low spin) and 6.11
(high spin). For the low-spin configuration, both spin up and down band structures exhibit
semiconducting character, while the high-spin calculations yield the same results as with
the PBE+U approach, showcasing insulating character for spin up and semiconducting
for spin down. Interestingly, the VBM demonstrates partial Fe-d character for the band
structures without Hubbard correction. Furthermore, the states for the high-spin spin-

down case shift under the Fermi level when treated with the PBE approach, in contrast
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to the Hubbard-corrected band structure. The unoccupied states over the Fermi level for
PBE+U also demonstrate favoured electronic localization, which is expected because of

the better treated on-site electron-electron interaction.

a) b)
12 spin LI

. |

E-E,(eV)
E-E, (eV)

d)

DOS

6 B -2 OE .EF(’IeV) B 6 8 10
Figure 6.10: a) + b) Spin up (a., green) and down (b., blue) polarized band structures of
CsoNaFeClg (spin state = 1/2), with the Fermi energy set to zero, calculated with DFT-
PBE. c) Total and projected density of states for spin up (positive) and down (negative)
with orbital contributions of Cl p/Fe d/Na s. d.) Visualization of the spin density in the
primitive unit cell (red: spin up, blue: spin down, iso-value: 0.0011823)
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Figure 6.11: a) + b) Spin up (a., green) and down (b., blue) polarized band structures of
CsoNaFeClg (spin state = 5/2), with the Fermi energy set to zero, calculated with DFT-
PBE. c) Total and projected density of states for spin up (positive) and down (negative)
with orbital contributions of Cl-p/Fe-d/Na-s. d.) Visualization of the spin density in the
primitive unit cell (red: spin up, iso-value: 0.0011823).

Elliott Fitting of The Absorption Data

To estimate the exciton binding energy, the inhomogeneous thermal broadening and the
Varshni shift parameters, Elliott’s model to fit the near-band gap absorption was used.
Additionally, a parameter for the direct interband transition was added to account for the

steep absorption increase after the excitonic contribution:

X 4n B hw — Eg — 5
a(hw) = o3P [Z b Sech (Q +

— ns3 r
o hw — 2\ B 1
/ Socls ( w 5) ' V' Ep . — de (6.2)
By r 1 —exp2rm ﬁfﬁ% 1— 52 (e —gg)
+AF/®EHE—&QME—&Q
“r Jo (E— E')* +1?
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Temperature | dEg/dT [peV/K] | dEg2/dT [peV/K]

80-350K | -0.87 | -1.17
250-350K | -1.43 | -1.04
150-350K | -1.18 | -1.35

Table 6.4: Temperature dependent change of the bandgap energy dEg/dT calculated by
Varshni’s empirical expression, for different Temperature ranges.

Eb is the exciton binding energy, E, and E,,, the first and second bandgap, I' the inhomo-
geneous broadening parameter, A2 is a scaling constant for the additional absorption term
and ag3p a prefactor for the joint density of states. The fits seen in figure 6a were solved
iteratively for the whole dataset with a trust region reflective least-squares algorithm, pro-
viding the optimized parameters from the converged run to the higher temperature ab-
sorption curve and introducing a raw data cutoff of 0.025 eV towards higher energies to
better reproduce the band edge.
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Figure 6.12: Evolution of a) exciton binding energy and b) broadening parameter gamma
with temperature.
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7.1 ABSTRACT

Two-dimensional (2D) hybrid double perovskites are a promising emerging class of ma-
terials featuring superior intrinsic and extrinsic stability over their 3D parent structures,
while enabling additional structural diversity and tunability. Here, we expand the Ag—Bi-
based double perovskite system, comparing structures obtained with the halides chloride,
bromide, and iodide and the organic spacer cation 4-fluorophenethylammonium (4FPEA)
to form the n = 1 Ruddlesden-Popper (RP) phases (4FPEA),AgBiXg (X= Cl, Br, I). We
demonstrate access to the iodide RP-phase through a simple organic spacer, analyze the
different properties as a result of halide substitution and incor-porate the materials into
photodetectors. Highly oriented thin films with very large domain sizes are fabricated
and investigated with grazing incidence wide angle X-ray scattering, revealing a strong
dependence of morphology on substrate choice and synthesis parameters. First-principles
calculations confirm a direct band gap and show type Ib and IIb band alignment between
organic and inorganic quantum wells. Optical characterization, temperature-dependent
photoluminescence, and optical-pump terahertz-probe spectroscopy give insights into the
absorption and emissive behavior of the materials as well as their charge-carrier dynamics.
Overall, we further elucidate the possible reasons for the electronic and emissive prop-
erties of these intriguing materials, dominated by phonon-coupled and defect-mediated

polaronic states.

7.2 INTRODUCTION

The exploration of two-dimensional (2D) hybrid perovskites has gained increased atten-
tion, along with the success of their three-dimensional (3D) analogs as optoelectronic
materials for solar cells, laser diodes, field-effect transistors, X-ray- and photodetectors
or light-emitting diodes.['"*! While a large number of 3D and 2D metal halide perovskites
based on divalent metals such as Pb?*, Sn?*,Cu?t, Mn?*, Cr?* and Cd?* have been re-
ported, a larger variety of materials based on the double perovskite structure AJB'BM X
with A- and B-site cations and halides X remain comparatively uninvestigated. If not
only the compositional variety of 3D double perovskites is considered, but also the di-
mensional reduction to 2D phases of such, the structural and compositional possibilities
become phenomenally vast. By introducing mono- or multivalent organic A-site spacer
cations, the material properties can be tuned by the variation of the spacer cation and also

the thickness of the octahedral layers of the perovskite that are separated by the spacer
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cation.

Crystallographically speaking, a large number of double perovskites have been char-
acterized or computed over the last 80 years, albeit the optoelectronic characteriza-
tion and their potential for devices were only revisited recently.[”#! Several halide dou-
ble perovskites that are promising for optoelectronic application have been synthesized
or computationally-predicted, such as CsyAgBiClg,!”! CsyAgBiBrg,’! CuyAgBiBrg,!Y!
(MA),TIBiBrg, ' CsyAgShClg,1?! Csy AgInClg,'3 Csy AgT1Brg, ! AShCuXs (A =
monovalent cation, X= Cl, Br, )!3 and (M A ),KBiClg.['®!

The currently most studied double perovskite is Csy;AgBiBrg, mostly owing to its
promising charge-carrier properties and its stability, despite its relatively large band
gap of 2.0eV to 2.3eV.'"2 Following this interest, more recently the effects of
the dimensional reduction from 3D to 2D phases of CsyAgBiBrg have been re-
ported by several groups by elaborating the theme in the form of (BA);AgBiBrs,
(BA),CsAgBiBr; (butylammonium (BA)),*! (PEA);AgBiBrg (phenylethylammo-
nium (PEA)),20242%1 (iPA),CsAgBiBr; (isopentylammonium (iPA)), (iPA),CsAgBiBr;
(iPA),1*%! (PA),AgBiBrg(propylammonium (PA)), (OCA);AgBiBrg (octylammonium
(OCA)), and (BDA),AgBiBrg (1,4-butyldiammonium (BDA)).*”

As a way of modifying the band gap of halide perovskites, it is known that changing the
halide anion decreases its size in the order of C1= > Br~ > I~.[28] The desirable double
perovskite Csy;AgBilg is unfortunately not easily synthesized because of its negative de-
composition enthalpy resulting in CsAg,I; and Cs3Bisly.[*3% Another beneficial effect
of the dimensional reduction is that the 2D phases of this silver bismuth iodide system
are thermodynamically stable and compounds of the Ruddlesden-Popper n = 1 struc-
ture (OCiAgBilg (OC! = organic cation, monovalent; n = octahedral layer thickness) or
the Dion-Jacobson n = 1 structure (OCYAgBilg (OC! = organic cation, divalent) were
successfully synthesized and reported, thus enabling access to iodide double perovskites.
Besides the reduced band gap energies around 2 eV caused by the heavier halide, a change
in nature from indirect to direct band gap was reported several times to accompany the
dimensional reduction from 3D to 2D systems.[?*3!]

While bromide analogs have been reported with simple, alkylic and aromatic spacer
cations such as butylammonium or phenethyl ammonium, the iodide analogues have
only been reported recently with more strongly interacting organic spacer cations, as,
for example, divalent molecules forming Dion-Jacobson phases or molecules with an in-
creasing number of ring systems, thus increasing the strength of aromatic interactions.
Organic spacer cations with atomic interactions through terminating atoms such as io-
dine, as demonstrated for (3IPA)4AgBil8 (3IPA = 3-iodopropylammonium), or fluorine
(our work) have also shown this ability to stabilize the lattice of thermodynamically un-
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favoured iodide phases.!*?! For these, a sufficient templating effect through either struc-
tural rigidity or stronger molecular interactions is required to discourage the formation
of more stable OD or 1D Bi — I lattices.[*}! For the choice of the organic spacer cation,
ammonium-terminated alkylic or aromatic molecules are most commonly used, option-
ally with chain/ring-incorporation of nitrogen or sulphur atoms or halogen substitution at
various hydrogen positions.3437!

Here, we synthesized three new compounds of the (OC);AgBiXg (X = Cl, Br, I)
Ruddlesden-Popper n = 1 structure with 4-fluorophenethylammonium (4FPEA) serv-
ing as the organic cation. We present the first comparative halide study for 2D dou-
ble perovskites. The compounds were structurally and optoelectronically characterized
in powder and thin film form. We synthesized single crystals of (4FPEA),AgBiBrg
and (4FPEA),AgBilg while for (4FPEA),AgBiClg possible unit cell parameters were
indexed. We use DFT to obtain insight into the electronic structure and atomic con-
tributions to the frontier orbitals. Furthermore, we synthesized high-quality thin films
and thoroughly characterized them employing GIWAXS. Finally, we provide initial in-
sights into the charge-carrier dynamics and emissive properties, employing optical-pump
terahertz-probe spectroscopy (OPTP) and PL. measurements of these materials and incor-

porate them into photodetectors.

7.3 RESULTS AND DISCUSSION

7.3.1

Structural Characterization

The 3D halide perovskite structure is based on the general formula ABX3 with corner-
sharing BX§ octahedra, divalent metal cations B2+ and halide anions X, where mono-
valent A™ cations occupy the cuboctahedral cavities. For the 3D double perovskite, the
general formula is expanded to A,B'B"™Xj, following the same occupational rules with
the difference that the corner-sharing octahedra are now alternating between B'Xg and
B!"Xs. Ruddlesden-Popper double perovskites with an octahedral layer thickness of
n = 1 adopt the general formula (OC),B'B"Xg, where the organic cation (OC) replaces
the A" cation and is also monovalent. The organic cations separate the octahedral layers,
with the positively-charged group (i.e. NHJ ) terminating into the cuboctahedral cavities,
while the uncharged part interacts via van der Waals (vdW) forces and dipole-dipole in-
teractions, leaving a van der Waals gap between the organic layers.®!

Investigating the structural properties of (4FPEA),;AgBiCls, (4FPEA),AgBiBrg and

177



7. Silver-Bismuth Based 2D Double Perovskites (4FPEA),AgBiXg (X= Cl, Br, I): Highly
Oriented Thin Films with Large Domain Sizes and Ultrafast Charge-Carrier Localization

(4FPEA),AgBilg (synthesized from a simple solution approach explained in detail in the
experimental part) we find very small changes, where the 4FPEA cation seems to have
the dominant influence on the structural direction, enabling synthesis of the chloride and
bromide structure but also stabilizing the iodide structure. In contrast, the unsubstituted
PEA cation can only yield the (PEA) AgBiClg and (4FPEA),AgBiBrg compounds, but
cannot stabilize the iodide structure (see XRD and EDX data in Figure 7.12 and Table
7.1).

Figure 7.1: Single crystal structures of (4FPEA);AgBiBrg and (4FPEA),;AgBilg with
octahedral angles in ° (a and d), bond lengths in A (b and e) and comparative views of the
unit cell of both structures (c and f). The bond angles shown are point symmetric with
regard to their central metal atom and thus only shown once for clarity

The structures of (4FPEA)4AgBiBrg and (4FPEA),AgBilg were determined through
single crystal X-ray diffraction, while for (4FPEA),;AgBiClg the lattice parameters
were determined through indexing of powder XRD data. We note that the crystal
structure of (4FPEA) AgBily was refined as a 2-component pseudomerohedral twin
(pseudo-monoclinic cell) with a refined ratio of 0.75/0.25 for the two domains. The two
equatorial 1odides are slightly disordered with ratios of site occupation factors refined to
0.97/0.03 as seen in Figure 7.13. This disorder of equatorial iodines was also observed
for other 2D iodide double perovskites such as (AET),AgBilg.*¥ For the following
comparative discussion, only the iodine sites with occupation of 97% will be considered.
Furthermore, we limit the discussion to the comparison of the crystal structures to the
bromide and iodide analogues as seen in Figure 7.1.

Unlike the octahedra in the cubic Cs;AgBiBrg that exhibit equivalent bond lengths
(Bi — Br = 2.814A, Ag — Br = 2.821 A) and metal-halide-metal angles of 90 °, the
octahedra in (4FPEA),AgBiXg are strongly distorted.™ The angles in both structures
in the Ag- and Bi-octahedra are equally distorted by up to 3.9 ° (Figure 7.1a and
7.1d). The bond lengths exhibit unequal distortion where the Ag-octahedra are strongly
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tetragonally contorted, resembling a Jahn-Teller effect with short axial bonds (Ag — Br
=2.66A, Ag—1=2.88A) and long equatorial bonds (Ag — Br = 3.06/3.08 A, Ag — I
= 3.17/3.16 A), while the Bi-octahedra are mostly symmetrically and only marginally
distorted (Ag — Br = 2.85/2.86/2.87A, Ag — I = 3.06/3.07/3.08 A) (Figure 7.1b and
e). This tendency of monovalent Ag is also observed in compounds such as AgtAg!!O,,
compounds with other similar d'° transition metals, e.g. Au* or Cu™ or other recently
reported, Ag-containing 2D hybrid double perovskites and is attributed to a mixing
of filled transition-metal nd orbitals with empty (n + 1)s orbitals, stabilizing a linear
coordination geometry.[3-23:32.33.39.40]

One factor required to form 2D hybrid double perovskite iodides is the templating
influence of the organic spacer cations, a term coined by Mitzi in 2000.1*!! Both the
RP and Dion-Jacobson (DJ) phases require an in-plane interaction of suitably sized
organic spacers to stabilize the 2D lattice, for example, aromatic, vdW or dipole-dipole
interactions. Contrarily, while the DJ phases have an intrinsically stronger interlayer
connectivity by binding one organic layer to two adjacent inorganic layers through
the divalent character, RP phases also require a strong interaction between organic
spacer molecules along the out-of-plane direction. As of now, this synthetic diffi-
culty has only yielded a small, but growing number of published structures, namely
(CHD),AgBilg-H,O (1,4-cyclohexandiamine (CHD)),*?! (AE2T),AgBilg (AE2T),!
(BAMPY),AgBilg  (3-(aminomethyl)pyridinium  (3AMPY)),1*®)  (4AMP),AgBilg
(4-(aminomethyl)piperidinium  (4AMP)),*31  (3IPA),AgBilg,*!  (4IBA)4AgBilg
(4-iodobutylammonium  (IBA)),B!  (4AMP),AgBilg,*¥  (APP),AgBily  (4-
aminopiperidinium (APP)) and f-(MPA)4AgBily (S-methylphenylethylammonium
(B-MPA)).1*3! In our work, we used the simple modification of the PEA™ cation to the
AFPEA™ cation to achieve the stabilizing and templating effect. To emphasize this,
the structural differences between (PEA),;AgBiBrg and (4FPEA),;AgBiBrg are shown
in Figure 7.14 and Figure 7.15. We note that the structures of (4FPEA);AgBiBrg
and (4FPEA),AgBilg are sufficiently similar (as seen in Figure 7.1) to explain why
(PEA),AgBilg cannot be obtained without additional control of the interactions between
layers. By simple comparison of the organic layers in the four shown directions (Figure
7.15) the increased order of the 4FPEA™ cations vs. the PEA™ cations can be observed.
When viewed along a the ring-to-ring stacking for both seems similar, but when viewed
along b the twisting of the PEA™ can be seen distinctly. In Figure 7.15 this is visualized
by red lines connecting equal carbon atom positions in 4FPEA™ and PEA™ and a yellow
dot/lines displaying the channel formed by the arranged phenyl rings. The aromatic rings
of 4FPEAT™ are stacked in-plane of the organic layer along ab as well as out-of-plane

along ¢, while PEA™ is only stacked in-plane of the organic layer along ab and not also
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out-of-plane along ¢ which is a reason for the stabilizing binding effect between the
organic layers. Furthermore, while in-plane stacking of 4FPEA™ cations is present in
only one direction, as seen when viewed along b (Figure 7.15b)), PEA™ cations in-plane
stacking is present in two directions in an alternating fashion (Figure 7.15b) and d)). This
increased out-of-plane stacking effect of the 4FPEA™ could be caused by the increased
dipole moment of the molecule and/or the fluorine-fluorine attraction, leading to the
observed point-symmetric anti stacking of the phenyl-rings (Figure 7.15b) and d))./4647]
The calculated dipole moment for PEA™ is 13.47 Debye, whereas for 4dFPEA™ the value
increased to 17.50 Debye, visualized in Figure 7.16. We further note that the substitution
position of the fluorine atom seems crucial for the stabilizing effect for the 2D hybrid
double perovskite iodide. While for lead- and tin-based 2D hybrid perovskites the ortho,
meta and para position of the fluorine all yield the desired n = 1 2D hybrid double
perovskite phase, our attempts with 2FPEA and 3FPEA only yielded hybrid bismuth
iodides (Figure 7.12), confirming that not only sufficient binding effects but also specific
geometric requirements of the organic cation are needed to stabilize the silver bismuth

iodide system. 484

—— (4FPEA),AgBil; film
(001) ——— (4FPEA),AgBil; exp.
(0[:2) (003) (004) (005) —— (4FPEA),AgBilg calc.
___/I! A UL\.,_, w-...._a_,__.ﬁ_,-\__w\_‘)\_ﬁ/\..
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Figure 7.2: XRD patterns of thin films on ITO annealed at 140 °C and powdered crystals
of (AFPEA),AgBiXg (X=Cl, Br, I) grown in solution along with calculated patterns for
(4FPEA),AgBiBrg and (4FPEA)4AgBilg derived from single-crystal structures.

Figure 7.2 shows the XRD patterns of polycrystalline powders and thin films of
(4FPEA)4AgBiXs (X=Cl, Br, I) as well as theoretical patterns based on the single-crystal
structures of (4FPEA),AgBiBrg and (4FPEA),AgBils. For (4FPEA),AgBiClg a sin-

gle crystal has not been obtained, but the indexed lattice parameters agree well with the
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powder XRD pattern and the lattice parameters of the bromide and iodide analog (Table
7.2). For the bromide and iodide compound, the experimental patterns also agree well
with the simulated ones, without any detectable impurities, which we confirmed through
a profile refinement (Figure 7.18). Consistently, energy dispersive X-ray spectroscopy
confirms the stoichiometric ratio for both crystals and thin films for all three compounds
(Table 7.3). A slight shift towards larger angles can be observed for both compounds from
calculated to experimental diffractograms, indicating homogeneous lattice strain and thus
a slightly compressed unit cell for experimental samples. From the thin film diffrac-
tograms, a strong orientation along the (00!) planes can already be observed, which is
characterized more thoroughly with GIWAXS measurements (see below). If the three
halide compounds are compared from Cl to Br to I, a shift towards smaller angles for
the (hk0) planes can be observed, which is consistent with the increasing lengths of the
unit cell in a and b directions, caused by the increase of ionic size of the halides and the
increased equatorial metal-halide bond lengths (Table 7.2). In contrast, the (00/) planes
are shifted towards larger angles from Cl to Br to I, also in agreement with the decrease of
the unit cell length in ¢ direction. While the increase in bond distances and the ionic size
is consistent for the axial octahedral bonds, the decrease in ¢ direction can be attributed

to slightly closer packing of the inorganic and organic layers.

7.3.2
Orientation and Thin Film Morphology

Thin films of (AFPEA),AgBiClg, (4FPEA),AgBiBrg and (4FPEA),AgBilg were fabri-
cated by spin coating from N-Methyl-2-pyrrolidone (NMP) solutions onto different sub-
strates with a subsequent annealing step. All three compounds in thin film form are
strongly oriented along the (00!) planes, corresponding to a parallel orientation of inor-
ganic and organic layers to the substrate surface. This horizontal orientation is typical for
single layered n = 1 2D double perovskite phases and so far, no other orientations have
been prepared.[*>*” Furthermore, while for Pb- and Sn-based 2D perovskites higher n
phases and vertical orientations have been reported, for Ag — Bi-based double perovskite
systems (BA),CsAgBiBry, (iPA);CsAgBiBr; and (PEA),CsAgBiBr; remain the only
two known ones exhibiting the n = 2 thickness, though no thin films have been reported
thus far.[2323261 While other studies have focused on initial thin film syntheses for n = 1
2D double perovskites, 222342441 here we have optimized the morphology of the thin films
on different substrates and were able to observe structural differences depending on the
choice of substrate roughness, the different halides and annealing temperature.

To compare the influence of the substrate roughness we chose FTO-coated glass, indium-

doped tin oxide (ITO)-coated glass and Si-SiO, wafers as they are commonly used sub-
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strates for optoelectronic applications such as photovoltaics, photodetectors, light emit-
ting diodes or field effect transistors. The difference in surface roughness between these
substrates is about one order of magnitude, with height differences (as RMS) of +60 nm
for FTO, 45 nm for ITO and 41 nm for the polished SiO, wafer, see Figure 7.19 for line
profile scans and AFM images.

a) (4FPEA),AgBIClg b) (4FPEA),AgBIBr, ¢) (4FPEA),AgBIil,
——5i0, 140 °C A — S0, 140 °C —si0,140°C
L —— Si0, 100 °C il —— Si0, 100 °C 14 \ — Si0, 100 °C|
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S T — 110100 °C —— IT0 100 °C ———\——|—mmo100°C
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Figure 7.3: XRD patterns of thin films of a) (4FPEA),AgBiCls, b) (4FPEA),AgBiBrg
and c¢) (4FPEA),AgBilg on substrates FTO, ITO and SiO, from NMP solution with an-
nealing at 100 °C or 140 °C. The different parameters are indicated in the legends, insets
show a magnified view between 15-35° 26.

All thin film diffractograms show the same general orientation along (00/) as shown in
Figure 7.2 and 7.3. We observe the same trends in crystallinity and an increasing quality
from CI>Br>I (a more detailed discussion of the diffractograms is given in the support-
ing information under Figure 7.20). One key feature is the splitting and broadening of
reflections for the Br films, which we attribute to increased lattice parameters for higher
annealing temperatures of 140 °C vs. 100 °C, exerting tensile stress on the crystal lat-
tice. To identify these different phases, a profile refinement revealed the slightly different
lattice parameters for the concerned films, see Table 7.4. Interestingly, while the anneal-
ing temperatures for all three substrates were identical, there is an observable difference
in the diffractograms. We attribute this to the varying thickness and heat conductivity
of the substrates. While the silicon wafer already has a higher heat conductivity than
ITO and FTO coated glass substrates, additionally the substrate thickness increases from
0.625 mm (Si-SiO, wafer) to 1 mm (ITO coated glass) and 3 mm (FTO coated glass),
which leads to a faster heat transfer along FTO<ITO<SiO,. This results in a decreasing
rate of solvent evaporation and crystallization towards FTO substrates. We believe this to
be a reason why for FTO samples a mixture of both phases is seen for both temperatures,
while for ITO the two phases are formed much more distinctly and on SiO, the crys-
tallization is basically too fast for a distinct phase to form, leading to a broad reflection

profile indicating a very small crystallite size and a largely strained crystal lattice. Thin
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films of (4FPEA),AgBilg show no additional reflections and no reflection splitting, as
observed in (4FPEA),AgBiClg and (4FPEA),AgBiBrs. Interestingly, the influence of
the annealing temperature is inverse to that of (4FPEA),AgBiBrg. With higher tempera-
ture the reflections shift towards higher angles compared to the diffractograms of 100 °C
annealing. This leads to the conclusion that while films of (4FPEA),AgBiBrg at 140 °C
display increased lattice parameters and tensile stress, films of (4FPEA) AgBilg show
decreased lattice parameters and thus compressive stress. This trend is seen for all three
substrates and while again the SiO, films show broad reflections, they are also shifted
towards higher angles.

To further analyze the influence of the substrate choice and annealing temperature, we

performed GIWAXS measurements.

FTO 100 °C FTO 140°C ITO100°C 1ITO 140°C SiO,100°C SiO,140 °C
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Figure 7.4: GIWAXS images of (4FPEA),AgBiClg,(4FPEA),AgBiBrs and
(4FPEA)4AgBily on FTO, ITO and SiO, annealed at 100 °C and 140 °C, mea-
sured with an incident angle «o; = 0.2°

The films prepared on FTO substrates, having the roughest surface of the three substrates,
show the largest broadening of the reflections along the azimuthal angle y compared to a
smaller broadening for ITO substrates and sharp reflection dots for SiO, substrates (Fig-
ure 7.4). This orientational degree can be visualized quantitatively by plotting the inten-
sity of the 001 reflection with x as the abscissa and is discussed in more detail under ??.
The measurements shown in Figure ?? reveal that for all films the orientation is present
and of the same degree throughout the complete film. Only for (4FPEA),;AgBiClg and
(4FPEA),AgBiBrg films on FTO the orientations show slightly larger full width half

maximum (FWHM) for the surface layers indicating a marginally smaller degree of hor-
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izontal orientation. Furthermore, if annealing temperatures are compared, 140 °C com-
pared to 100 °C results in sharper reflection dots and thus a higher degree of orientation.
The main difference of these annealing temperatures is the increase of vapour pressure
of the solvent NMP. With a boiling point of 202 °C, the vapor pressure increases almost
tenfold from 3 kPa at 100 °C to 27 kPa at 140 °C, at ambient pressure.>%! This results in a
much faster crystallization of the films, resulting in larger domains and a higher degree of
orientation (Figure 7.24). Lastly, the crystallinity and degree of orientation increases for
Cl < Br < 1(7.25). This can be seen by the decreased azimuthal smearing of reflections
for Cl, Br and I, respectively, as well as the increasing sharpness and intensity of reflec-
tions that originate from different (111) planes, located at scattering vectors ¢, = 10nm ™!
and —10 nm~! (Figure 7.4). For the chloride perovskites these reflections are only visible
as weak and very broad areas, while for the bromide perovskites they are more distinct
with an increased sharpness from FTO < ITO < SiO, and are distinctly shown as diffrac-
tion spots for the iodide. In the same way the reflections of the 00/ planes are only visible
on FTO, while on ITO for the bromide and iodide the relative intensity of the 001 and
002 reflection is too high for reflections of [>2 to be observable, demonstrating the high
crystallinity of the (4FPEA),AgBiBrg and (4FPEA),AgBilg thin films. This relative
increase is seen again for films on the SiO, substrates where only the 001 reflection is
observable. To confirm the orientation and assignment of diffraction planes, indexed 2D
GIWAXS images of thin films annealed at 100 °C are shown in Figure 7.25 for all three
compounds confirming the crystal phase of the thin films. While the diffraction positions
of (007) planes agree well with the calculated positions, the diffraction positions of planes
including @ and b lattice parameters exhibit a shift indicating a compressed unit cell in a
and 0. This almost single-crystalline, excellent orientation of the iodide thin films by a
simple-solution based spin-coating process is remarkable. A similar high level of orien-
tation and single-crystalline growth has been achieved very recently by Zhao et al. with
(R/S-B-MPA),AgBilg utilizing a strongly crystallization-guiding capillary-bridge assem-
bly technique.[*”!

The surface morphology was probed with optical and scanning electron microscopy and
both confirm the high quality of the films and their orientation. As examples, here we
show films fabricated on ITO substrates with the same experimental conditions for all
three halides in Figure 7.5. The films of (4FPEA),AgBilg are homogeneous and form
large domains with dimensions of up to 100 um as shown in Figure 7.5a and b. The
smooth surface morphology is of very high quality as seen in the SEM image in Figure
7.5c, where the contrast is homogeneous over the complete surface and grain boundaries
inside a single domain cannot be observed. (4FPEA),;AgBiBrg also forms homogeneous

films throughout the complete film surface (Figure 7.5d and e), yet does not form the large
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domains seen for the iodide perovskite. The domains seem bigger but rougher, which is
also evident from the small holes in the SEM image in Figure 7.5f. Despite the small
holes, the surface is still contrasted homogenously and grain boundaries cannot be ob-
served. We note that for differently optimized parameters, an equally pristine surface can
be obtained for (4FPEA),AgBiBrg films (Figure 7.26). For (4FPEA),AgBiClg, the film
quality is not as pristine as for the iodide or bromide structure. The optical microscopy
(OM) images (Figure 7.5g and h) show a grained surface morphology and this is more
clearly observable in the SEM image (Figure 7.51) where single grains with dimensions
in the range of several microns can be observed. Furthermore, the layered structure of the
material can be seen clearly, as the individual layers stacking in the grains are evident for

slightly tilted grains and with uneven surfaces.

>

5um 5 . ‘ // \\ S 4
=4 AN m
u pm // - M

Figure 7.5: Optical microscopy images (top row) and SEM images (bottom row) for
(4FPEA),AgBils (a-c), (4FPEA),AgBiBrg (d-f) and (4FPEA),AgBiClg (g-i). OM im-
ages are shown in transmission lighting on the left and illumination lighting on the right
(top) for the respective compound.

7.3.3

First Principle Calculations

To get insight into the electronic structure, DFT calculations were conducted. Figure
7.6a-c shows the PBE-SOC-TS band structures of (4FPEA),AgBiXg (X = Cl, Br, I).
All calculations were carried out with the unit cells obtained from experimental single
crystal data, although the band structure for (4FPEA);AgBiClg was simulated starting
from the iodide single crystal unit cell with the Rietveld refined unit cell parameters from
the powder XRD measurements. The treatment of Bi-based 2D hybrid organic inorganic

perovskites with SOC and dispersion correction is necessary to accurately describe the
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electronic structure in these materials as shown extensively in previous works.?*! The in-
clusion of spin-orbit effects leads to a splitting of the CB, mostly consisting of Bi 6p /»
orbitals (Figure 7.6d-f) in the CB. This was also shown prominently for the 3D com-
pounds CsyAgBiBrg and CsyAgBiClg.!! Furthermore, this conduction band separation
leads to a change in the nature of the bandgap, centering the CB minimum at the I" point as
opposed to the X point as shown in Figure 7.28 for the non-SOC case, leading to a direct
transition for all compounds. This was suggested to arise from band back-folding because
of the structural distortion in 2D double perovskites as demonstrated by Connor et. al and
is a common phenomenon described in multiple theoretical simulations.?**! Further-
more, the degeneracy from I' to Z highlights the reduced electronic dimensionality. The
bandgaps in all calculations are under 2 eV, a significant and expected underestimation in
comparison to the experimental results, mostly caused by the notorious ineffectiveness of

DFT-PBE to quantitatively describe the experimental absorption edge values.!!
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Figure 7.6: Band structures and projected density of states for a) and d)
(4FPEA)4AgBiClg, b) and e) (4FPEA),AgBiBrg, and ¢) and f) (4FPEA),AgBils.

To obtain insight into the atomic character of the frontier orbitals, the projected density of
states (DOS) was evaluated for every compound. As expected, the character of the valence
band maximum (VBM) and conduction band minimum (CBM) is similar for every halide,
where the VB consists of mostly halide p and Ag-d orbitals and the CB is predominantly
made up of Bi-p and a contribution of halide p orbitals (analogous to Pb-p and I-p for
2D Pb systems),>?! in agreement with previous publications.?>3! However, the valence
band character of (4FPEA),;AgBiClg seems to be of organic nature, with a dominant
contribution of C-p states. Interestingly, the band dispersion appears to decrease from Cl

to I, which we attribute to the growing degeneracy and separation of the organic highest
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occupied molecular orbital (HOMO) and inorganic VB (Figure 7.29), where the organic
frontier orbital is almost isoenergetic to the inorganic component for I, further apart for Br
and well separated for Cl. The compounds therefore mostly form type Ib heterojunctions
between inorganic and organic quantum wells, except the chloride phase, which manifests
type IIb behavior, but considering the limits of DFT simulations the iodide phase could
also represent a IIb heterojunction as shown for [AE,T],AgBilg by Jana et al.**!

734
Optical Properties

We employed UV-Vis spectroscopy to determine the experimental values for the band gap
energies for both powders and thin films. As the first principle calculations revealed the
direct nature of the band gap, the Tauc plots for a direct allowed transition are shown
as insets in Figure 7.7 for a, thin films and b, powders. For thin films, a corrected
absorption was calculated by measurement of transmittance and reflectance spectra ac-
cording to S21. The absorption and absorbance spectra show the typical blueshift for
halide compounds with decreasing atomic number of the halide. The values for pow-
ders are 1.84 eV, 2.45eV and 2.99 eV and for thin films 2.18 eV, 2.81 eV and 3.33 eV for
(4FPEA)4AgBilg, (AFPEA),AgBiBrg and (4FPEA),AgBiClg, respectively.
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Figure 7.7: UV-Vis Absorption measurements with insets showing Tauc plots for a di-
rect allowed transition for a) thin film and b) powder samples of (4FPEA)4AgBiCls,
(4FPEA)4AgBiBrg and (4FPEA),AgBils.

The lowest energy absorption in thin films is an isolated feature centered at 2.34 eV (io-
dide), 2.98 ¢V (bromide) and 3.53 ¢V (chloride). This feature is in line with other find-
ings, as a strong isolated absorption maximum is also found for thin films of the 3D analog
CsyAgBiBrg or 2D analogs like (BA)4AgBiBrg or [AE; T, AgBilg.[?#8531 The feature is
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rather broad, in line with the aforementioned analogs and in contrast to the observed sharp
excitonic feature in lead-based 2D perovskites.l> The broad character, the absence of a
strong temperature dependence and the large exciton binding energy attracted attention
to the origin of this feature for Csy AgBiBrg, and recently Wright et al. provided support
for the theory that the absorption peak in the 3D compound arises from a direct exciton
despite the mentioned anomalies.’!! A second isolated feature is visible at higher ener-
gies of 2.76 eV (iodide) and 3.66 ¢V (bromide) but overlapping with the UV absorption
of the substrate and hence not measurable for the chloride. The second feature appears
stronger for the iodide than for the bromide, being the absorption maximum at high en-
ergy blue light. This second feature is slightly less visible for the bromide and again not
measurable for the chloride, due to the UV absorption overlap of glass. Furthermore,
the simulated absorption from the dielectric response for the bromide reveals strikingly
similar features, excluding excitonic effects (Figure 7.31). Here, the two first absorp-
tion maxima are attributed to the inorganic contribution in the VBM and CBM, probably
caused by the aforementioned Bi 6p band splitting.!*>! Moreover, a similar mechanism as
described by Jana et al. is suggested, where the absorption is traced back to the equato-
rial halide ion rather than a direct Ag to Bi transition, as the contribution of Bi-p/Ag-d
in the VBM/CBM are negligible.**! The intense lowest-energy absorption peak has also
been demonstrated theoretically for inorganic and hybrid double perovskites A, SbCuXGg,
with the iodide compounds showing the highest maxima compared to lighter halide com-
pounds. This absorption thus seems intrinsic to the double perovskite halide family.['!
The powder absorption data display a redshift for all three compounds and do not show
the distinct absorption features of the thin films as clearly, but still visible upon scaling
(Figure 7.32). The features, ordered from lower to higher energy, have their maxima for
the iodide at 2.14 eV, 2.39¢eV, 2.52eV and 2.96 eV, for the bromide at 3.07 ¢V and for the
chloride at 3.45 eV. The number of maxima match those of their respective thin film plots,
although not as distinctly visible (for the iodide the feature at 2.14 eV appears very small,
whereas the maxima at 2.39 eV, 2.52 eV and 2.96 eV appear reminiscent of the observed
pattern in the thin films, with the features at 2.39 eV and 2.52 eV either overlapping, which
could be caused by the 2"¢ and 3" CBM, or appearing due to low measurement resolu-
tion.) The shift of 0.34 eV (iodide), 0.36 ¢V (bromide) and 0.34 eV (chloride) relative to
thin film data might be caused by anisotropic absorption and thickness dependence where
indirect transitions in bulk powder measurements are statistically more relevant than for
thin films of a few hundred nanometers.

In the following, we discuss the charge-carrier dynamics and emissive behavior of thin
films of (4AFPEA),AgBiBrg and (4FPEA),AgBils. While these processes and the exci-

tonic character of 3D CsyAgBiBrg are well established in the literature, they are yet to
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be fully explored for the 2D submembers of the double perovskite. Although substan-
tial advances have been made recently by Schmitz et al. and Pantaler et al. elucidating
the emissive features and charge-carrier dynamics of Ag — Bi — Br based 2D double per-
ovskites, a comprehensive view is still lacking.[?>46-53:35561 Here, we observe similarities
owing to the related Ag — Bi double perovskite system, but also some differences between

the perovskites with halides bromide and iodide.
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Figure 7.8: Temperature dependent PL spectra and color plots of the normalized PL spec-
tra at temperatures between 5 K to 300 K for a) and c¢) ((4FPEA),AgBiBrg, and b) and
d) (4FPEA),AgBils.

PL measurements on thin films show weak intensities and very broad emissions with
a FWHM of 300 meV for the iodide and 320 meVfor the bromide at room temperature
(Figure 7.8a and b). The characteristic broad emission for these systems is also ob-
served in other 2D silver-bismuth-halide, 2D lead-halide and 3D silver-bismuth-halide
systems.[23434651.531 Tn Cs, AgBiBrg, it is generally attributed to substantial electron-
phonon coupling, leading to self-trapping or localization of the charge carriers or excitons.
These self-trapped charge carriers subsequently diffuse to color centers and recombine,
leading to the broad and strongly red-shifted PL.[23-33-7]

Intriguingly, for (4FPEA),;AgBilg a significant spectral shift of the emission with de-
creasing temperature is observed, with a redshift of the emission maximum from 1.7 eV
at 300K to 1.46eV at 5 K (Figure 7.33). This is remarkable as this large shift is not
observed in Cs; AgBiBrg or other 2D silver-bismuth-halide double perovskites for which
the temperature-dependent PL data have been examined.!**>3! While initially often ar-
gued that the broadness of the emission and thus the absence of a narrow emission at
low temperatures is counterintuitive of a dominant excitonic contribution, we find a mod-
erate reduction of the FWHM by 120 meV, from 320 meV at 300 K down to 200 meV
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at 5 K (Figure 7.33). One reason for the persistent broadness of the PL is attributed to
defect-mediated charge-carrier recombination and thus a considerable defect population.
Since an intrinsic defect population has been reported for single crystals of Cso AgBiBry,
demonstrating a tendency towards disorder and/or crystallographic imperfections aris-
ing from B-site metal disorder between Ag and Bi, we would assume this tendency
of double perovskites to also be present in their 2D subsets.!!'’>”! Adding the fact that
we measured thin film samples, with a rapid crystallization mechanism compared to
a single crystal synthesis, we can assume an even higher number of defects, poten-
tially explaining the large temperature-independent inhomogeneous broadening param-
eter 200 meV (ignoring scattering from ionized impurities).””8! Contrary to these two
trends observed for the temperature-dependent emission of (4FPEA),AgBilg, the emis-
sion for (4FPEA),AgBiBrg peak shifts only slightly, from 1.78 eV at 300 K to 1.68 eV at
5 K. On the other hand, the FWHM of the emission increases from 300 meV at 300 K up
to 420 meV at 5 K. However, by inspecting more closely the PL temperature-dependent
lineshape, we notice that the emergence of a lower energy feature (peaked at 1.6 eV) may
conceal any spectral broadening and shifts of the peak observed at room temperature.
Interestingly, for (PEA),AgBiBrg a similar emission shape was observed for spectra
recorded at 300 K and 80 K, with a redshift or an emerging feature at lower energies
for 80 K.1%! We further notice a difference between the reported absorption with its max-
imum at 3.2 eV and our measurement with its absorption maximum at 3 eV. Such promi-
nent Stokes shifts are also commonly reported for Cs, AgBiBrg, where exact values can
depend on the measurement technique, as well potentially on the morphology of the mea-
sured thin films (See Figure 7.27) showing the flat and homogeneous surface morphology
observed for the samples, compared to the dendritic or needle-shaped morphology of
(PEA),AgBiBrg thin films reported in[*").

In the following, we compare the PL data collated as part of our study of
(4FPEA)4AgBiBrg and (4FPEA),AgBilg with the available data reported in the liter-
ature for (4AFPEA),AgBiBrg,* (BA);AgBiBrg*! and (iBA),;AgBiBrg.[*6! While the
excitation energies and the reported PL ranges differ depending on the employed setup
and the publication, they share similar overall features. Schmitz et al. proposed a sound
explanation for the processes of the excited states, 6! which we confirmed and displayed
schematically in Figure 7.9. Initially, at sufficient above band gap excitation free charge
carriers are generated. Owing to the strong excitonic interactions in these materials, a
fraction of the free carriers (depending on the exciton binding energy (EBE) usually in
the hundreds of meV for these materials) will rapidly form a free exciton state. Further-
more, because of the strong carrier-phonon interactions prevalent in these systems, these

free charge carriers or free excitons subsequently undergo an ultrafast localization process
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or self-trapping forming a small polaron state. Moreover, these polarons will diffuse to

color centers where recombination occurs.
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Figure 7.9: Schematic mechanism of the charge-carrier dynamics and emission for silver-
bismuth based 2D double perovskites with exemplary energy ranges typical for the bro-
mide compounds.

To further support the photophysical picture presented in Figure 7.9, we measured
the early-time dynamics of photoexcited charge-carriers for (4FPEA),;AgBilg and
(4FPEA)4AgBiBrg thin films by using OPTP spectroscopy. This technique monitors the
dynamics of free charge-carriers by measuring the change in transmitted THz electric-
field amplitude (expressed here as —%) upon photoexcitation of the material using a
3.1eV femtosecond laser pulse.

OPTP measurements for (AFPEA),AgBilg Figure 7.10a reveal an ultrafast and almost
complete decay of the photoconductivity within 10 ps after photoexcitation. Crucially, the
observed photoconductivity signal is proportional to three factors: the photon-to-charge
branching ratio ¢ (i.e. the fraction of free carrier density generated per absorbed pho-
ton density), the number of photogenerated charge carriers n and the electron-hole sum-
mobility .5°! Therefore, in principle, the observed ultrafast decay can be caused by vari-
ations in each of these quantities, in processes such as exciton formation, charge-carrier
localization and defect-mediated recombination. The reported EBEs for 2D and 3D silver-
bismuth halide perovskite are in the hundreds of meV (250 meV for (OC),AgBiBrg and
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~ 300meV for Cs;AgBiBrg),?>>! thus we expect strong excitonic interactions for ther-
mally equilibrated charge carriers. However, we note that: (i) at the typical excitation den-
sities of OPTP experiments (~ 103 cm~2), the Saha equation predicts a non-negligible
fraction of free carriers for EBEs > 200 meV;!%’! and (ii) the excess energy provided by
3.1eV pump pulses implies the transient generation of free carriers rather than excitons.
Recent studies on CsyAgBiBrg and CuyAgBilg reported a similar ultrafast decay of the
photoconductivity and attributed this to the strong carrier-phonon coupling and the for-
mation of small polarons, i.e. to an ultrafast localization of the charge carriers caused by
a significant distortion of the lattice.!>*!! To test this hypothesis, we fitted the fluence-
dependent OPTP data with a two-level mobility model developed by Wright and co-
workers (explained in details in the SI).°!! The excellent agreement between experimental
data and fits supports the hypothesis of ultrafast carrier localization as a major cause in
the ultrafast decay of photoconductivity. Furthermore, the fluence-independent nature of
the OPTP signal (Figure 7.34) rules out exciton formation as a possible cause.

The average initial mobility value for (4FPEA),AgBily extracted across the range of flu-
ences is Ppige = 0.6 = 0.1 cm? V1 s, almost five times lower than what was reported for
CspAgBiBrg!®Y! and the observed localization rate is kj,. = 0.7 = 0.1 ps. Interestingly,
the mobility after localization is below our detection limit and is set to zero in the fitting
procedure. This observation supports the predictions of low electronic dimensionality
for silver-bismuth halide elpasolites, which extended to bi-dimensional layers implies the
complete electronic de-coupling of [AgXg]°~ and [BiXg]?~ octahedra (i.e., holes are local-
ized on [AgXg|°~ octahedra, which are surrounded by [BiXg|*~ octahedra, thus hindering
the charge-carrier hopping - and vice-versa for electrons).!®%63!

As shown in Figure 7.10b, the comparison between (4FPEA),;AgBilg and
(4FPEA),AgBiBrg reveals a significantly reduced photoconductivity for the bromide
counterpart. The estimated carrier mobility for (4FPEA),AgBiBrg is ¢ = 0.6 +
0.06 cm?V~!s and the observed signal decay is almost limited by the time resolu-
tion of our setup (~ 290fs). Considering the higher EBE expected for bromides and
the comparatively lower excess energy provided by the pump pulse (i.e. at 3.1eV,
(4FPEA)4AgBiBrg is excited almost directly on its absorption peak), we hypothesize
that the lower OPTP signal and the observed ultrafast decay of the signal could imply
ultrafast exciton formation rather than charge localization. These findings suggest that,
while a significant fraction of free charge carriers contributes to the (4FPEA),AgBilg
excited state dynamics, the formation of excitons determines the charge-carrier dynamics
for (AFPEA),AgBiBrg when excited at 3.1 eV.
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Figure 7.10: (a) Early time fluence-dependent optical pump terahertz probe (OPTP) signal
measured for (4FPEA),AgBilg after 3.1 eV pulsed excitation and fitted with a two-level
mobility model, with the fits shown as colored solid lines. The two-level mobility model
is explained in detail in the Supporting Information section (see 7.35). (b) Comparison
between early time OPTP signal measured for (4FPEA),AgBilg and (4FPEA),AgBiBrg
after 3.1 eV pulsed excitation at a fluence of 50 uJ cm~2. The signal for (4FPEA),AgBilg
is divided by a factor of 10 to facilitate the comparison. Solid lines represent experimental
data and dashed lines represent fits to the two-level mobility model, described in the
Supporting Information section (see 7.35)

To further complement these interpretations, we draw attention to the DFT studies re-
ported by Schmitz et al..[*®! These first-principle calculations on (PEA),AgBiBrg suggest
that the PL emission energies of the differently trapped excited states vary substantially,
in good agreement with their experimental observations. Namely, for the Ag — Bi — Br
based materials, which feature the main absorption around 3 eV, they predicted the first,
higher-energy emission at around 2.6 eV to be caused by either band-to-band exciton re-
combination or self-trapped hole recombination. The second, lower-energy emission at
around 1.8 eV could be assigned to self-trapped electron or defect-mediated recombina-
tions. Owing to our excitation energy of 3.06 eV for the PL measurements, being barely
resonant with the main band gap absorption of (4FPEA),;AgBiBrg at room temperature,
as well as our detection limit at 2.1 eV, such high-energy emission was not observable.
Nonetheless, the observed low-energy emission at 1.8 eV agrees well with the findings for
the other Ag — Bi — Br systems. To explain the small redshift and the possible appear-
ance of a second emissive feature at 1.6 eV with decreasing temperatures further research
is still needed. Although the excitation energy of 3.06 eV should be sufficiently above
the band gap absorption for (4FPEA),AgBilg, we are still limited with a detection limit
at 2.1 eV, but still the observed emission with its maximum at 1.7€V is in line with the
expected energies for self-trapped electron or defect-mediated recombination. The origin

of the seemingly single feature with its much larger redshift with decreasing temperature
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compared to the bromide compound is also still an open question for further research.

We measured similar PL transients for both materials and fitted them with a biexponen-
tial decay function, which helped us identify two recombination processes occurring on
different timescales. For (4FPEA),AgBilg we report a first very short-lived component
with lifetimes in the range of 20 ps at 300 K increasing to 100 ps at 5 K. The second,
longer-lived component showed lifetimes of 1 ns at 300 K increasing to 50 ns at 5 K. The
transients for both compounds are shown in Figure 7.36. In the given model, we would as-
sign the first, short lifetime to a charge hopping process of the self-trapped electrons from
a slightly higher energy level before they fall into defect trap states, which can be con-
firmed by time- and spectral-dependent measurements, as shown in Figure 7.37. For the
energetically higher-lying spectral part above 1.7 eV, we find a higher amplitude ratio for
the short-lived component compared to the energetically lower lying spectra below 1.3 eV.
As the thermal barrier relatively increases at lower temperatures, this trap-mediation be-
comes less likely, self-trapped electrons live longer and thus the lifetime of the emission
of self-trapped electrons increases. Additionally, we used an Arrhenius plot to extract an
activation energy of 126 meV for (4FPEA),AgBiBrg and 20 meV for (4FPEA),AgBilg
as the energy barrier of said hopping process (Figure 7.38). The second, longer-lived life-
time component is assigned to defect-mediated recombination, which freezes out below
temperatures of 100 K. Overall, our findings agree with the current interpretation of the
charge-carrier dynamics, displaying much more complicated, underlying photophysical
processes compared to 3D lead perovskites, because charge carriers are almost exclu-
sively present as excitonic pairs, subsequently forming polarons as a result of the inherent
spatial localization on the Ag — Bi based octahedra in the double perovskite structure, as
well as structural reorganization following excitation which supports small-polaron for-

mation.

735
Photodetectors

2D hybrid perovskites have been implemented successfully in various optoelectronic ap-
plications such as solar cells, field-effect transistors, X-ray- and photodetectors or light-
emitting diodes.[?+31:3364651 §pecifically, 2D Pb- and Sn-based perovskite photodetectors
display excellent performance in terms of photoresponsivity and detectivity. However,
their toxicity and environmental instability may limit their practical applications.®! Re-
cently, some of the emerging lead-free 2D double perovskites have been demonstrated
as phototransistors and polarized-light detectors.!%*?*4343] Recently a Ag — Bi-based 2D
double perovskite crystal (iPA),CsAgBiBr; has been demonstrated as an electronic de-

vice with a polarized light sensitivity application.**! Another recent work demonstrated
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the high performance of a photodetector based on single-crystalline microwire arrays
of (R/S-5-MPA),AgBily after employing a capillary-bridge assembly technique. While
photodetectors based on bulk single crystal (R/S-3-MPA),AgBilg achieved detectivities
of 1.2 x 107 Jones, the incorporation into the microwire arrays achieved an increase up to
a detectivity of 3.98210'! Jones, demonstrating the importance of crystal quality, crystal
orientation in regard to the electrode as well as the distance of the electrodes (single crys-
tal channel area of 0.32 mm? compared to microwire channel width of 2 um x height of
0.225 um. 45661

Here, we demonstrate the first thin film, solution-processed Ag — Bi based 2D double
perovskite photodetectors fabricated via a one-step processing method. The air-stable
solutions of (4FPEA),AgBiBrg and (4FPEA),AgBilg are compatible with deposition
protocols such as spin coating, doctor-blading and drop casting, showing promise regard-
ing scalable methods such as printing. The solutions for the devices can be prepared by
directly dissolving the perovskite material, or dissolving the halide salts, as explained in
the experimental section. The solutions were deposited on interdigitated gold electrodes
(channel width of 10 um) either by doctor blading or drop casting and were annealed at 80
°C for 5min directly afterwards. (Since the photoconductivity setup was operated with
a halogen lamp operating from 400 nm which is not sufficient for the excitation of the
large band gap perovskite (4FPEA)4AgBiClg, only the responsivity and specific detec-
tivity of (4FPEA),;AgBiBrg and (4FPEA),AgBilg were characterized (Figure 7.11). A
current-voltage measurement applied between 0V to 1V provided a linear dependence
for both materials, corresponding to an ohmic behavior with high resistance. At constant
bias illumination with white light and an intensity of 100 mW cm~? the current increased
by a factor of three. The photodetectors based on (4FPEA),AgBilg show responsivities
of over 2mA W ™! with a bias voltage of 1 V with a low noise level (110 pA Hz 1), which
results in a specific detectivity of up to 5 x 10® Jones (see 7.6). Photodetectors based
on (4FPEA),;AgBiBrg show higher responsivities of up to 10 mA W~!, with a similar
noise level and a specific detectivity of up to 6 x 10? Jones. A comparison with state-
of-the-art lead-free perovskite photodetectors is given in Table 7.6. Our devices based
on (4FPEA)4AgBily demonstrate a detectivity one order of magnitude higher than that
based on bulk single crystal ((R/S-5-MPA),AgBilg, but 3 orders of magnitude lower than
those based on single crystalline microwire array (R/S-5-MPA),AgBilg. We assume that
the lower performance of the single-crystal-based device is caused by the top evaporated
contacts, which should limit the out of plane charge transport and thus throughout the
crystal, owing to the layered 2D structure and the insulating organic layers. This is par-
tially overcome by using interdigitated contacts (i.e. microwire arrays). The crystalliza-

tion method of a functionalized morphology to control the capillary spread employed in
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the microwire arrays further increases the contact quality over the simple synthesis tech-
nique we employed here. Lastly, smaller channel widths or electrode distances seem to
contribute to a better charge transport, because of the ultra-short lifetimes and large bind-
ing energies of the generated charge carriers in these materials. Although the 2D double
perovskites show some intrinsic deficits compared to 3D Sn- and Ag — Bi-based per-
ovskites, their incipient performance is already comparable, demonstrating the potential
of controlled crystallization and orientational freedom intrinsic to 2D structures. Lastly,
both devices have shown stable performance for more than two weeks with measurements

and storage under ambient conditions.
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Figure 7.11: Responsivity and specific detectivity of photodetectors of a)
(4FPEA),AgBilg and b) (AFPEA),AgBiBrs.

7.4 CONCLUSION

We demonstrate the synthesis of three new 2D hybrid silver-bismuth double perovskites
(4FPEA),;AgBiXg (X = Cl, Br, I) and demonstrate the ability of a simple, fluorinated
organic spacer to stabilize the silver-bismuth-iodide double perovskite lattice. The sim-
ple solution-based synthesis yields highly crystalline materials in both bulk and thin-film
form. The thin films crystallize as highly oriented structures in which organic and inor-
ganic layers are oriented exclusively horizontally to the substrate surface. The crystalline
thin-film quality can be tuned through choice of substrate and synthesis parameters to
form domains of up to hundreds of microns with single-crystalline-grade morphology and
orientation. DFT calculations reveal key properties such as the direct band gap caused by
dimensional reduction. Moreover, we show how the band dispersion is influenced by
the halides and attribute this to the growing degeneracy of the organic HOMO and in-
organic VB from Cl to Br and I. Our temperature-dependent PL. measurements show

extremely broad emission and strongly Stokes shifted emission for all three materials.
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OPTP measurements point towards photoexcitation being followed by an initial, ultra-
fast charge-carrier localization and the formation of small-polaron states. We are thus
able to account for the observed charge-carrier dynamics and emissive behavior through
a mechanism based on inherent exciton formation, small-polaron formation (or “self-
trapping”) and defect-mediated recombination. Finally, we demonstrate the incorpora-
tion of (4FPEA),AgBiBrg and (4FPEA),AgBilg into photodetector devices showing
promising performance, if the interplay of intrinsic 2D double perovskite properties and
morphological control for device fabrication is considered. Our work provides detailed
insights into the emerging structural class of lead-free 2D hybrid double perovskites and

their distinct properties in comparison to 3D double perovskite structures.
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7.5 SUPPORTING INFORMATION

7.5.1
Experimental Section & Methods

Bulk and single crystals

4-Fluorophenethylammonium salts (4FPEAX, X = Cl, Br, I) were synthesized by dis-
solving 1 eq. 4-fluorophenethylamine (Sigma-Aldrich 99%) in 150 mL ethanol (Fischer
Scientific absolute, >99%) at 0 °C. Then, 1.1 eq. conc. HX acid (X = Cl, Br, I) (Sigma-
Aldrich hydrochloric acid 37 wt. % in H,O, 99.999% trace metals basis; Sigma-Aldrich
hydrobromic acid, 48 wt. % in HyO, >99.99%, 48%; Sigma-Aldrich hydroiodic acid 57
wt. % in H,O, distilled, stabilized, 99.95%) was slowly added and the mixture was stirred
at 0 °C for 2 h. Afterwards, the solution was allowed to heat up to room temperature
and the solvent was removed under vacuum. The product was washed three times with
adequate amounts of diethyl ether (Sigma-Aldrich contains 1 ppm BHT as inhibitor, an-
hydrous, >99.7%) and dried under medium vacuum.

Powders of (4FPEA),AgBiXg were synthesized by slowly adding an excess of aq. conc.
HX acid (X = Cl, Br, I) (Sigma-Aldrich hydrochloric acid 37 wt. % in H,O, 99.999%
trace metals basis; Sigma-Aldrich hydrobromic acid, 48 wt. % in HyO, >99.99%, 48%;
Sigma-Aldrich hydroiodic acid 57 wt. % in H5O, distilled, stabilized, 99.95%) to 0.5
eq. AgoO (Fluka 99%), 0.5 eq. Bi;O3 (Alfa-Aesar 99,975 % metals basis) and 4 eq.
4-Fluorophenethylamine (Sigma-Aldrich 99%) under stirring at room temperature for 1
h. The solutions were filtered and the products were washed three times with adequate
amounts of diethyl ether (Sigma-Aldrich contains 1 ppm BHT as inhibitor, anhydrous,
>99.7%) and then dried under medium vacuum.

Single crystals of (4FPEA) ;AgBiBrg were grown by dissolving the as previ-
ously described synthesized powder in 1 ml -~-butyrolactone (GBL) (Sigma-Aldrich
ReagentPlus®), >99%) in a small vial (V = 1.5 mL) which was placed in a bigger vial (V
=25 mkL) filled with 2 mL diisopropylether (DIPE) (Sigma-Aldrich anhydrous, 99%). By
vapour diffusion of the anti-solvent DIPE into the GBL perovskite solution, single crys-
tals were obtained and washed three times with adequate amounts of diethyl ether and
dried under medium vacuum.

Single crystals of (4FPEA),AgBilg were grown by cooling a saturated aqueous HI solu-
tion with 1 eq. Agl (Sigma-Aldrich 99%), 1 eq. Bilz (TCI anhydrous) and 4 eq. 4FPEAI
at 3 °C/h from 110 °C to 30 °C. The solution was filtered and the obtained single crystals

were washed three times with adequate amounts of diethyl ether and dried under medium
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vacuum.

Thin films

The substrates FTO-coated glass, ITO-coated glass and Si-SiOs (polished with 300 nm
thermally grown SiO,) wafers were cleaned by ultrasonication for 15 minutes in a solution
of acetone, isopropanol and ethanol (1:1:1). Afterwards, the substrates were cleaned for
10 minutes under nitrogen plasma. Stoichiometric amounts of AgX, BiX; and 4FPEAX
(X = Cl, Br, I) (AgCl Sigma-Aldrich 99%; BiCl; Sigma-Aldrich >98%; AgBr Alfa-
Aesar 99,5%; BiBrs Sigma-Aldrich >98%; Agl Sigma-Aldrich 99%; Bils (TCI anhy-
drous >98%) were dissolved in 1-Methyl-2-pyrrolidinone (NMP Sigma-Aldrich anhy-
drous, 99.5%). Thin films on FTO and ITO were spin coated in a glove box with Ny
atmosphere, from a 0.5 M solution, thin films on Si-SiO, wafers were spin coated from a
0.06 M solution. Thin films were spin coated at an initial step of 3000 rpm for 10 s with
a second step of 6000 rpm (FTO, ITO) or 8000 rpm (Si-SiOs) for 50 s. The films were
annealed at 100 °C for 3 minutes or 140 °C for 1 minute with a subsequent annealing at

70 °C for 5 minutes to afford a slow cooldown to room temperature.

Photodetectors

Gold contacts were prepared on glass substrates by optical lithography and thermal evap-
oration followed by a lift-off process. The electrodes are films of Au/Ti with 40/10 nm
thickness. The size of the gap between electrodes was 10 ym and the total length was 8
mm, giving an 8 x 10~® m? active area. The noise characterization was done with a larger
active area of 0.1 cm?. Photodetectors were fabricated by doctor blading or drop casting
(4FPEA),AgBiXg (X = Br & I) solution in NMP onto pre-patterned finger-structured gold

contacts. The devices were then dried at 80 °C for 5 minutes at ambient conditions.

7.5.2

Characterization Techniques

Powder X-ray Diffraction (P-XRD)

P-XRD measurements were carried out on a Stoe Stadi P diffractometer in Debye-
Scherrer geometry, operating at 40 kV and 40 mA, using monochromated (Ge(111) single
crystal monochromator) Cu-K,; radiation (A = 1.5406 A) and a Dectris Mythen 1k detec-

tor.
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Thin Film X-ray Diffraction (TF-XRD)

TF-XRD measurements were carried out on a Bruker D8 Discovery diffractometer in
Bragg-Brentano geometry, with Ni-filtered Cu-K,; radiation (A = 1.5406 A) and a

position-sensitive LynxEye detector.

Single-Crystal X-ray Diffraction (SC-XRD)

SC-XRD were carried out on a Bruker D8 Venture Txs system equipped with a multilayer
mirror monochromator and a Mo-K,, rotating anode X-ray tube (A = 0.71073 A). The
frames were integrated with the Bruker SAINT software package. Data were corrected
for absorption effects using the Multi-Scan method (SADABS). The structure was solved
and refined using the Bruker Shelxtl Software Package.

Grazing-Incidence Wide Angle X-ray Scattering (GIWAXS)

GIWAXS measurements were carried out on a Anton-Paar Saxspoint 2.0 with a Primux
100 microfocus source with Cu-K,; radiation (A = 1.5406 A) and a Dectris Eiger R 1M
2D Detector.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDX)

SEM and EDX measurements were carried out on a FEI Helios NanoLab G3 UC Dual

Beam microscope.

Atomic Force Microscopy (AFM)

AFM measurements were performed under ambient conditions using a Nanoink atomic
force microscope with Si n-type tip with a radius of < 10 nm in tapping mode with a scan
rate of 0.2 Hz.

First-Principle Calculations Density-Functional Theory (DFT)

First-principle DFT calculations were based on a plane waves basis set and pseudopo-
tentials as implemented in the Quantum Espresso package.l®”! Furthermore, the PBE
exchange—correlation functional and the Tkatchenko—Scheffler (TS) dispersion scheme
were used.l®®! Latter is necessary to accurately describe the structural properties in
low-dimensional perovskite materials.””! The structures were optimized until all resid-
ual forces on the nuclei were below 1.0 x 1072 a.u.. Hereby, following equilibrium unit

cell parameters were obtained, all within less than 1% deviation of experimental data:
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(4FPEA),AgBils: a=8.62,b=8.75,¢c=16.37, a =98.97, 5 =90.12, v=90.01
(4FPEA)4AgBiBrg: a=7.83,b=7.62, c = 30.22, o = 90.00, 5 = 91.87, v=90.00
(4FPEA),AgBiClg: a=8.16,b=7.78,¢c =16.77, a = 90.01, 8 = 97.38, v=90.12

A kinetic energy cutoff of 50 Ry for the wavefunctions and 400 Ry for the charge density
was used. For the bromide structure, a minimal, satisfactory converged 2x2x1 k-point
grid was utilized for SCF and relaxation calculations because of the large dimension of
the system. The iodide and chloride compounds were calculated by using a larger 4x4x1
grid. Furthermore, larger 12x12x3 grids were used for NSCF calculations to accurately

describe the projected density of states.

UV-Vis Absorption (UV-Vis)

UV-Vis spectra were taken on a Perkin-Elmer Lambda 1050 spectrometer equipped with
a 150 mm integration sphere. Thin films were measured in transmittance and reflectance
mode. Powder measurements were measured in reflection mode with a Praying Mantis®

diffuse reflection setup.

Photoluminescence (PL)

Photoluminescence-Spectra were measured with a self-built confocal microscope system.
The used objective was a Nikon 100x 0.75NA DIC with a working distance of 4 mm.
Furthermore, a closed cycle cryostat system (Atto Dry 800, Attocube) with an ultra-short-
working-distance option (3 mm from sample to outside) was installed which allows one to
control the sample temperature from 5 to 300 K. As Laser-source for excitation a 405 nm
pulsed Laser Diode (Pico Quant P-C-405) was used, which has an adjustable repetition
rate and a pulse length of 50 to 300 ps, depending on the applied diode voltage. Besides, a
Short Pass Filter 450 (Fesh 450 Thorlabs) in the excitation path was installed cleaning the
laser spectrum and a Long Pass Filter 490 (Chroma) was used for the detection side. In the
detection path, an Avalanche Photo Diode (APD, model MPD PDM, 50 um detector size)
was built in for confocal images and was combined with a Time Correlated Single Photon
Counting (TCSPC)-Card (Becker & Hickel) measuring time dependent PL-decays. In
addition, a second optical path was implemented with an Andor Shamrock spectrometer
SR303i combined with a charged coupled device (CCD) camera (Andor Newton DU920

open electrode) to record spectra.

Photoconductivity (PC)

Photoconductivity was measured by illumination with a tungsten lamp monochroma-

tized through an Acton SP2150 (Princeton Instruments) spectrograph/monochromator.
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PC spectra were recorded for light modulated by a mechanical chopper with a frequency
of 13 Hz. Bias was applied by a Keithley 236 SMU at 2 V, chosen according to the
stability of the dark current. The signal was recorded by a Signal Recovery 7265 DSP
lock-in amplifier, which provides as a standard output also the noise voltage or current

per bandwidth. The setup was controlled by home-written software in LabView IV.

Optical-pump terahertz-probe spectroscopy

Our optical pump terahertz probe (OPTP) setup has been described in detail previously.®!]

Briefly, the OPTP setup used an amplified Ti:sapphire laser system (Spitfire), providing
800-nm emission with 35-fs pulse duration and 5-kHz repetition rate. The fundamen-
tal output was used to generate single-cycle THz radiation pulses via the inverse spin
Hall effect.””) THz transmission was measured by using free-space electro-optic (EO)
sampling with a 1 mm-thick ZnTe crystal, a Wollaston prism and a pair of balanced pho-
todiodes. Samples for OPTP were deposited onto 2 mm thick z-cut quartz. In the setup,
samples were excited by frequency-doubled 400 nm pulses, obtained by second-harmonic
generation in a beta-barium-borate (BBO) crystal. During the OPTP measurements, the
THz emitter, EO crystal, and samples were kept under vacuum at pressures below 0.1

mbar.
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Supplementary Data

Our attempts to synthesize (PEA),AgBilg, (2PEA),AgBilg and (3PEA),AgBilg in the
same way as for (4PEA),AgBilg yielded only hybrid bismuth iodides. The resulting
crystalline powder is of orange color compared to the red colored (4PEA),AgBilg and
the resulting diffractogram differs greatly from the expected diffractogram that should
be close to the standard n = 1 double perovskite patterns, this is shown in Figure 7.12.
Furthermore, we performed EDX measurements on said powder and confirm the absence

of any Ag, only showing the presence of Bi and I as seen in Table 7.1.

a) b)
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Figure 7.12: Diffractogram of the products of the synthesis approaches for a)
(PEA),AgBilg and (2FPEA),;AgBilg compared to the calculated diffractogram of
(4FPEA),AgBils.

Table 7.1: EDX data for the crystalline products of the synthesis approach for
(PEA),AgBils.

Measurement | Ag (at%) | Bi (at%) | I (at%) | Ratio(Bi:I)
1 - 13.51 86.49 1:6.40
2 - 12.23 87.77 1:7.18
3 - 13.66 86.32 1:6.32
4 - 15.36 84.64 1:5.51
5 - 15.05 84.95 1:5.65
6 - 15.26 84.74 1:5.55

The structure of (4FPEA)4AgBilg has been refined as a 2-component pseudomerohedral
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twin (pseudo-monoclinic cell). The twin volume ratio of the two domains refined to
0.75/0.25. Two 1odides are slightly disordered, the ratio of site occupation factors refined
to 0.97/0.03.

\
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Figure 7.13: Todide Disorder in the single crystal structure of (4FPEA)4AgBil8.

The structures (4FPEA),AgBiBrg and (PEA),AgBiBrg display different levels of or-
ganic interlayer stacking effects. We note that the structures of (4FPEA),;AgBiBrg
and (4FPEA),AgBilg are sufficiently similar (as seen in Figure 7.1) to explain why
(PEA),AgBilg cannot be obtained without additional control of the interactions between
layers. By simple comparison of the organic layers in the four shown directions (Figure
7.15), the increased order of the 4AFPEA™ cations vs. the PEA™ cations can be observed.
When viewed along a, the ring- to-ring stacking for both seems similar, but when viewed
along b the twisting of the PEA™ moiety can be seen distinctly. In Figure 7.15 this is vi-
sualized by red lines connecting equal carbon atom positions in 4FPEA™* and PEA™ and
a yellow dot/lines displaying the channel formed by the arranged phenyl rings. The aro-
matic rings of 4AFPEA™ are stacked in-plane of the organic layer along ab as well as out-
of-plane along ¢, while PEA™ is only stacked in- plane of the organic layer along ab and
not also out-of-plane along ¢, which is a reason for the stabilizing binding effect between
the organic layers. Furthermore, while in-plane stacking of 4AFPEA™ cations is present in
only one direction, as seen when viewed along b (Figure 7.15b)), PEA™ cations in-plane
stacking is present in two directions in an alternating fashion (Figure 7.15b) and d)). This
increased out-of-plane stacking effect of the 4FPEA™ moieties could be caused by the
increased dipole moment of the molecule and/or the fluorine-fluorine attraction, lead-
ing to the observed point-symmetric anti stacking of the phenyl-rings (Figure 7.15b) and
d)).146711 The calculated dipole moment for PEA™ is 13.47 Debye, whereas for 4PEA™T
the value increases to 17.50 Debye, visualized in Figure 7.16. We further note that the
substitution position of the fluorine atom seems crucial for the stabilizing effect for the 2D
hybrid double perovskite iodide. While for lead- and tin-based 2D hybrid perovskites the
ortho, meta and para position of the fluorine all yield the desired n = 1 2D hybrid double
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perovskite phase, our attempts with 2FPEA™ and 3FPEA™ only yielded hybrid bismuth
iodides (Figure 7.12), confirming that not only sufficient binding effects but also specific
geometric requirements of the organic cation are needed to stabilize the silver bismuth
iodide system.[”>73) This is best seen in Figure 7.14, where the in-plane stacking of the
phenyl rings is observable for both structures in b) and d), but the out of plane organic
layer stacking is only seen in (4FPEA),AgBiBrg in a) compared to (PEA)4AgBiBrg in
c). This difference is displayed more in detail in Figure 7.15, where only the organic
part of the structures is shown. Red dotted lines illustrate the stacking positions of layer-
to-layer stacking of adjacent phenyl rings and yellow dotted lines illustrate the in-plane
stacking of adjacent phenyl rings. It is apparent that the 4FPEA™ molecules are arranged
orderly in- and out-of-plane, while the PEA™ molecules are only ordered in-plane. The
in-plane stacking is further worse for the PEA molecules, as they stack in an alternating

manner, best seen in Figure 7.15b) and d).

Figure 7.14: Comparison between the crystal structures of a) and b) (4FPEA),AgBiBrg
and ¢) and d) (PEA),AgBiBrg along the b- and a-axis.
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Figure 7.15: Comparison between the organic layers of (4FPEA),AgBiBrg on the top
and (PEA),;AgBiBrg on the bottom, along different crystallographic axis in a) b) ¢) and
d).
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The dipole moment of the cations was calculated by using the Gaussian 16W suite, using
DFT and the B3LYP functional in a 6-31G* basis set.” The value for PEA™ is 13.4646
Debye, whereas for 4AFPEA™ the value increased to 17.4947 Debye. The direction of
the dipole moment is visualized in Figure 7.16 as a blue arrow, with the arrow head
indicating the positive charged side and the arrow tail indicating the negative charged
side. The difference in charge is visualized through an increased length of the arrow in
AFPEAT. The increased dipole moment is one of the reasons for the increase in ordered
stacking effect for 4AFPEA™ vs PEA™, alongside other effects like 7 — 7 stacking and

fluorine-fluorine interactions.”!!
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Figure 7.16: Dipole moments of a) PEA™ and b) 4FPEA™ visualized as blue arrows.

The lattice parameters for (4FPEA),;AgBiBrg and (4FPEA),AgBilg were determined
through the single crystal structure solution. For (4FPEA),AgBiClg we performed in-
dexing in EXPO 2014 using the indexing program N-TREORO09 and compared the given
solutions with the two solved structures to choose the most plausible parameters.!”>! The

lattice parameters are given in Table 7.2 and agree well with the powder patterns.

Compound ‘ a(A) ‘ b (A) ‘ c(A) ‘ a(°) ‘ B (°) ‘ 7 (°) ‘V(AP’) ‘ Space Group

(AFPEA),AgBiCls | 8.1741 | 7.8068 | 167934 | 90 | 97.60 | 90 | 10622 | P1211

(AFPEA),AgBiBrs | 8.3833 | 81395 | 327693 | 90 |96.120 | 90 [22233| P12l

(AFPEA),AgBils | 8.6236 | 8.7470 | 163676 | 98.973 | 90.119 | 90.013 | 1219.5 | P-1

Table 7.2: Lattice parameters for (4FPEA),;AgBiXs (X=Cl, Br, I). Parameters for
(4FPEA)4AgBiBrg and (4FPEA),AgBily are obtained from the single crystal structure
solution, while parameters for (AFPEA),AgBiClg were obtained from indexing powder
XRD data.
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Cross section of (4FPEA),AgBilg on SiO, showing a homogeneous coverage, with
(4FPEA),AgBilg lightest contrast on top, 500 nm thick darker contrast SiO, below and

a lighter contrast Si on the bottom.

Figure 7.17: Cross section of (4FPEA),AgBilg on SiO,.

To confirm the bulk powder products of (4FPEA),AgBiBrg and (4FPEA),AgBils we
performed a profile refinement in EXPO 2014 employing a Pearson VII profile shape
function, background modelling by a Chebyshev polynomial of degree 16 and a refine-
ment of non- structural parameters with the LeBail method.>! The refinement values R,
and R, are in good agreement and the biggest deviations can be seen in the difference
plots coming from the main reflex between 5 — 6° 2 #, showing a large asymmetric peak
shape which is caused by the small angle area and the resulting inaccuracy of the diffrac-
tometer. As there are no additional reflexes present in the difference plots or any reflexes

missing we conclude the product to be phase pure.
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Figure 7.18: Profile Refinements for powder samples of a) (4FPEA),;AgBiBrg and b)

To confirm the elemental composition and purity of the powder and thin films samples,
we performed EDX measurements on crystalline powder samples and thin film samples
shown in Table 7.3. Since the thin film samples on their respective substrates show an
influence of the substrates on the measured signals causing an underestimation of the
Ag, we scraped off the thin films from the substrates and measured them separately as
powders. All samples agree well with the theoretic stoichiometry and the deviations are

in the standard precision limits of the EDX method.
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Sample Ag (at%) | Bi (at%) | Cl (at%) | Ratio (Ag:Bi:X)
Crystal (avg.) 11.94 11.81 76.25 1.01:1:6.46
Thin Film (avg.) 5.86 10.24 83.90 0.57:1:8.19
Powdered Film (avg.) 9.69 12.00 78.32 0.81:1:6.53

Ag (at%) | Bi (at%) | Br (at%)

Crystal (avg.) 11.46 10.69 77.84 1.07:1:7.28
Thin Film (avg.) 5.73 9.02 85.26 0.63:1:9.45
Powdered Film (avg.) 12.43 11.14 76.42 1.12:1:6.86

Ag (at%) | Bi (at%) | 1 (at%)

Crystal (avg.) 10.59 10.02 79.40 1.06:1:7.92
Thin Film (avg.) 5.83 9.58 84.58 0.61:1:8.83
Powdered Film (avg.) 11.73 10.14 78.13 1.16:1:7.71

Table 7.3: EDX data for all (4FPEA),;AgBiXg (X=Cl, Br, I) in atom% from crystalline
samples, thin film samples on ITO substrates and the same thin film samples scraped off
and measured in powder form.

AFM images of the substrates show the difference in surface roughness of a) Si-SiO,
wafer, b) ITO coated-glass and ¢) FTO-coated glass, which is plotted in Figure 7.19 d)
as a line cut across the full length of the substrate. The y-axis zero point was chosen to

represent the average height value from the AFM measurement.
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Figure 7.19: atomic force microscopy (AFM) images of substrates a) SiO, b) ITO, ¢)
FTO and a line cut of each sample in d).
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Figure 7.20: XRD patterns of thin films of a) (4FPEA),AgBiCls, b) (4FPEA),AgBiBrg
and c¢) (4FPEA),AgBilg on substrates FTO, ITO and SiO2 from NMP solution with
annealing at 100°C or 140°C. The different parameters are indicated in the legends,
insets show a magnified view of the 005 reflection.

(4FPEA),AgBiCls: The films of (4FPEA),AgBiClg on FTO and ITO exhibit similar
patterns, albeit with smaller intensities and slightly worse signal-to-noise ratio (S/N) on
ITO. The S/N is further worsened on SiO,, which can mainly be attributed to the film
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being thinner compared to the ones on FTO and ITO due to the reduced concentration of
the spin coating solution. Additionally, films on SiO, show small, additional reflections
and the film annealed at 140 °C shows the distinct reflection of the Si substrate at 33° 26.
A broadening of the reflections can be observed for films on SiO, compared to the ones
on FTO and ITO.

(4FPEA),AgBiBrg: Thin films of (4FPEA),;AgBiBrg follow the same trends, with two
differences. Firstly, the crystallinity, i.e. the S/N under consistent scanning conditions,
for all three substrates is better than for the chloride films. Secondly, the thin films on
FTO display small additional reflections, best observed in the range from 15 to 35°
260. The increased annealing temperature of 140°C vs. 100 °C for FTO films shows a
shift of intensity, increasing the relative intensities of the lower angle reflections, yet
the same general reflection positions are seen for both temperatures. This shift is more
clearly observed in the thin films on ITO, where for both temperatures distinct, singular
reflections are observed. For films annealed at 140 °C the reflections are shifted more
clearly towards the lower angle region, while the films annealed at 100 °C have the
reflections shifted towards higher angles but also show a remnant of the lower angle
reflections (inset of Figure 7.20 b). The films on SiO, substrates display the same
large broadening, compared to their respective FTO or ITO analogs. For clarity, a
magnification of the reflections from 15 to 35° 26 with the calculated diffractogram of
(4FPEA)4AgBiBrg is given in Figure 7.21, which shows that the reflection profile is not
caused by neighboring reflections, but shows splitting characteristics.

(4FPEA) AgBils: Thin films of (4FPEA),AgBilg have the highest S/N and hence
presumably the highest degree of crystallinity of the three materials. There are no
additional reflections and no reflection splitting, as observed in (4FPEA),AgBiClg and
(4FPEA),AgBiBrg. Interestingly, the influence of the annealing temperature is opposite
to that of (4FPEA);AgBiBrg. With higher temperature the reflections shift towards
higher angles compared to the diffractograms of samples annealed at 100 °C. This leads
to the conclusion that while films of (4FPEA)4AgBiBr8 at 140°C display increased
lattice parameters and tensile stress, films of (4FPEA),AgBils show decreased lattice
parameters and thus compressive stress. This trend is seen for all three substrates and
while again the SiO, films show broad reflections, they are also shifted towards higher

angles.

Zoom in on the splitting features of (4FPEA);AgBiBrg thin film diffractograms

with the calculated diffractogram from the single crystal structure.
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Figure 7.21: XRD zoom in from 15 — 35° 26 of the thin films of (4FPEA),AgBiBrg on
all three substrates FTO, ITO and SiO, for both annealing temperatures 100 °C or 140 °C.

Compound ‘ a(A) ‘ b (A) ‘ c(A) ‘ a (%) ‘ B(°) ‘ 7 (%)

(4FPEA),AgBiBrg | 8.3833 | 8.1395 [ 32.7693 | 90 | 96.120 | 90

(AFPEA),AgBiBrs - ITO 100°C | 8.3797 | 8.1441 | 32.8066 | 90 | 96.016 | 90

(AFPEA),AgBiBrs - ITO 140°C | 8.3407 | 8.1666 | 32.9159 | 90 | 96.021 | 90

(AFPEA)AgBilg | 8.6236 | 8.7470 | 16.3676 | 98.973 | 90.119 | 90.013

(AFPEA),AgBils - ITO 100°C | 8.6938 | 8.7752 | 16.3885 | 98.839 | 90.587 | 89.684

(AFPEA),AgBils - ITO 140°C | 8.7153 | 8.8009 | 16.3610 | 98.992 | 91.025 | 89.778

Table 7.4: Profile refinements for thin films of (4FPEA),AgBiBrg and (4AFPEA),AgBilg
identifying the two phases.

The thin film samples have been probed under varying incident angles from 0.04° - 1.00°
to evaluate the degree of orientation throughout the complete depths of the films. The
penetration depth of the incident X-ray beam can be estimated by using the relation of
refractive properties of the material and the incident angle, as shown in equation 7.1.
The index of refraction was calculated in dependence of the X-ray beam energy and the

density of the probed material.l’%!
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Figure 7.22: Azimuthal cuts of the 001 reflex for all thin films of (4FPEA),;AgBiClg,
(4FPEA),AgBiBrg and (4FPEA),AgBilg on FTO, ITO and SiO, annealed at 100°C
and 140 °C, measured with incident angles from «; = 0.04° to 1.00° (parameter in the
panels).

All three materials have decreasing FHWMs of y going from FTO to ITO to SiO,. Inter-
estingly, while all samples have their maxima at y = 0°, corresponding to an exclusively
horizontal orientation relative the substrate, (4FPEA),AgBiCls samples on ITO have a
slightly tilted horizontal orientation with peak shouldering for 100 °C and peak splitting
with maxima for 140 °C, both at x = 10° and -10°. This small tilting can also be observed
in (4FPEA),AgBilg on ITO at 140 °C, albeit with minimally off-centered maxima at x =
1° and - 1°. To further probe the degree of orientation, we examined the films at varying
incident angles from «a; = 0.04° to 1.00°, to distinguish the surface layers (i.e. several nm)
from the complete film depth (i.e. several tens to hundreds nm. The impact of incident
angle on penetration depth is further explained in the following).

Equation 7.1 shows the dependence of the penetration depth A on the wavenumber £,
the X-ray incident angle «;, the critical angle a. and the imaginary part of the index of

refraction f3.
-1

A= [\/ﬁk : \/\/(&f —a2)?2+452 — (a2 — a?) (7.1)
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Figure 7.23: Penetration depth of the X-ray beam under grazing incidence as a function of
the incident angle for (4FPEA),;AgBiBrg and (4FPEA),AgBilg according to equation

(1).

Optical and scanning electron microscope images in Figure 7.24 demonstrating the
effect of the increased annealing temperature on the domain size on thin films of
(4FPEA)4AgBilg a)+b), (AFPEA),AgBiBrg ¢)+d) and (4FPEA),AgBiClg e)+f).

a)  (4FPEA),AgBil; = 100 °C b)  (4FPEA),AgBil; — 140 °C

Figure 7.24: Microscope images of thin films spin coated from NMP solution on ITO of
(4FPEA),AgBilg annealed at 100 °C a) and 140°C b), (4FPEA),AgBiBrg annealed at
100°C c) and 140°C d) and (4FPEA),AgBiClg annealed at 100 °C e) and 140 °C f).

To confirm the crystal phase of our thin films we indexed 2D images of GIWAXS mea-
surements at a sample detector distance of 155.7865 mm and an incident angle of 0.25°.
Representatively, we measured thin film samples on ITO substrates annealed at 140 °C for
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a) (4FPEA),AgBiClg, b) (4FPEA),AgBiBrg and ¢) (AFPEA),AgBilg with the lattice
parameters shown in Table 7.1 and the indexed 2D images shown in Figure 7.25. Indexing
of the GIWAXS data was carried out with the program GIXSGUL!”! While the diffraction
positions of (007) planes agree well with the calculated positions, the diffraction positions
of planes including a and b lattice parameters exhibit a shift indicating a compressed unit
cell in a and b. This agrees with the observed lattice compression between thin films and

calculated diffractograms in main text Figure 7.2.

Figure 7.25: GIWAXS 2D images with indexed diffraction positions for a)
(4FPEA),AgBiClg, b) (4FPEA),AgBiBrg and ¢) (4FPEA)4AgBily thin films on FTO
substrates annealed at 140 °C.

The optimized synthesis parameters for thin films of (4FPEA),AgBiBrg to yield the
same pristine surface morphology as the in the main text shown (4FPEA),AgBilg thin
film, were different by that the spin coating took place under ambient conditions and the

initial spin coating step was at 1000 rpm and the second step was at 6000 rpm.

v det HEW  mag W
00 kv TLD 13.8 pm 15 000 x

Figure 7.26: Pristine surface morphology from optimized synthesis parameters for
(4FPEA)4AgBiBrg films on FTO.
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Figure 7.27: XRD zoom in from 15 — 35° 20 of the thin films of (4FPEA),AgBiBrg on
all three substrates FTO, ITO and SiO, for both annealing temperatures 100 °C or 140 °C.

Figure 7.28 shows the indirect nature of the band gap for (4FPEA);AgBiBrg and
(4FPEA),AgBily if spin-orbit coupling is not considered.

YV "

E-E(eV)
n
E - Eyy(eV)

Figure 7.28: Band structures of a) (4FPEA),;AgBiBrg and b) (4FPEA),AgBilg without
SOC.

To gather more understanding into the type of quantum well band alignment in these
hybrid materials, the partial density of states for organic and inorganic components is

depicted in Figure 7.29.
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Figure 7.29:  Partial DOS for organic and inorganic components for a)
(4FPEA),AgBiClg, b) (4FPEA),AgBiBrg and ¢) (4FPEA),AgBils.

To approximate the values for the effective masses at the high symmetry point I" in the
calculated band diagrams for the bromide and iodide compounds, a simple parabolic fit

function was employed. The curvature values were used to calculate the effective masses

. 52BN\

Where m * (k), h, E(k), and k are the effective mass, reduced Planck’s constant, energy,

as shown in the following equation:

and wave vector, respectively. The obtained values are depicted in Table 7.5:

‘ Bromide ‘ Iodide

Effective masses of electrons [m}/mo] (I' = X/T' -Y) ‘ 0.136 ‘ 0.122

Effective masses of holes [mj; /mo] (' - X/T'~Y) | 0.123 | 0242

Table 7.5: Effective masses of electrons and holes.
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Figure 7.30: E(k) diagrams for (AFPEA),AgBiBrg (left) and (4FPEA)4AgBilg (right).
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As expected from the dispersion in the (k) diagrams, the value for the effective hole
mass is much larger for 4FPEAI than for 4FPEABr. The effective electron masses differ
by a small amount, also apparent in the band structure plot, with the conduction band
being slightly less dispersed for 4FPEABr. We note that the exact prediction of effective
mass values requires higher levels of theory, which were not accessible because of the
prohibitive system dimensions, but PBE-SOC was also shown to provide satisfactory ex-
perimental agreement.!®!

The theoretical absorption spectra were simulated by calculating frequency-dependent
complex dielectric functions as implemented in the Quantum espresso epsilon package

according to equation 7.3.17"!

0.5

V/ Reg(w)? + Ime(w)? — Ree(w)
2

B 4w

he

(7.3)

a(w)

Ila
— b
lLe

a(w) (10°em™)
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Figure 7.31: Simulated absorption for (4FPEA),;AgBiBrg from dielectric response em-
ploying the random phase approximation excluding excitonic effects and subtracting the
experimental absorption edge.

Employed spectral corrections in equation 7.4, which takes into account the absorption
of light reflected from all interfaces, derived by Klahr and Hamann.®"! Here, A,,,, rep-
resents the corrected absorption, while T'sub, Tium, Rsup, Rsam represent the spectral

transmittance and reflectance of the substrate and the coated substrate, respectively.

Tsam(N)

o Tsub(A)
Acorr’(/\) - 1Og 1 — Rsam(N) = Rsup(A) (74)

Tsub (>‘)2

Powder samples were measured as diffuse reflectance spectra with a white standard
(BaSO,) background.

Zoom in on the powder absorption spectra displaying similar features as the thin film
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absorption spectra:

a ) —— (4FPEA),AgBICI,
—— (4FPEA),AgBiBr,
—— (4FPEA),AgBIl,

Absorbance (a.u.)

2,0 25 3,0 35 4,0 4.5
Energy (eV)

Figure 7.32: Magnification of the absorption features of powder UV-Vis absorbance data
for (AFPEA),AgBiClg, (4AFPEA)4AgBiBrg and (4FPEA),AgBils.
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Figure 7.33: Temperature dependent spectral shift of the central emission peak and
FWHM of the PL spectra for (4FPEA),;AgBiBrg and (4AFPEA),AgBils.
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Figure 7.34: Temperature dependent transients and extracted lifetime plots for the
short- and long-lived component from a biexponential fitting for (4FPEA),AgBiBrg and
(4FPEA) AgBils.
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Figure 7.35: Temperature dependent transients and extracted lifetime plots for the
short- and long-lived component from a biexponential fitting for (4FPEA),AgBiBrg and
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Figure 7.36: Arrhenius plots to extract the activation energy of the proposed hopping
barrier for (AFPEA),AgBiBrg and (4FPEA),AgBils.
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Figure 7.37: Room temperature PL spectrum of (AFPEA),AgBiClg with excitation wave-
length of 375 nm, displaying the same characteristic broad emission as for the bromide

and iodide thin films.
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Figure 7.38: Comparison between normalized fluence-dependent OPTP transients for

(4FPEA),AgBily after 3.1 eV pulsed excitation. Different coloured lines represent dif-

ferent fluences in the range 15uJ cm™" to 50 uJ cm ™1,

The charge carrier mobility was determined using the approach developed by Wehrenfen-
nig et al..’”! Furthermore, we fitted the OPTP transient with a two-level mobility model
developed by Wright et al. and Buizza et al..’'"! In the adopted method, we converted
the % traces to a photoconductivity signal o, which is proportional to the charge-carrier
mobility 1 and to the charge carrier density n via the equation Ao = enyu. For our exper-
imental geometry (i.e. transmission geometry for thin film on a z-qut quartz substrate)

the sheet photoconductivity can be approximated to:

_€oc(ng +ny) AT

Ao —
’ dtitm T

(7.5)

where d sy, 1s the thickness of the studied film and n, = 2.13 and n,, = 1 are the refractive
indexes of quartz and vacuum, respectively.®!]
Therefore, in order to derive the charge-carrier mobility from the sheet photoconductivity,

the photogenerated carrier number N needs to be determined as:

EX

N=0%

(1 - Rpump - Tpump) (7.6)
Where ¢ is the photon-to-charge branching ratio (i.e. the fraction of generated charges
per photons absorbed), F is the excitation energy per pulse, € = hc/ ) is the energy of a
photon with the wavelength A, and R, and T}, are the reflectance and transmittance
of the sample at the excitation wavelength. This is converted to the photogenerated charge
carrier density n, by dividing the film thickness d;,,, and the effective overlap area be-

tween THz and pump beam A, .
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The resulting effective mobility can then be expressed as:

Agrrhe AT

st i (7)o
To better capture the photoconductivity dynamics in silver-bismuth halides, Wright and
Buizza developed a two-level mobility model, which describes the charge carrier localiza-
tion process.>!°! In this model, the photoconductivity of the material can be described as
the sum photoconductivity for two different states with a definite population and mobility:
a delocalized state (14, ftqe;) and a localized state (ngoc, fioc). The resulting photocon-
ductivity can be expressed as Ao = e(Ngeiflder + Niocflioc)- In the low excitation fluence
regime, where the recombination from the localized state is predominantly monomolecu-

lar, the carrier population is described by the set of coupled rate equations:

el — t
{ dt locndel< ) (78)

% = KiocNdel (t) - klnloc(t)

Here, kj,. and k; are the localization and monomolecular recombination rates, respec-

tively. As reported in,5!%! the resulting AT'/T signal can be described as:

AT €no dﬁlm Hioc kloc —Kioe t Hioc kloc —kqt
_ o — HocPoe oot Hoc Mo 7.9
T €oc (ng + 1) flael Fioe — k1 ‘ * Fioc — k1 ¢ (7.9

Furthermore, to fit the experimental data reported in Figure 7.10, we convoluted the
resulting decay function with a Gaussian function with broadening (representing the

instrumental response function) as described in."!

Although the responsivity of a photodetector gives a measure of the output signal
of the detector for a given optical input signal, it does not give any information about the
sensitivity of the device. The sensitivity of the detector can be defined as the minimum
detectable optical input power that can be sensed with a signal-to-noise ratio of unity.
This power is called the noise-equivalent-power (NEP) of the detector and the detectivity
of a detector is the inverse of this noise-equivalent-power. The specific detectivity
is denoted D* and is the detectivity of a photodetector with an area of 1cm? and an
electrical bandwidth of 1 Hz, where A is the area of the detector in cm?. D* is expressed
in units of cm+v/Hz JW.

1

PNEP

D* = D\JAAf = \/AAf (7.10)
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Active layer ‘ ‘ Responsivity A W1 ‘ Specific Detectivity (Jones) ‘ Reference
2D Sn(Il) based perovskites | (PEA)»Snl, \ 16 \ 1.92¢11 | W
| graphene/(PEA),Snli/MoSy/graphene | 121 \ 8.09¢9 | =
\ (PEA)Snl, \ 329 \ 20611 | e
3D Ag — Bi based double perovskites | Cs,AgBiBrg \ 7.01 \ 5.66e11 |
| Cs2AgBiBre/SnO; heterojunctions | 0.11 \ 2.1e10 |
\ Cs,AgBiBrg \ 0.14 \ 3.29e12 |
2D Ag — Bi based double perovskites | (4FPEA),;AgBiBrg \ 0.010 \ 69 | This work
\ (AFPEA),AgBilg \ 0.002 \ 5e8 | This work
| ((R/S-3-MPA), AgBils - microwire array | 0.052 \ 3911 |
| ((R/S-3-MPA),AgBil; - single crystal | 0.000022 \ 1.2¢7 | e
Table 7.6: Summary of related photoconductors.
net formula C32H44AgBiBr8F4N4
Mr/g mol-1 1516.84
crystal size/mm 0.050 x 0.050 x 0.020
T/K 297.(2)
radiation MoK,
diffractometer ’Bruker D8 Venture TXS’
crystal system monoclinic
space group ‘P12 1°
a/A 8.3833(2)
b/A 8.1395(2)
c/A 32.7693(7)
af°® 90
B1° 96.1200(10)
~y/° 90
V/A3 2223.30(9)
Z 2
calc. density/g cm-3 2.266
p/mm-1 11.626
absorption correction Multi-Scan
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transmission factor range 0.53-0.80
refls. measured 32609
Rint 0.0451
mean o (I)/1 0.0439

6 range 2.579-29.129
observed refls. 5392

X, y (weighting scheme) 0,24.9411
hydrogen refinement mixed
refls in refinement 5973
parameters 233
restraints 0

R(Fobs) 0.0489
Rw(F2) 0.1302

S 1.239
shift/errormax 0.001

max electron density/e A-3 1.446

min electron density/e A-3 -1.333

Table 7.7: Crystallographic data (4FPEA),;AgBiBrg
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net formula

C32H44AgBiF418N4

Mr/g mol-1

1892.76

crystal size/mm

0.100 x 0.080 x 0.010

T/K 298.(2)
radiation MoK,
diffractometer "Bruker D8 Venture TXS’
crystal system triclinic
space group P-T°

a/A 8.6236(6)
b/A 8.7470(5)
c/A 16.3676(11)
al® 98.973(2)
BI° 90.119(2)
~/° 90.013(2)
V/A3 1219.51(14)
Z 1

calc. density/g cm-3 2.577
w/mm-1 9.109
absorption correction Multi-Scan
transmission factor range 0.77-0.91
refls. measured 31455

Rint 0.0424
mean o(1)/1 0.0428

6 range 3.171-30.507
observed refls. 6516

X, y (weighting scheme)

0.0412,7.1338

hydrogen refinement

mixed
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refls in refinement 7455
parameters 241
restraints 0
R(Fobs) 0.0435
Rw(F2) 0.1040
S 1.037
shift/errormax 0.001
max electron density/e A-3 2.231
min electron density/e A-3 -1.350

Table 7.8: Crystallographic data (4FPEA),AgBilg
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Conclusion and Outlook o]

In summary, the scope of this thesis was the exploration and study of novel "perovskite-
inspired" materials to get insight into the optoelectronic consequences of synthetic
modifications like structural conversion, heteroatom alloying and isovalent replacement
on the core properties of hybrid perovskite compounds. By tailoring the octahedral
framework of the latter, manifold unique material characteristics arise that highlight a
vast tunability and multiple possible device applications through simple and inexpensive

synthetic techniques.

In the first section, a comparably small modification to the archetype MAPDI;
structure was undertaken by replacing Pb** with Sb3*, resulting in a material with the
formal constitution MASb, 313 to account for the trivalent oxidation state. Here, Sb was
chosen because of it’s isovalent ns® electronic configuration to retain the characteristic
bonding situation which is seen as fundamental cause for the favorable photovoltaic
performance in lead-based materials. While this material exhibited a phase duality
with a high-bandgap non-perovskite and a lower bandgap perovskite-related phase, we
presented a simple method to form the photovoltaically advantageous polymorph. For
this, an acetate precursor was chosen in the thin-film synthesis, which has an intrinsically
higher interatomic distance of Sb atoms of about 4.9 Ain comparison to the commonly
used Sbl; with 4.4 A. This led to a phase-pure synthesis for the lower bandgap phase
with a band gap reduction of 120 meV and a decrease of the exciton binding energy of
about 160 meV in comparison. This material was then employed in prototypical solar
cells, exhibiting promising performance with an initial power conversion efficiency of
0.54%. Summing up, this project opened up new pathways for the fabrication of lead-free

antimony-based materials which were previously only hardly attainable.

The second section was focused on capitalizing on the above efficient synthesis
method by introducing Sn into the same MASb, 313 framework. This was motivated
by the high efficiency of MASnl3-based solar cells, which on the other hand struggle

with significant stability and oxidation issues. As we have shown in this work through
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experimental and theoretical approaches, Sn was successfully stabilized in this system,
leading to mixed-valent Sn?*/Sn** clusters on the same positions as Sb, which prevented
full oxidation to Sn** through charge transfer stabilization between the heterovalent Sn
atoms. We furthermore observed a boost in absorption over the whole visible spectrum,
which we were able to attribute to additional transitions from Sn** to Sn** and from
occupied Sb to unoccupied Sn states and vice versa. Thus, we were able to show
how to dramatically increase the absorption capabilities of MASb,/3I3 thin films and

simultaneously stabilize Sn*" in this perovskite-related structure.

Next, we introduced a non-perovskite structure with the composition
CuyAgi_xSby_yBiyl, in the third section in order to study which consequences re-
taining an octahedral Sb halide coordination outside of the corner-sharing perovskite
structure. Here, the crystal structure was based on side-sharing octahedral layers
where Cu/Ag/Sb and Bi occupied the same crystallographic positions. Through DFT
calculations, we reveal a stable configuration of the formula AgSbl,. We were able to
show a dramatically modified electronic situation with the ns? states of Sb®* completely
absent from the valence band. The cationic disorder led to deep states in the band gap
with a very low formation energy, which we identified to be intrinsic to this material
class. Furthermore, the band gap was revealed to be dependent on Sb/Bi replacement
but not on the Cu/Ag ratio. With this knowledge, we managed to tune and improve the
performance of thin film solar cells, leading to an optimal ratio of 40% Cu:Ag. Lastly,
through omission of white light bias in external quantum efficiency measurements,
we showed that the material exhibits an almost doubled photocurrent when working
under low-intensity light conditions. Hence, we demonstrated that techniques that were
developed for lead-based perovskites are viable also for materials beyond the perovskite
lattice and could open up a new application space such as cheap and stable indoor

photovoltaics.

In the fourth section, the frontier band characteristics of typical lead-based per-
ovskites were also abandoned but the cubic structure was kept in a double-perovskite
approach to study the possibilities of expanding this paradigm beyond ns® elements
serving as central cations. For this purpose, we synthesized high-quality single crystals
of a double perovskite with the formula Cs,NaFeClg. The spin state of Fe3* was of great
interest here, as it could adopt two different values, +1/2 or +5/2. We demonstrated
that the latter is the case through electron paramagnetic resonance analysis and density
functional theory calculations. Because this material exhibited an unpaired spin in the d

orbitals of Fe, a spin-polarized electronic character was established below the Curie point.
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Furthermore, upon cooling these crystals we were able to demonstrate thermochromism
without a phase change and strongly excitonic behavior at low temperatures, with an
exciton binding energy of only 20 meV at 80 K. Altogether, these results suggest that
double perovskite halide frameworks can be a suitable host for intriguing applications
beyond photovoltaics, namely stable thermochromic and magnetic materials as shown

here for example.

The last section was concerned with the dimensional reduction of the most widely
studied double perovskite, CsoAgBiBrg. This was done to show that by separating the
inorganic octahedral slabs with a fluorinated organic spacer cation, not only a band gap
change from indirect to direct could be obtained, but also that a phase containing iodine
could be stabilized, which was so far not possible for the three-dimensional compound.
We were able to fabricate strongly oriented thin films of this material, in which we
showed ultrafast charge carrier localization and small-polaron states. With this insight,
we could explain the very broad and strongly Stokes-shifted emissive behavior in this
class, arising from exciton self-trapping and defect-mediated recombination. All in all,
this work gave insight into the design rules for novel, dimensionally reduced lead-free
double perovskites, with properties that differ strongly from the three-dimensional parent
structure, opening up even more structural and electronic modification routes through the

simple introduction of organic spacers into the synthesis.

Concluding, we have established a group of new, easily processable semiconduct-
ing compounds and offered some fundamental perspectives into the wide range of
optoelectronic properties one can achieve with perovskite-inspired materials and ap-
plying them to lead-free materials based on halide-coordinated metal octahedra - be
it through structural alteration or heteroatom substitution and more. Although more
research should be carried out to become competitive with the extraordinary efficiencies
of lead-based perovskite systems in solar cells, a virtually infinite toolbox for simple and
efficient material design can be found in the vast field of lead-free perovskite-inspired

materials.
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9.3 CODE FOR ELLIOTT FITTING

The base code was adapted from this work: V. D’Innocenzo, 2015. Photophysics of 3D
lead halide perovskite semiconductors: Light absorption and Luminescence, Politecnico
di Milano. This code was expanded in a newer Python framework and a second bandgap
absorption was added. Furthermore, a loop was introduced to evaluate multiple datasets

automatically.

import warnings

warnings . filterwarnings ("ignore")
import numpy as np

from numpy import inf

import matplotlib.pyplot as plt
import matplotlib.patches as mpatches
from scipy.integrate import odeint
from scipy.integrate import quad

from scipy.optimize import least_squares
import scipy.optimize as opt

from scipy.interpolate import interpld
import os

def Elliots_fit(p, a_exp, e, =xargs):
Eb, Eg, Eg2, gamma, npc, k, A2 = p

n = np.linspace(l, 500, 500)

absex = np.zeros((e.size))

for i1 in range(0, e.size):
expr = 4 % np.pi % (Eb %% (3 / 2)) / (n =% 3) = (1 /
(np.cosh((e[i] — Eg — Eb / n %% 2) / gamma)))
S = expr.cumsum(axis=0)
absex[i1] = S[-1]

abseh = np.zeros((e.size))

abset

np.zeros ((e.size))
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def fun_eh(x, e, gamma, Eb, Eg, npc):
D= (x - Eg) / Eb
return (1 / (np.cosh((e — x) / gamma)) % 2 % np.pi
* np.sqrt(Eb) / (1 — np.exp(=2 * np.pi / (
np.sqre(D)))x (1 / (1 - npc * (x - Eg))))

for i in range(0, e.size):
q = quad(fun_eh, Eg, inf,
args=(e[1], gamma, Eb, Eg, npc))
abseh[1] = q[0]

def fun_tan(x, e, gamma, eg2, A2):
fac = (A2 % gamma) / np.pi
if e > eg2:
return fac % (0.5%np.tanh(e - eg2))=
np.sqrt(e — eg2)/((e — x)*%2 + gamma *x% 2)
else:

return 0

for i in range(0, e.size):
q = quad(fun_tan, 0.0, np.inf,
args=(e[1], gamma, Eg2, A2))
abset[i1] = q[0]

abs_sim = np.zeros((e.size))

for i in range(0, e.size):

abs_sim[i] = (e[i1] / Eb %% (3 / 2)) =
(absex[1] + abseh[i] + abset[i])

if args != ():
print (" Printing_results")
np.savetxt("Results_" + filepath[:-4] + ".txt",
np.c_[e, abs_exp_fit, k =
abs_sim, abseh, absex, abset],
header=Eb: {}, Egl: {}, Eg2: {},
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gamma: {}, npc: {}, k: {}, A2: {} \n E [eV],
exp, Fit, Cont, Exc, Tanguy.format(
plO], pll], p[2], p[3], pl4], pI5],
pL61))
plt.plot(e,abs_exp_fit)
plt.plot(e,k+abs_sim)

plt.savefig ("Results_" + filepath[:-4] + ".jpg")

plt.close ()

return (abs_sim x k — abs_exp_fit)

path = "."

count = 15

Eb = 0.04

gamma = 0.017

Eg = 2.27

Eg2 = 2.3

npc = -0.31

k = 0.013

A2 = 15.29

pO = [Eb, Eg, Eg2, gamma, npc, k, A2]

for file in sorted(os.listdir (path)):

filepath = open(file ).name

print (count)

"

data = np.loadtxt(filepath , delimiter=",",

skiprows=count)

count = count + 6

e_exp = datal[:, O]

a_exp = np.zeros(e_exp.size)

a_exp = (data[:, 1] — data[e_exp.size — 1, 1])
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print(e_exp[0])

e = np.linspace (e_exp[e_exp.size —1], e_exp[0], 400)

lower = [0.001, 1.8, 2.0, 0.001, -100., 0, 0]
upper [0.1, 2.5, 4.0, 0.1, 0., 4., 20.]

f = interpld(e_exp, a_exp)
abs_exp_fit = f(e)

opt_out = opt.least_squares(Elliots_fit , pO,
args=(abs_exp_fit, e),

bounds=[lower, upper],
method="trf’, jac=’2-point’,
loss="soft_11", verbose=1)

p0O = opt_out.x

fitting = Elliots_fit(p0, abs_exp_fit, e, 1)

print (opt_out.x)
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