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1 Introduction

Ein beschleunigter "Ausbau der eneuerbaren Energien und Reduktion des

Energieverbrauchs [ist entscheidend] für unsere Unabhängigkeit. Klimaschutz

bedeutet Freiheit und das ist heute in dieser schwierigen Lage wichtiger

denn je." - Dr. Robert Habeck, Federal Minister for Economic Affairs and

Climate Action of Germany

During the past decades the cost of electricity has increased tremendously in Germany

as shown in Figure 1.1. In 2022, the situation worsened due to the war in Ukraine and

the following shortage of fossil fuels worldwide.[1] Additionally, fossil fuels are a lim-

ited resource. Nevertheless, 59 % percent of Germany’s energy consumption is pro-

duced by fossil fuels.[2] The combination of climate change and the dependence on

only a few countries, which are able to deliver oil and gas, makes renewable energies

an important tool to increase sustainability, battle climate change and to become more

independent of other countries. Solar energy deserves special attention, as the en-

ergy, which the sun supplies us with every day, cannot only be used for electricity but

for heating as well. However, photovoltaics still only produced 20.1 % of Germany’s

electricity and 4.2 % of heat in 2021.[3] Furthermore, the German government has in-

creased funding for research on photovoltaics from roughly 68 million e to 86 million

e in 2019, emphasizing the increasing importance of solar energy conversion.[4] Al-

though silicon photovoltaics are rather efficient and can nowadays be seen on many

houses, the intrinsic properties of silicon still leave room for improvement.[5] As an

example, silicon is an indirect semiconductor, which generally is disadvantageous for

the application in solar cells.[6] Furthermore, silicon possesses rather low absorption

coefficients, which makes it necessary to fabricate solar cells with thick active layers,

hence increasing the material consumption significantly.[8], [9] Consequently, photo-

voltaic research also focusses on finding new cheap and efficient absorber materials,

such as lead-halide perovskites, which can compete with silicon.[10]–[12] Lead-halide

perovskites have already reached high efficiencies of 25.7 % in single junction devices

and 31.3 % in silicon-perovskites tandem devices.[13], [14] Hence, perovskite solar cells

are already reaching similar efficiencies as commercial silicon devices.[13], [14]

However, due to the lead contained in lead-halide perovskite solar cells, research is try-
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Figure 1.1: Evolution of the Electricity Index in Germany showing the strong increase in
prices of electricity. Adapted from [7]

ing to simultaneously find non-toxic, stable and lead-free materials for the application

in photovoltaic devices.[12], [13], [15]–[17] In order to do this, new materials are often

synthesized as crystals at first, in order to study their crystal structure and their physi-

cal properties.[17]–[21]

In fact, crystal growth has been widely used throughout history. The crystallization of

sea salt can be considered one of the oldest techniques of crystal growth, dating back

even to prehistoric times.[22] Even processes such as recrystallization, sublimation and

distillation date back to the 12th or 13th century.[22] However, Homer first used the

word "crystallos" in order to describe ice crystals and later the word crystallization was

used in the 17th century for the first time.[22] In 1611, Kepler proposed the principle

of the crystallographic form and structure in his article "Six-cornered Snowflake".[23]

Later on, in 1666, Boyle observed that crystals grown from solution strongly depend

on impurities and growth rates, although the physics behind the crystal growth still re-

mained mystified.[22] Lowitz later confirmed that the requirement for crystal growth

from solution is supersaturation and found that supersaturation can either be reached

by evaporation or supercooling.[22] In the late 19th and early 20th century significant

contributions to the understanding of crystal structures were made by Bravais, Gibbs

and Laue. [22] Their findings of the 14 lattice types, the derivation of the equilib-

rium form of a crystal as well as the possibility to determine crystal structures enabled

progress in the understanding of crystal growth.[22] Further development of crystal

growth techniques occurred in the 20th century, starting with the first growth from so-

lution in a rotating vessel in 1895, the development of hydrothermal growth by Spezia,

as well as growth techniques from melts, developed by Czochralski in 1916 and Bridg-

man in 1923.[22], [24], [25] During the second world war, the development of crystal

growth technology was boosted due to the high demand for crystals for electronics
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and optical applications. Especially the Czochralski method, zone melting developed

by Pfann as well as the floating zone technique, used for pure silicon crystals, were es-

tablished in order to grow high-quality and pure single crystals.[22] Additionally, the

breakthrough in the crystallization of diamond, published in 1955, was a milestone in

the field of crystal growth.[22] In summary, crystal growth has a long history and, over

time, contributed significantly to our understanding of material properties. It also is

still significant to the technologies we are using in our everyday life.

This thesis will contribute to the topic of crystal growth as well as emergent photo-

voltaic materials by the fabrication of lead-free double perovskite single crystals. Ad-

ditionally, the impact of crystallization and stoichiometry on the optical and physical

properties of lead-free double perovskite materials will be investigated. The second

chapter of this thesis will give an introduction into the field of perovskites including the

challenges of commercialization of lead-halide perovskites and the promising charac-

teristics of lead-free double perovskites.

As high-quality crystals are subject of the studies in this thesis, the third chapter will

introduce the theory of crystal growth as well as the different crystal growth techniques

and characterization methods to analyze crystal quality.

The optical characterization of crystals can be used in order to investigate changes in

crystal quality and studying the optical properties of a material. Hence, the fourth

chapter will describe the tools of photoluminescence spectroscopy. Additionally, the

concept of absorption, absorption coefficient and its measurement by transmission as

well as PLE are introduced in order to characterize tailstates in a perovskite.

Having set the fundamental theory and experimental methods the chapters five and

six will introduce the main experimental results. In chapter five, the impact of crystal-

lization and precursor stoichiometry on the physical properties of Cs2AgBiBr6 is pre-

sented, while chapter six will introduce Cs2NaFeCl6 as a new lead-free double per-

ovskite. Cs2NaFeCl6 is more earth abundant than Cs2AgBiBr6 and shows promising

physical properties for the application in magnetic and low temperature devices or

space applications.
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2 Chances and challenges of

perovskite materials

Organo lead-trihalide perovskite solar cells have first been reported in 2009 with a

power conversion efficiency (PCE) of about 3.8 %.[26] Meanwhile, they have reached

efficiencies of more than 25 % [14] and are regarded as a potential alternative to sil-

icon solar cells. Therefore, the following chapter will introduce the material class of

lead-halide perovskites and discuss its commercialization potential. Since the toxicity

of lead is widely discussed in the community, lead-free perovskites are introduced as

alternative materials for lead-halide based systems. As the focus of the presented the-

sis are double perovskites, cesium silver bismuth bromide (Cs2AgBiBr6) is introduced

first as one of the most promising double perovskite materials to date.

2.1 Commercialization of lead-halide perovskite

solar cells

The ABX3 perovskite structure dates back to the discovery of calcium titanate CaTiO3 in

1839 by Gustav Rose, who named this material after the russian mineralogist Lev Per-

ovski.[10], [27] Since then, all materials with an identical crystal structure are referred

to as perovskites.[10]

Lead-halide perovskites adapt this crystal structure by combining large A-cations like

methylammonium (MA+), formamidinium (FA+) or cesium (Cs+) with a lead ion (Pb2+)

as B-cation and an halogen anion such as chloride (Cl–), bromide (Br–) or iodide (I–) at

the X position.[10] An exemplary perovskite crystal structure is shown in Figure 2.1.
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A

B

X

Figure 2.1: Typical ABX3 crystal structure. The A site is usually occupied by large cations like
MA+, FA+ or Cs+ while Pb2+ is used as the B-site cation followed by the most common
anions Cl–, Br– or I– at the X position.

By combining A, B, and X ions, lead-halide perovskites have shown great tuneability

in their optoelectronic properties.[28]–[30] Moreover, by varying the halogen ions from

Cl– or Br– to I–, it is possible to adjust the bandgap Eg of lead-halide perovskites. Using

only Cl– as anion, a bandgap of 3.11 eV could be realized, while in contrary employing

only the Br– anion the bandgap decreases to 2.35 eV.[28], [29] However, for Methylam-

moniumleadtriiodide (MAPbI3), an even lower bandgap of 1.6 eV was obtained.[28],

[29]

In addition to the controllable bandgap, lead-halide perovskites have shown excep-

tional optoelectronic properties, such as small direct bandgaps[6], small exciton bind-

ing energies[31], long charge-carrier diffusion lengths [32]–[34], low nonradiative

charge carrier recombination rates [35] as well as high charge carrier mobilities [36]–

[38]. Although those materials are low cost[6], [39], easily processable [39], [40] and

reach efficiencies as high as 25.7 % [41], lead-halide perovskites still suffer from poor

stability to this day.[42], [43] Furthermore, the employment of lead iodide as a precur-

sor for lead-based perovskites has raised concerns due to the toxicity of lead, especially

when thinking about making lead-halide perovskites commercially available.[6], [44]

The toxicity of lead and the good solubility of lead iodide (PbI2) in water poses potential

health risks which have to be evaluated.[45], [46] Not only is PbI2 used as a precursor

salt, but it is also a byproduct of the decomposition process observed in perovskite so-

lar cells. Therefore, lead poses a threat to human health if the decomposition products

are not contained properly within the solar module.[26] Flora et al. showed that up to

now no safe level of lead exposure could be found.[47] This makes the risks of lead ex-

posure to humans a factor which is often discussed in the perovskite community. The

exposure to lead can have serious effects on the human health as it impacts not only
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2.2 Lead-free perovskites

the nervous system but also the hematopoietic, renal as well as the reproductive sys-

tem.[47]

However, lead and especially the water soluble PbI2 poses risks for humans as well as

for the environment. An investigation studying the biological impact of lead found that

lead from halide perovskites is significantly more bioavailable than the already existing

lead contamination in the ground.[48] In their study, Li et al. used chili, mint and cab-

bage plants in order to investigate the accumulation of lead in the plants. During the

study, exceptionally high amounts of lead were found in all plants up to the point where

lead intoxication was visible.

Due to the above mentioned risks of lead on human health and the environment the

European Union has safety values in place which restrict the use of lead. In electronic

devices the lead content is limited to 0.1 wt%.[49] However, lots of exceptions were

made for the lead use in devices including photovoltaics.[49] Nevertheless, the need

for stable and less toxic or even lead-free alternatives for perovskite photovoltaics has

increased efforts to find new perovskite materials.

2.2 Lead-free perovskites

In order to find new perovskites and therefore offer one solution to the toxicity issue

of their lead halide counterparts, several possible material combinations have been

investigated in literature. However, when thinking about lead-free crystal structures,

possibilities are greater and not limited to the typical ABX3 perovskite crystal structure.

Furthermore, it was described in literature that the promising properties of lead-halide

perovskites can be assigned to the 6s2 lone pair electron of lead.[6], [50] This lone pair

configuration in lead-halide based perovskites is responsible for the large dielectric

constant, small effective masses as well as their promising defect tolerance.[51] Inter-

estingly, the high defect tolerance is also assigned to the orbitals contributing to the

valence and conduction bands. For MAPbI3, the conduction band minimum (CBM)

is mostly made up of bonding orbitals, whereas the valence band maximum (VBM)

emerges from antibonding orbitals.[50], [51] This is different to more conventional

semiconductors, where the conduction band is usually composed of antibonding or-

bitals and only the valence band emerges from bonding states.[51] Interestingly, such

lone pair configurations can also be found in other compounds containing tin (Sn2+),

germanium (Ge2+), antimony (Sb2+) as well as bismuth (Bi2+).[6] Those materials are

all less toxic than lead and therefore attractive for the application in perovskite photo-

voltaics.[6].

In the following sections, the requirements for the physical properties of lead-free per-
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2 Chances and challenges of perovskite materials

ovskites, to be successfully used in solar cells, will be discussed. Furthermore, the toler-

ance factor as a tool to screen for suitable material compositions is introduced. Finally,

more focus will be put on Bi-based materials and Cs2AgBiBr6 as a promising double

perovskite in particular.

2.2.1 Material requirements for lead-free absorber materials

Before going into more detail about different possible perovskite compositions, the re-

quired physical properties of a solar absorber are discussed. Firstly, when designing so-

lar cell absorber materials, carefully choosing the bandgap of the material is necessary.

For this, the Shockley-Queisser limit is a parameter, which defines the best bandgap

for working devices.[52] Shockley and Queisser assumed that radiative electron-hole

recombination is the only efficiency-limiting factor of a device.[52] As a consequence,

Shockley calculated the maximum possible efficiency of a device and found that the

highest efficiencies can be reached if an absorber material with a bandgap close to

1.3 eV is used.[6]

The bandgap is not the only decisive parameter. One also has to take the absorption

properties of a semiconductor into account. In order to create a large number of free

charge carriers, the absorber material of a solar cell should exhibit large absorption

coefficients and a steep absorption edge.[6] In consequence, direct bandgap semicon-

ductors are preferable for the development of thin absorber layers in photovoltaic de-

vices.[6]

To effectively create current in a solar cell, the charge carriers in the device must be able

to reach the extraction layers. Therefore, a sufficiently high mobility µ of the electrons

and holes is required. However, the charge carrier mobility is a parameter which is de-

termined by the curvature of the bands, as the effective mass m∗, which is described

by the band dispersion, is proportional to 1
µ

. Thus, small effective masses of the charge

carriers are needed in order to guarantee high charge carrier mobilities in a semicon-

ductor.[6]

In addition to the mobility, charge carrier recombination is also essential in the char-

acterization of photovoltaic devices. The diffusion length of charge carriers LD , given

by

LD =
√

kbT

e
·µτ (2.1)

is not only limited by the mobility but also by the charge carrier lifetime. As a conse-

quence, limited nonradiative recombination losses combined with high minority car-

rier lifetimes have shown to be advantageous for perovskite solar cells.[6], [36]

Moreover, lead-halide perovskites have shown that high defect tolerance is another
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2.2 Lead-free perovskites

crucial parameter for their application in devices. Having a high defect tolerance means

that although a perovskite shows a large number of grain boundaries and point defects

in a thin film, they are still very well performing in solar cell devices. The so called de-

fect tolerance stems from the antibonding interactions in the valence band, and there-

fore mostly shallow traps are present in perovskite materials.[53]

At last, whenever a perovskite is used as absorber layer, additional thought has to be

put into the correct alignment of the perovskite film with the transport layer on top

and beneath the perovskite. A good energetic alignment ensures that no further volt-

age losses will be caused in the device. Furthermore, to be able to use standard trans-

port layers, it is advantageous for the energy levels of the chosen perovskite to match

well with the conventionally used transport materials such as TiO2, P3HT as well as

Spiro-OMeTAD.[6]

2.2.2 The tolerance factor

When designing new perovskite materials, the physical properties are not easily tune-

able as it is not possible to just combine atoms from the periodic table which should

in theory lead to the desired properties. This is due to the fact, that the size of the ions

which will later define the crystal structure of the materials, have to match in order

to be incorporated into a crystal lattice. One parameter which can predict whether a

combination of ions will form a stable perovskite structure and also give information

about whether a cubic, orthorhombic or tetragonal crystal structure will be formed, is

the tolerance factor t, which will be introduced in this section.

The tolerance factor was initially proposed by Goldschmidt in 1926 with the motiva-

tion to establish a general rule for correlating the shape of a crystal and its chemical

composition.[54] Consequently, when looking for new lead-free perovskites, calculat-

ing the tolerance factor can help to predict whether the desired compound will form a

stable crystal structure or not, depending on the mismatch of the ionic radii r A, rB and

rX of the atoms.[55] For calculating the tolerance factor given by

t = r A + rXp
2(rB + rX )

(2.2)

one needs to know the ionic radii of the desired atoms at the A, B, and X position of

the perovskite structure.[54] If the resulting tolerance factor of the desired perovskite

composition yields a value of t = 0.9−1, a cubic perovskite crystal structure can be pre-

dicted. However, if the tolerance factor lies between 0.7 and 0.9, the chosen A cation

is slightly too small. Hence, the crystal structure will either be orthorhombic, rhom-

bohedral or tetragonal when the perovskite is formed.[56] For large A cations, toler-
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2 Chances and challenges of perovskite materials

ance factors t > 1 can be found. This means that no 3D perovskite structure will be

stable. Instead, layered perovskite crystal structures might be formed ending up with

stoichiometries like Ruddlesden-Popper or Dion-Jacobson compositions.[56]

Although the tolerance factor alone is surely not the best method to predict new per-

ovskite compositions, as it ignores effects of different electronegativity and therefore

the character of the bonds between the ions[56], it is an easy way to hint towards stable

or nonstable perovskite structures in a first step.

2.2.3 Lead-free perovskites with ABX3 crystal structure

After presenting the tolerance factor as a parameter, which can be used to asses the po-

tential of different perovskite compositions, this section will introduce several lead-free

perovskites which are crystallizing in the typical ABX3 crystal structure. Moreover, the

advantages and disadvantages of those compositions with respect to their B cations,

will be discussed.

One interesting material to substitute Pb with is Sn. Sn-based perovskites have at-

tracted interest as they are non-toxic, cheap and exhibit very similar electronic prop-

erties as their lead counterparts. Additionally, they have already reached certified solar

cell efficiencies of up to 14.03 % in 2021 by using FASnI3 and passivating it with a FPEA+

2D capping layer.[57] However, as the Sn2+ ion is prone to oxidize to Sn4+, suppressing

the fast oxidation of Sn still remains a major challenge in order to fabricate stable de-

vices.[6], [58]

Other lead-free absorber materials are based on Ge which can also crystallize in the

ABX3 crystal structure. However, Ge readily oxidizes to Ge4+, which is caused by the

low binding energy of the 4s2 electrons and therefore presents the major issue of Ge-

based solar cells.[6] Additionally, the efficiencies of pure Ge based devices are still low

compared to Sn-based devices as they have only reached efficiencies below 5 % up to

2020.[59]

As the search for lead-free perovskites is ongoing, Sb-based perovskites have shown to

be of interest for device applications. As Sb is a material also used in therapeutics, the

application in perovskite photovoltaics does not carry risks related to the toxicity of the

material.[6] Furthermore, Sb is known for a strong lone pair effect which predicts good

optoelectronic properties for the material.[6] However, Sb-based lead-free perovskites

usually do not crystallize in the typical ABX3 crystal structure but rather form a A3B2X9

stoichiometry, also referred to as layered perovskite.[60], [61]. Accordingly, those defect

perovskites usually form either a 0D or 2D structure depending on the orientation of

the octahedras in the crystal lattice. In turn, such materials usually exhibit bandgaps

larger than 2 eV.[62]
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2.3 Cs2AgBiBr6, a promising lead-free double perovskite

In addition to Sb, Bi can also crystallize in the defect perovskite crystal structure and

can therefore be used as the B cation in such perovskites. Yet, Bi-based defect per-

ovskites suffer from similar issues as their Sb-based counterparts, such as relatively

wide bandgaps, high exciton binding energies which limit the generation of free charge

carriers as well as low mobilities and overall poor charge transport.[63]

As a result of limited lead-free perovskites crystallizing in the typical perovskite struc-

ture, lead-free double perovskites have attracted great interest over the past years.[6],

[17], [64], [65] The following section will introduce the double perovskite crystal struc-

ture as well as the yet most promising lead-free double perovskite Cs2AgBiBr6.

2.3 Cs2AgBiBr6, a promising lead-free double

perovskite

While searching for different lead-free perovskites, the double perovskite structure,

also known as elpasolite, has become of interest.[66] The double perovskite crystal

structure is using two B cations leading to a A2BB’X6 stoichiometry.[6] For that, mono-

valent and trivalent B cations are located at alternate positions in the unit cell, while

being surrounded by corner-sharing metal halide octahedrons as shown in Figure 2.2.

A

B

X

B'

Figure 2.2: Typical A2BB’X6 crystal structure. The A site is usually occupied by large cations
like Cs+, Cu+, MA+ while a monovalent cation (Ag+, Na+, Au+, Cu+) and a trivalent
cation (Bi3+, Fe3+, Sb3+, In3+) are used at the B and B’ positions. This is surrounded
by halogen anions Cl–, Br– or I– at the X position.

As double perovskites have an additional B cation, the earlier introduced tolerance

factor as an easy tool to screen for stable materials is no longer valid. In consequence,
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2 Chances and challenges of perovskite materials

another way to calculate the tolerance factor for additional ions in the crystal structure

has been proposed by Bartel et al. in 2019.[67]

τ= rX

rB∗
−nA

nA −
r A

rB∗

ln
(

r A
rB∗

)
 (2.3)

Here, r A is the ionic radius of the A atom, whereas rB∗ accounts for both B cations using

the arithmetic mean of the ionic radii of B and B’. Additionally, nA represents the oxi-

dation state of the A cation.[67] Using this tolerance factor, a stable double perovskite

structure can be reached for τ < 4.18.[67] However, no prediction of the crystal struc-

ture is possible when the new alternative tolerance factor is used.

One double perovskite, showing a tolerance factor of 3.96, is Cs2AgBiBr6, where Cs+

is used as the A cation and Ag+ as well as Bi3+ are the alternating B cations which are

surrounded by Br– at the X position of the crystal structure. Due to the promising opto-

electronic properties, Cs2AgBiBr6 is one of the most widely used candidates for double

perovskite solar cells yet.

In 2016, Slavney et al. first proposed Cs2AgBiBr6 as a potential candidate for perovskite

photovoltaics due to its long photoluminescence lifetime of nearly 660 ns.[17] Further

testing revealed an indirect bandgap of Cs2AgBiBr6 of roughly 2.1 eV.[68] However, even

after investigations had shown that nonradiative recombination is one of the domi-

nating processes in this material, the excellent stability in air and moisture shown by

Slavney et al. still suggested that Cs2AgBiBr6 is a promising material for further investi-

gation.[17]

While lots of research groups have investigated Cs2AgBiBr6, the properties of this ma-

terial are still not completely understood.[18], [69] It was shown that exciton binding

energies lie in the range of 268 meV and that generated charge carriers are strongly

localized in the crystal lattice and therefore initially self-trapped after excitation.[65],

[70] Hence, after the initial localization of charge carriers has taken place, the charge

carriers diffuse to color centers and afterwards can contribute to radiative recombi-

nation.[65] Although the material shows multiple challenges for the application as a

solar cell absorber, solar cells with efficiencies of up to 4.23 % were fabricated when

combined with organic dyes.[71] Furthermore, a phase transition from cubic at room

temperature to a tetragonal structure at around 122 K was observed by Schade et al.

which makes investigating low temperature effects in this material intriguing.[18] The

now stagnating efficiencies of Cs2AgBiBr6 solar cells make a better understanding of

the material properties absolutely necessary in order to be able to make lead-free dou-

ble perovskites applicable in perovskite photovoltaics.
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2.3 Cs2AgBiBr6, a promising lead-free double perovskite

In the next chapters, this thesis will provide insights into the influence of crystalliza-

tion processes, crystal quality and stoichiometry on the physical and optoelectronic

properties of Cs2AgBiBr6. In order to minimize the effects of stoichiometric variations

and reproducibility of thin films with similar quality, a major part of this work is ded-

icated to the growth of high-quality single crystals. Using single crystals enables us

to study the characteristic material properties without having to account for proba-

ble sample to sample variations or alterations of stoichiometry and crystallinity in thin

films. The next chapter will therefore introduce the crystal growth and characteriza-

tion techniques used to investigate the crystal quality and stoichiometry of the grown

samples.
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3 Crystal growth and veri�cation

of the crystal quality

Crystal growth has been a fascinating discipline which dates back as far as 1500 BC

when people used the growth of crystals for retrieving sugar and salt.[72] However, only

during World War II crystal growth became of technological importance.[72] Even to-

day, high-quality crystals are of great importance as especially in the semiconductor

industry high-quality silicon (Si) wafers are needed for a large variety of applications

ranging from wafers for photovoltaics and transistors to high-power applications or

detectors. In research, crystals are used for various purposes, one being the under-

standing of fundamental material properties disentangled from the synthesis condi-

tions. In the field of perovskite research, much focus has been put on the synthesis

of thin films. However, it has been shown in numerous publications in the past that

the properties of a perovskite can depend strongly on the synthesis conditions. [19]–

[21], [73]–[75] Therefore, the growth of perovskite single crystals can assist in growing

high-quality perovskites under controlled conditions and hence being able to better

investigate the fundamental physical properties of the perovskites. This approach has

also been applied for the double perovskites presented and investigated in this thesis.

The following chapter will therefore introduce the thermodynamics which drive crystal

growth as well as different growth methods and characterization techniques to study

the quality of the obtained crystals. In order to describe the basic theory of crystal

growth, the next chapter will mostly rely on the work of Govindhan Dhanaraj et al. who

summarized thermodynamic effects and details on crystals growth in "The Handbook

of Crystal Growth".[72]
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3 Crystal growth and verification of the crystal quality

3.1 Theoretical basics of crystal growth

Generally, the growth of single crystals is strongly connected to a transition from a liq-

uid or vapor phase (depending on the used precursor) to the solid phase of the crystal.

Crystal growth, however, can only start if the equilibrium phase of the precursor, being

solution or vapor, is slightly disturbed so that the free energy is no longer at a mini-

mum.[72] In order to achieve this, one can use different methods such as increasing

or decreasing temperature, pH value, pressure or other parameters. As a result, crystal

growth in general can be divided into three steps. The first is the achievement of super-

saturation. This is followed by nucleation of the crystallites which in a third step grow

into larger single crystals. [72]

The next section will first take a closer look at the thermodynamic principles of crys-

tal growth, followed by the kinetics of nucleation based on the work of Bohm et al. in

1989.[76]

3.1.1 Thermodynamic principles of crystal growth

As crystallization is described by a phase transition from the liquid, solid or gaseous

phase to the solid phase a closer look will be taken at phase transitions.[76] Generally,

a phase transition occurs when the free enthalpy G described by

G =U +pV −T S (3.1)

is decreased. U hereby is the internal energy of the system, V the volume, S the en-

tropy of the system, p the pressure and T the given temperature. When a phase tran-

sition from a liquid to a solid phase shall take place, the region of coexistence of the

two phases has to be identified. This equilibrium can be described by the Clausius-

Clapeyron equation:
d p

dT
= ∆S

∆V
= ∆H

T ·∆V
(3.2)

with ∆S, ∆H and ∆V being the changes in entropy, enthalpy and volume at the phase

transition.
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3.1 Theoretical basics of crystal growth
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Figure 3.1: Change of the free enthalpy of two phases for varying temperature. Gα and Gβ

are the free enthalpies for the phases α and β. Adapted from [76]

Figure 3.1 shows the change of the enthalpies G for two phases, α being the liquid

phase before crystallization andβ being the solid phase after successful crystallization,

depending on the chosen temperature. Here, α is the phase which is stable at higher

temperatures. In the following, the change of thermodynamic potential, which is given

by

∆µ= ∆G

n
(3.3)

with ∆G being the change of the free enthalpy and n being the amount of substance,

is described more closely. In order to achieve the phase transition from liquid to solid

phase, the change in the thermodynamic potential ∆µ = 0 has to be overcome. The

thermodynamic potential for two phases is given approximately by

∆µ=µβ−µα =
(
∂µβ

∂T
− ∂µα

∂T

)
∆T +

(
∂2µβ

∂2T 2
− ∂2µα

∂2T 2

)
(∆T )2

2
+ ... (3.4)

Additionally using (
∂µ

∂T

)
p,xi

=−S (3.5)

(
∂S

∂T

)
p,xi

= Cp

T
(3.6)

and

∆S = ∆H

T
(3.7)
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3 Crystal growth and verification of the crystal quality

Equation 3.4 can be rewritten to

∆µ=−∆H0

T0
∆T −

∆C 0
p

2T0
(∆T )2... (3.8)

with ∆H0 being the heat that occurs during the phase transition from α to β and Cp

being the specific heat at constant pressure p. It can usually be assumed that∆µ is pro-

portional to ∆T as otherwise the latent heat during phase transition had to be small,

so that the second term of the above equation would be relevant. However, ∆H is neg-

ative as the latent heat is released by the system during crystallization. Additionally,

∆T is negative according to Figure 3.1. This means that ∆µ will also be negative and

therefore crystal growth can begin.

After minimizing the thermodynamic potential and therefore securing the basis for the

possibility of crystal growth, crystal nuclei still have to be formed in order to start the

growth process. For that, a closer look at the growth kinetics of a crystal is necessary.

As soon as crystal a nucleus is forming in the solution, one can write the change of the

free enthalpy as

∆Gn =∆µnK (3.9)

with nK being the amount of substance of the nucleus. However, with the formation of

a nucleus there also is a new boundary forming. Its enthalpy ∆GF is then contributing

positively to the free enthalpy. Moreover, the energy ∆GE , caused by additional forces

during nuclei formation, has to be considered when the nuclei are forming in glass

vials. Therefore, the total free enthalpy is given by

∆GK =∆Gn +∆GF +∆GE (3.10)

and is visualized in Figure 3.2.
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3.1 Theoretical basics of crystal growth
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Figure 3.2: Schematics of the change of enthalpies during nuclei formation in dependence
on the size of the forming nuclei. The critical size of the nuclei is labelled nK.
Adapted from [76]

Figure 3.2 shows that ∆GK is only negative for nuclei sizes nK > n0
K . This in turn

means that for values nK < n0
K the free enthalpy is still positive. Therefore, work has to

be put into the system in order to let the nuclei crystallize. Here, n∗
K is the critical size

of a nucleus at which point the free enthalpy of the system is reduced and therefore the

nucleus is stable and continues to grow. In consequence, nuclei which are smaller than

n∗
K will dissolve again in the solution while only the nuclei larger than the critical size

will continue to grow into crystals.[76]

This can also be put into a mathematical equation describing the critical radius r ∗ of

the nuclei as well as the resulting critical enthalpy ∆G∗, shown in Equation 3.11 and

Equation 3.12.

r ∗ =−2σV

∆µ
= 2σV T0

∆H0∆T
(3.11)

∆G∗ = 16πσ3V 2

3(∆µ)2
= 16πσ3V 2T 2

0

3∆H 2
0 (∆T )2

(3.12)

In addition to the critical parameters of nucleation, the nucleation velocity has to be

controlled during crystal growth. When a crystal is grown from solution, one can as-

sume that the different crystal nuclei are following the Boltzmann statistics in Equa-

tion 3.13. Hence, the number of forming and dissolving crystallites is a statistical pro-

cess depending on the work which is done by the system in order to reach nucleation.

K ∗ = K0 exp

(−∆G∗

kT

)
(3.13)

However, the crystal nuclei will at some point leave the described equilibrium con-

dition and will instead be stable and able to grow into crystals. This process can be
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3 Crystal growth and verification of the crystal quality

interpreted as a simple reaction which is described by an Arrhenius equation shown in

Equation 3.14.

J = J0
kT

h
exp

(
−G A

kT

)
exp

(
−∆G∗

kT

)
(3.14)

Here, ∆G A is an activation energy for the growth of crystal nuclei. Note that depending

on the growth conditions, ∆G∗ can be described proportional to ∆T or ∆µ. In conclu-

sion, the rate of the nucleation is depending strongly on the experimental conditions

such as temperature variations as well as variations in the thermodynamic potential

for constant temperatures.

However, when crystals are pulled from solution in laboratory conditions, a few chal-

lenges have to be overcome. Firstly, the liquid phase equilibrium has to be overcome

by small distortions to the system. The triggered nucleation is then often too fast and

consequently too many nuclei are forming in the solution. One practical solution to

these problems is the use of small seed crystals in the solution. By this means, the

forming crystal is growing on top of the seed crystal without new nuclei having to be

formed.[76] As the formation of crystal nuclei is no longer needed when seed crystals

are used, the kinetics of crystal growth are different to the kinetics of crystal nucleation.

Since no seed crystals have been used during this thesis, the growth kinetics of crystals

using seed crystals will not be further described here.

3.1.2 Crystal growth and crystal habit

In the previous chapter, the thermodynamics and the conditions for nuclei formation

have been explained. When a stable nucleus has formed, crystal growth is initiated.

As crystals exist in various shapes, the question about the predictability of the equilib-

rium shape has to be considered. Especially the determining factors for the resulting

equilibrium shape need to be taken into account. The shape of the crystal, including

form and size of the crystal facets, is called crystal habit. Usually, the crystal habit is de-

termined by different growth velocities of the crystal’s facets, which will be discussed

further in this section.[76]

Before elaborating about the crystal habit, the formation of single crystals is further

explained. Walther Kossel developed a model to explain the formation of crystals from

nuclei in 1989, which will be further explained in the following.[72]
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3.1 Theoretical basics of crystal growth
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Figure 3.3: Schematics of nuclei adsorption onto a crystal surface. Adsorption onto a free
space on the crystal surface is labeled as F, whereas C describes the start of a new
chain on the crystal surface. However, the finishing of an already existing row by
adsorption on kink sites K is possible as well. Adapted from [72]

Figure 3.3 depicts the sites of a flat crystal surface, on which crystal building blocks

can be adsorbed. One of the most relevant sites where crystal unit adsorption occurs,

is the kink site, shown as K in Figure 3.3. Kossel further discussed the adsorption sites

for the growth of a NaCl crystal.[77] He found that in order to understand the growth

process, one can use the molecular lattice energy as a quantification method for the

adsorption of atoms at different locations of a plain crystal surface.[77] When adsorp-

tion of crystal building blocks takes place, the crystal units have three possibilities to

attach to the surface. The first is the adsorption of a crystal unit freely on the crystal

surface, labelled as F in Figure 3.3. The second possibility is the start of a new row on

the crystal surface labelled as C in Figure 3.3. Thirdly, the finishing of an already exist-

ing chain, shown as K in Figure 3.3, is also possible for the crystal building blocks.

Kossel found that the finishing of a chain of the crystal is always energetically favored

and therefore adsorption of crystal building blocks at kink sites is preferred.[77] As the

crystal units continue to accumulate on the surface, they thereby finish the existing

chains by diffusing to kink sites. Ultimately, the crystal units also start new rows and

form the visible surfaces of the macroscopic crystal over time.

While forming the crystal surface, not all lattice planes will be visible as crystal facet

but instead single planes (e.g. the (111) plane) are often the dominating facets of the

crystal surface. In order to explain this effect, the growth velocity of the different crys-

tallographic planes has to be taken into account.

The varying growth velocities are the main reason for the dominance of single lattice

planes, visible as the surface facets of a crystal. Figure 3.4 shows the evolution of dif-

ferent crystal facets over time.
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Figure 3.4: Schematics of the crystal facet growth at different times after nucleation. The
different growth velocities v(100) > v(001) > v(101) result in the (101) facet of the crystal
surface. Adapted from [76], [78], [79]

Kossel explained that the visible facets at the crystal surface are related to the growth

velocity of each facet perpendicular to its corresponding lattice plane. The slower the

growth velocity perpendicular to the lattice plane, the larger a facet width will become

due to the increased growth velocities of the neighboring facets. This is also shown in

Figure 3.4. Here, the growth velocity of the (101) plane is the slowest while the fastest

growth can be seen for the (100) direction. Hence, while the (100) plane is quickly grow-

ing perpendicular to the [100] axis and therefore pushing for larger crystal dimensions,

the (101) facet is growing more slowly perpendicular to the lattice plane and instead

increasing its surface area over time while being dragged along by the (100) plane. As a

consequence, for long enough growth times, only the (101) crystal facet will be visible

as the crystal surface.[77]

3.2 Methods to grow crystals

After elucidating how the crystal habit is determined by varying growth velocities of

crystal facets, this section will give insights into various methods to grow high-quality

perovskite crystals. Although crystallization from melt is highly advantageous, espe-

cially for industrial applications like the growth of high-quality Si single crystals, this

thesis focusses on the growth of crystals from solution.[79] Therefore, this section will

deal with the various solution-based growth techniques.

Growth from solution has been a popular way to grow high-quality crystals since the

1930s.[79] The application of growth from solution is highly dependent on the solu-

bility of the precursor materials. Hence, a good knowledge about the temperature de-

pendence of the solubility is necessary and will be explained in more detail as a first

step. Figure 3.5 shows the solubility for different materials on a logarithmic scale for

temperatures between 20 ◦C and 80 ◦C.
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Figure 3.5: Solubility curves of sodium chloride (NaCl), sodium acetate (C2H3NaO2), methy-
lammoniumleadtribromide (MAPbBr3) as well as cesium silver bismuth bromide
(Cs2AgBiBr6). It can be seen that the solubility differs greatly for various materials,
ranging from nearly constant solubility to even decreasing solubility for increasing
temperature. Adapted from [80] and reproduced from [81] with permission from the
Royal Society of Chemistry.

Figure 3.5 shows that the solubility stays nearly constant for NaCl while it is slightly

increasing with temperature for Cs2AgBiBr6. Additionally, C2H3NaO2 shows a strongly

increased solubility at higher temperatures while a retrograde solubility is observed for

MAPbBr3.[28] The term retrograde solubility denotes a decreasing solubility when the

solution temperature is increased.[28]

In order to grow high-quality crystals, a supersaturation of the precursor solution has to

be reached. Supersaturation of a solution means that the concentration of the solution

is slightly higher than the solubility at the growth temperature.[82] Figure 3.5 shows

that supersaturation of a solution can be achieved in different ways, such as evapora-

tion, employing antisolvents, heating up the solution or cooling it down.[76]

The above mentioned condition to reach supersaturation automatically leads to the

different growth processes which have been developed over time. Crystal growth by

Slow Evaporation ITCAVC(a) (b) (c) (d) Controlled Cooling

Figure 3.6: Schematics of the crystal growth setups of a) Slow Evaporation, b) Antisolvent-
Vapor Crystallization (AVC), c) Inverse Temperature Crystallization (ITC) and d)
Controlled Cooling. Adapted from [80]
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3 Crystal growth and verification of the crystal quality

slow evaporation (see Figure 3.6 a) is one of the simplest techniques to grow crystals,

which is applicable especially for materials that do not show a temperature depen-

dence of their solubility.[72], [83] For this method, a precursor solution is prepared by

mixing several salts and dissolving them in a suitable solvent, with concentrations as

high as the saturation point.[84] The solution is then left undisturbed at the desired

temperature in a bottle with a perforated or slightly opened cap.[84] Most people al-

ready know this approach of crystal growth from daily life. A good analogy of the work

principle of slow evaporation is the "pasta water" analogy. If salted pasta water is left on

the stove top for a while, the water in the pot will completely evaporate and only NaCl

crystals will be left on the bottom of the pot. This in turn means that by evaporating

the water of the salt-water mixture, the concentration of NaCl in the liquid increases,

reaching supersaturation at a certain point in time. This supersaturation then triggers

the nucleation and crystallization of NaCl crystals. However, the NaCl crystal growth

by leaving pasta water on your stove top results in rather poor-quality crystals. In order

to obtain single crystals of high-quality, the growth parameters, such as temperature,

evaporation rate and concentration of the solution have to be carefully controlled. The

main advantage of crystal growth by evaporation is its applicability for a wide range of

temperatures. In the case of Cs2AgBiBr6, the growth temperatures can be set between

room temperature and 146 ◦C, with a growth time ranging from approximately 72 h to

several months. Hence, even slight temperature variations of only 0.05 ◦C can greatly

impact the growth velocity of the crystal and therefore lead to increased defect densi-

ties in the system.[72]

Another method to grow crystals at room temperature is the so called antisolvent-

vapor crystallization (AVC) depicted in Figure 3.6b. Here, one uses so called antisol-

vents (solvents in which a material can not or only very poorly be dissolved) to reach

supersaturation of the precursor solution. For this approach, a saturated precursor so-

lution is prepared in a growth vessel.[83] This vessel is then placed into a larger vial,

filled with an antisolvent. While the large vial is sealed, the smaller vial, containing the

precursor solution, is kept open or covered with a perforated cap. Crystallization oc-

curs when the antisolvent is slowly diffusing into the precursor solution. This process

drastically decreases the solubility of the precursor salts in the prepared solution.[84]

While the indiffusion of the antisolvent gradually decreases the solubility of the precur-

sor solution, supersaturation is achieved and crystal growth initiated.[84] Single crys-

tals can then be grown over a range of several hours up to several weeks. The antisol-

vents typically used for perovskites are chloroform or dichloromethane.[84] Although

crystal growth by AVC is easily applicable at room temperature, controlling the crystal

size is difficult.[84]
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3.2 Methods to grow crystals

If the solubility curve of a material resembles the solubility of MAPbBr3 in Figure 3.5,

the material shows a retrograde or inverse solubility. In consequence, inverse temper-

ature crystallization (ITC) can be employed. The exemplary setup for crystal growth by

ITC is depicted in Figure 3.6c. For ITC, a saturated precursor solution is prepared at

room temperature, completely dissolved and then placed onto a hot plate at temper-

atures exceeding room temperature. As the solubility of the material is decreased at

elevated temperatures, supersaturation is achieved and nucleation and crystallization

can start. This method is one of the typical growth techniques used for lead-halide

based perovskites and was first introduced for perovskites in 2015 by Saidaminov et

al.[28], [85] Although the growth temperatures of materials like MAPbI3 and MAPbBr3

typically lie at around 100 ◦C, it was also shown that growth temperatures can be re-

duced, while maintaining a high crystal quality, by additionally using primary alcohols

as an additive in the precursor solution.[85], [86] As ITC is a highly controllable tech-

nique, which produces large crystals of high quality in short periods of time, it has

become one of the most established growth techniques for perovskites up to date.[83],

[87] To the best of our knowledge, however, no lead-free double perovskite crystal has

been reported employing ITC as growth technique to this day.

Lastly, if solubility curves look like the ones of Cs2AgBiBr6 or C2H3NaO2, which have

an increasing solubility for increasing temperature, several possibilities to grow crys-

tals exist. Clearly, slow evaporation as well as AVC are a possible growth technique.

However, supersaturation can also be reached by slowly cooling down the solution as

depicted in Figure 3.6d. This technique is called controlled cooling and is widely used

for the growth of lead-free double perovskites.[17], [64], [88]–[90] Here, one dissolves

the precursor in an appropriate solvent and then places the solution on a hot plate at

elevated temperatures (e.g. 110 ◦C). The solution is kept at elevated temperatures for a

couple of hours to completely dissolve the precursor salts in a first step. After that, the

solution is slowly cooled down at a rate of 1 ◦C/h. Hence, supersaturation and nucle-

ation occur when the solubility is lower than the initial concentration of the prepared

solution.[84] When one employs this technique for double perovskites, acids like HBr

and HCl are usually used as solvents.[17], [84], [91] It has furthermore been shown that

the cooling rate is a critical parameter of crystal growth by controlled cooling. Yin et al.

showed, that letting a solution cool down naturally leads to smaller crystals as well as

crystals with poorer quality.[88] Hence, they conclude that during the crystal growth, a

slow cooling rate is necessary in order to stay in the growth regime and therefore obtain

high-quality and large single crystals.[88]

However, not all of the above described methods are applicable to lead-free double

perovskites up to now. Therefore, this thesis will focus on the crystal growth of lead-
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3 Crystal growth and verification of the crystal quality

free double perovskites by controlled cooling and slow evaporation in the following

chapters.

3.3 Quality assessment of crystals

After growing crystals from solution, one often studies the stoichiometry, structural

properties and the crystal quality of the obtained samples. Furthermore, one often

needs high-quality crystals for applications such as photodetectors but also when the

fundamental physical properties of a material are to be investigated.[92]–[96]

In order to investigate the crystal stoichiometry and hence verify that the aimed crystal

stoichiometry has been achieved, energy-dispersive X-ray spectroscopy (EDX) or X-ray

fluorescence (XRF) can be employed. For further studying the structural parameters

such as the crystal structure or the crystal quality, X-ray diffraction (XRD) is usually

used. This section will give an overview over the consecutive measurement techniques

and explain the fundamental principles behind X-ray analysis for crystal quality as-

sessment.

3.3.1 XRF and EDX

In order to investigate the composition of a sample, X-rays as well as electrons can be

used. By employing the techniques of EDX and XRF, it is possible to extract the elemen-

tal composition of a material by the emitted X-ray photons of the sample. Figure 3.7a

illustrates the measurement geometry used when XRF is employed. During the whole

measurement the angle α between X-ray source and detector stays constant as is de-

picted in Figure 3.7a. Furthermore, Figure 3.7b shows the process of X-ray fluorescence

in more detail. If the energy of the incident ray is high enough, an electron from the in-

ner shell can be excited and the atom becomes ionized. Hence, an electron is knocked

out of the atom. Consequently, a vacancy is left in the K shell which needs to be filled by

an electron from an outer shell (here the M shell). The residual energy of the electron

relaxing to the K shell is then emitted by characteristic Kβ radiation and can be specif-

ically assigned to the transition from the M to the K shell of that specific element.[97]

Like this, the composition of the double perovskite crystals can be determined. The

presented XRF data in this thesis was obtained using a General Electric XRD 3003 TT

with monochromatic copper (Cu) Kα radiation source as well as an XR-100T detector

from Amptek and an XRD setup from PHYWE with a molybdenum (Mo) Kα source.

Unfortunately, for lead-free double perovskites, XRF cannot confirm the exact stoi-

chiometry of the grown crystals but merely provides information about the elements
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contained in the grown perovskite crystal. Hence, to get exact information about the

stoichiometry of the grown crystals, EDX is the characterization technique which should

be used.

The basic principle of EDX is the same as of XRF unless electrons of variable energy

are used for the excitation of the electrons in the atomic shell.[98] However, as the

energy resolution of EDX is generally improved compared to XRF, EDX is a suitable

technique for the determination of material stoichiometries.[98] Throughout this the-

sis, EDX characterization was performed by Stefan Braxmeier at the ZAE Bayern. The

measurements were performed in high vacuum using an SEM Carl Zeiss Ultra 55+ and

an INCAPentaFET-x3 Si(Li) detector.

Figure 3.7: a) Measurement geometry for XRF spectra. b) Principle of XRF: The incident X-
ray knocks out an inner shell electron. Hence, an electron from a higher lying shell
can relax to the vacancy by emitting characteristic X-rays, specific for the related
atom.

3.3.2 XRD

To further probe the structure of a material, powder XRD as well as single crystal XRD

measurements are a helpful tool. However, when doing X-ray analysis on a material

one should keep in mind that the electronic properties can easily be altered by X-ray

radiation.[99] Especially, in organic compounds it has been shown that deep traps are

introduced into the material, which affect charge carrier transport.[99] As a conse-

quence, X-ray diffraction has only been measured on crystals which later were not used

for other experiments in this thesis to exclude any effects on their optical and electrical

properties due to X-rays. Also note, that only Cu-Kα and Mo-Kα radiation was used for

XRD measurements throughout this thesis.

When XRD is employed, interference effects have to be considered. When an X-ray hits

a material and therefore a lattice structure, the incident beam will be scattered. The di-

rection of the scattering is described by the wave vector |k| = 2π
λ

while the wave itself is
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3 Crystal growth and verification of the crystal quality

written as A exp
(
i (⃗k · r⃗ +α)

)
with A being the amplitude of the wave, α the phase and r⃗

the radius of the points in space.[100] The basic principle of XRD relies on constructive

θ θ

Δs

d
hkl

θ

Figure 3.8: Scattering of X-rays by a sample. Adapted from [101] The incident X-rays are
reflected from the lattice planes with distance dhkl following the Bragg formula in
Equation 3.15.[100]

interference of the incident rays as shown in Figure 3.8. When an X-ray hits the sample

surface and therefore a lattice plane with distinct Miller indices (hkl), some of the rays

will be reflected, whereas others can penetrate through the surface and will only be re-

flected at the next lattice plane, as shown in Figure 3.8. The distance of those lattice

planes is dhkl , also called the interplanar distance of the lattice. Hence, the condition

for constructive interference of the rays and in consequence for a detected XRD peak

can be described by Equation 3.15

nλ= 2dhkl sinθ (3.15)

with the interplanar distance dhkl generally given by

dhkl =
1√(

h
a

)2 +
(

k
b

)2 +
(

l
c

)2
(3.16)

For a cubic system such as Cs2AgBiBr6 Equation 3.16 can be simplified to

dhkl =
ap

h2 +k2 + l 2
(3.17)

due to the identical lattice constant a = b = c in all directions.[79] However, the Bragg

condition depends on the energy of the incident X-rays. Hence, the location of ob-

served diffraction peaks for different lattice planes differ in a diffractogram when dif-

ferent X-ray sources (e.g. Cu-Kα or Mo-Kα radiation) are used. To remove the wave-
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3.3 Quality assessment of crystals

length dependence in Equation 3.15, one can rewrite the Bragg equation in terms of

the scattering vector q.[100]

q = 4π

λ
sinθ (3.18)

The Bragg-Brentano geometry which fulfills Equation 3.15 is depicted in Figure 3.9a.

Only when the scattered X-rays interfere constructively, a peak (corresponding to the

specific lattice plane (hkl)) is visible in the diffractogram.[102] By assigning the Miller

indices to the observed peak in a diffractogram, the lattice constant of a material can

be calculated. Note that usually the diffractograms of powders are measured in order

to calculate the lattice constant of a material. Although powder XRD provides a vast

Figure 3.9: Scattering of X-rays by a sample. Adapted from [101] The incident X-rays are
reflected from the lattice planes with distance dhkl following the Bragg equation in
Equation 3.15.[100]

amount of knowledge, including details about structural parameters such as the lat-

tice constant, XRD patterns of crystals also contain lots of information. By measuring

the XRD pattern of a crystal surface, one can draw conclusions about the growth direc-

tion of the crystal. This is due to the fact that only lattice planes parallel to the sample

surface will fulfill the Bragg equation and therefore result in a peak in the XRD pat-

tern.[102] As single crystals usually only grow along one axis of the unit cell, only one

(hkl) plane and its corresponding higher orders will be visible in the XRD pattern.[102]

Further, when single crystals are grown, the Bragg-Brentano geometry only provides

information about the growth direction of the crystal. In order to study the quality of

the grown crystals, rocking scans can be performed. When performing rocking scans

the angle β between source and detector is set to a constant value, while source and

detector are moved around the crystal as depicted in Figure 3.9b.

Conducting rocking scans can probe the mosaicity of a sample as peaks in XRD will

only be observed when the Bragg condition is fulfilled, hence, when constructive inter-

ference between the incident rays is observed. In consequence, when only one single

sharp peak is visible in a rocking scan, the single domains are all oriented in the same

direction. However, when a rocking scan is broadened, the domains in the crystal are
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3 Crystal growth and verification of the crystal quality

slightly tilted towards each other, indicating a higher mosaicity of the crystal. In order

to quantify the quality and mosaicity of a single crystal, the Full Width at Half Maxi-

mum (FWHM) is usually used whenever rocking scans are interpreted.[102]
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4 Optical characterization

When new materials are studied, optical experiments can give important information

about their physical properties. Optical methods are simple yet powerful techniques

to probe the relationship of processing conditions and their influence on the physical

properties of a material. Moreover, they provide essential information about bandgaps,

defects and charge carrier recombination dynamics in a material. For this, the follow-

ing chapter will introduce the techniques of photoluminescence (PL), photolumines-

cence excitation (PLE), photoluminescence quantum yield (PLQY) as well as absorp-

tion and the concept of Urbach energies.

4.1 The power of photoluminescence

Photoluminescence spectroscopy is a technique widely used to investigate the physical

properties of materials. The principle of photoluminescence relies on the photoexci-

tation of charge carriers from the valence to the conduction band of a semiconductor.

After excitation, the excited electrons will, by generation of phonons, relax to the en-

ergetically lowest level in the conduction band and ultimately recombine.[103] If the

electron recombines radiatively with a hole, the energy is released by the emission of a

photon, which subsequently can be detected during optical measurements. The spon-

taneous emission rate of a photon can be described by the Einstein coefficient A and

the population of the excited state N using(
dN

dt

)
r ad

=−AN (4.1)

Solving Equation 4.1 leads to the radiative lifetime τr ad = 1
A , which describes the life-

time of radiative recombination after excitation.[103] Although photoluminescence ex-

periments rely on the detection of the radiative recombination of charge carriers, infor-

mation about nonradiative and trapping processes can also be obtained by probing the
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change of charge carrier density over time in transient PL experiments (trPL). Hence,

the total recombination over time can be written as(
dN

dt

)
tot

=− N

τr ad
− N

τnonr ad
(4.2)

with τnonr ad being the lifetime for nonradiative processes.[103]

However, considering the different possible recombination mechanisms such as ra-

diative band-to-band (second order) recombination, nonradiative Shockley-Read-Hall

(first order) recombination and Auger (third order) recombination, Equation 4.2 can

also be written as:

−dN

dt
= k1N +k2N 2 +k3N 3 (4.3)

Here, the recombination rates k1, k2 and k3 represent the recombination rates for first,

second and third order recombination in a material.

Additionally, the emission properties of a semiconductor closely correlate with its ab-

sorption properties. As the absorption defines the charge carrier density generated in

a semiconductor, it is also a determining factor for the maximum photoluminescence

intensity YPL which can be observed. Furthermore, the final PL intensity also depends

on the blackbody spectrum Φbb as well as on the material’s quasi-Fermi level splitting

∆E f , which quantifies the intrinsic charge carrier density in the material.[104] Con-

sequently, Equation 4.4 describes the photoluminescence spectrum of a semiconduc-

tor. Note, that Equation 4.4 assumes that the photoluminescence only stems from di-

rect band-to-band recombination.[104] Another key assumption which leads to Equa-

tion 4.4 is that the absorptance and emission of a semiconductor are identical, as was

stated earlier by Würfel.[104]–[107]

YPL(E) =α(E)Φbb(E) ·exp

(
∆E f

kbT

)
(4.4)

Equation 4.4 thus also shows that the emission spectra of PL is closely correlated to the

absorption coefficientα and hence also correlates with the bandgap of the investigated

material.

In consequence, photoluminescence spectroscopy can be used to study the photo-

physics and characteristic properties of a semiconductor. The following sections will

describe the techniques and physics behind steady-state and transient photolumines-

cence as well as absorption in more detail.
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4.1 The power of photoluminescence

4.1.1 Steady-state PL

In steady-state photoluminescence, only direct information about the radiative recom-

bination of charge carriers can be extracted. Thus, only information about k2 can be

obtained. The radiative recombination rate k2 is a material specific parameter de-

scribed by the van Roosbroeck-Shockley equation,

k2n2
i =

∫ ∞

0
4αn2

rΦbbdE (4.5)

which connects the radiative recombination rate with the material’s absorption coeffi-

cient. Here, α is the absorption coefficient,Φbb the blackbody spectrum and ni the in-

trinsic charge carrier density of the perovskite.[108] However, steady-state photolumi-

nescence also contains information about the applicability of materials in devices. The

photoluminescence of a material is directly correlated to the achievable open-circuit

voltage VOC (represented by the quasi-Fermi level splitting ∆E f ) of a device by

∆E f =∆E r ad
f +kB T · ln(EQE) (4.6)

where EQE is the external quantum efficiency or photoluminescence quantum yield.

[109] In turn, this means that decreasing steady-state photoluminescene does not only

result in increasing nonradiative losses but also that nonradiative losses will conse-

quently lead to a decrease in the open circuit voltage of a device.[104]

To measure the steady-state PL of lead-free double perovskites, a FLS980 fluorescence

spectrometer from Edinburgh Instruments was used. As light source a Xe-arc lamp or

a pulsed EPL-375 diode laser with a wavelength of 375 nm and tuneable repetition rate

was employed. Figure 4.1 shows the measurement setup of the FLS980.

Whenever the Xe-lamp is used for excitation, the beam is guided through a double

monochromator in order to obtain light of a single wavelength. After that, the beam is

directed into the sample chamber and lenses are used to further focus the beam onto

the sample. A reference detector in the sample chamber monitors the intensity of the

lamp and enables corrections of the detected PL spectra by the reference spectrum of

the Xe lamp.

The emitted light from the sample enters the detection arm of the FLS980 and is guided

through a double monochromator before it hits the photomultiplier system, which de-

tects the intensity of the emitted light. The photomultiplier of the setup is constantly

cooled to −22 ◦C in order to guarantee a low signal to noise ratio. It should also be

noted, that employing the laser as an excitation source, the FLS980 can also be used for

time correlated single photon counting (TCSPC), which will be explained in a later sec-
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tion. The resulting PL spectra (shown in Figure 4.3a) can be plotted against the wave-
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Figure 4.1: Measurement setup of the FLS980 PL spectrometer. The sample is excited either
by a cw Xe-lamp or by a pulsed laser, while the PL is detected by a photomultiplier
detection system.

length as well as against the energy. However, when a PL spectrum is converted from

a wavelength dependence into an energy dependence, one needs to take the Jacobian

transformation into account. A PL spectrum is recorded as PL intensity vs. wavelength

units.[110] Nevertheless, as wavelength and energy are inversely proportional to each

other, wavelength spacings are not identical to energy spacings as λ = hc
E . Using the

Jacobi transformation one obtains

f (E) = f (λ)
dλ

dE
=− f (λ)

hc

E 2
(4.7)

for the transformation of the data from intensity vs. wavelength to intensity vs. en-

ergy.[110]

Another possibility to investigate photophysical properties of a material is to perform

fluence dependent steady-state photoluminescence measurements. Here, the sample

is placed in a cryostat and PL is measured in transmission. A 415 nm Solis LED with

variable power from Thorlabs is placed in front of the sample, while the integrated

photoluminescence is detected by a silicon photodiode. An exemplary setup for flu-

ence dependent PL is shown in Figure 4.2.
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silicon diode

tube set

sample415nm LED

500nm longpass filter

Figure 4.2: Measurement setup for fluence dependent steady-state PL. As the light source a
415 nm Solis LED (Thorlabs) is used. The sample is put in the setup in transmission
geometry. In order to collect the light, a tube set with two lenses is used to focus the
emitted PL onto a silicon diode which measures the integrated photoluminescence
of the sample.

Fluence dependent steady-state PL is an easy tool to investigate the dominating re-

combination mechanisms in a material for different charge carrier densities. The quasi-

Fermi level splitting, as a measure of PL, can also be written in dependence on the PL

current density JPL , which is proportional to the measured PL intensity and the photo

current density in thermal equilibrium J0,r ad , as shown in Equation 4.8. Furthermore,

JPL can also be expressed in terms of the external photoluminescence quantum yield

EQEPL and the absorbed excitation flux Jex . Inserting those variables in Equation 4.8,

one obtains the expression of the second term. [111]

∆E f = kT ln

(
JPL

J0,r ad

)
= kT

[
ln

(
Jex

J0,r ad

)
+ ln(EQEPL)

]
=∆E f ,OC ,r ad +kT ln(EQEPL)

(4.8)

with ∆E f ,OC ,r ad representing the maximum quasi-Fermi level splitting in the case of

only radiative recombination.[111] Using the mass action law

∆E f = kT ln

(
ne nh

n2
i

)
(4.9)

with ne and nh being the electron and hole densities. One can further define the a slope

m, in Figure 4.3b as m = 1
pe

+ 1
ph

, with p representing the coefficient 1,2, or 3 for first,

second and third order recombination of electrons and holes. Using the slope m one

can then rewrite ∆E f to

∆E f ≈
(

1

pe
+ 1

ph

)
kT ln

(
Jex − Je(h)

J0

)
= mkT ln

(
Jex − Je(h)

J0

)
(4.10)

For optical measurements, one can assume the extraction rate of electrons and holes

Je(h) = 0 and the dark photo current J0 = const .[111] In the case of pure optical experi-

ments one can use the power law np
e(h) for the quantitative description of the recombi-

nation processes. Here, p is again the coefficient 1,2 or 3 for the different recombina-

tion orders.[111].
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In the case of pure second order radiative recombination, two particles take part in the

recombination process. Therefore, pe = ph will equal 2. Consequently, for purely radia-

tive recombination one can expect a slope of m = 1, as m is given by m = 1
pe

+ 1
ph

in flu-

ence dependent steady-state experiments.[111] As double perovskites often have large

exciton binding energies, which are not neglectable at room temperature, one should

also take excitons into account as a possible recombination mechanism.[70] In the case

of excitons, literature has shown that a slope of 1 is often observed as well.[112], [113]

This makes the interpretation of slopes in fluence dependent steady-state PL difficult

as one cannot differentiate between recombination of excitons and band-to-band sec-

ond order recombination.[112], [113] However, if the exciton binding energy of the in-

vestigated perovskite is known and larger than kbT , one can assume that only a very

small fraction of free carriers is present at room temperature, as suggested by the Saha-

equation.[31] Therefore, the dominating recombination with a slope of 1 is caused by

excitons.[31]

In the case of Shockley-Read-Hall (SRH) recombination, which is a first order process

(pe = ph = 1), m should equal 2. However, this is not the case as the trap states in the

middle of the bandgap will be occupied at different rates, depending on whether they

are deep in the bulk or close to transport layers. Hence it was shown, that for single

layers a slope of m = 1.5 should be expected.[111] This is caused by the charge selec-

tivity of the midgap trap states. If the trap is selective for holes (ph = 1), the electron

can still recombine radiatively with another hole and therefore pe = 2. In consequence,

this leads to 1
ph

+ 1
pe

= 3
2 .[111]

To complete the possible recombination mechanisms, Auger recombination will lead

to a slope of m = 2/3 as three particles are participating in the recombination pro-

cess.[111] Figure 4.3b shows a fluence dependent measurement of a Cs2AgBiBr6 thin

film. It is visible that for low excitation intensities only slopes of m = 1.5 are visible,

indicating dominating first order or trap assisted recombination. For higher intensi-

ties slopes of m = 1 are observed, which hints towards either radiative band-to-band

recombination or recombination of excitons as the dominating recombination path-

way. However, due to the high exciton binding energy of this type of double perovskite,

slopes of m = 1 will be interpreted as excitonic processes during this thesis.
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(a) (b)

Figure 4.3: a) Exemplary PL spectrum of a) Cs2AgBiBr6 lead-free double perovskite mea-
sured with the FLS980 spectrometer. b) Fluence dependent steady-state PL showing
different recombination regimes for varying excitation powers.

4.1.2 Transient PL

When the charge carrier dynamics of a system are of interest, transient photolumines-

cence (trPL) can be used to gain information about the rate constants for first, second

and third order recombination as well as about the photoluminescence lifetimes of a

material.[104]

Transient PL can typically be measured in two different configurations. Firstly, measur-

ing trPL with a streak camera where the changing PL spectrum is recorded over time

is possible. Hence, a trPL curve can be obtained when crosssections at specific wave-

lengths are taken.

Secondly, time correlated single photon counting (TCSPC), which has been used in this

thesis, can be employed. Here, the measurement principle is similar to a stop watch as

is presented in Figure 4.4. The excitation pulse (here a 375 nm pulsed laser) is excit-

ing the sample. Additionally, the same laser pulse also initiates a trigger signal which

is working as the start signal for the counter in the setup. The emitted PL then moves

through the setup to the PMT detector. As soon as the first photon reaches the PMT,

the counter stops. Hence, with every excitation event, there is a measurable time dif-

ference between start and stop pulse of the counter. As photon emission is a highly

statistical process, the distribution of the different delay times after the start pulse can

be monitored in a histogram. Hence, if only enough start-stop events are performed,

the TCSPC or trPL curve can be monitored and analyzed. In this thesis, all TCSPC mea-

surements were performed with the FLS980 in the configuration shown in Figure 4.1

and a pulsed diode laser as the excitation source. The achieved time resolution of this

setup is approximately 2 ns and limited by the instrument response function of the
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Figure 4.4: Schematics of the working principle of a TCSPC measurement.

setup. However, as PL lifetimes of perovskites are typically much longer than 2 ns, the

FLS980 is a suitable spectrometer to investigate charge carrier dynamics of perovskite

materials.

When it comes to analyzing trPL data, the rate equation in Equation 4.3 needs to be ac-

counted for. In Equation 4.3, three processes are contributing to the change of charge

carrier density over time. If we assume only first order recombination in a material,

Equation 4.3 can be rewritten to:

−dN

dt
= k1N (4.11)

The solution to this equation would then be a standard exponential function N (t ) =
N0 exp

(
− t
τ1

)
with τ1 = 1

k1
, describing the PL lifetime of a purely first order process.

This in turn means that if only SRH recombination is happening in a material, the trPL

should look like a straight line on a logarithmic scale. However, for lead-free double

perovskites, the decays are usually more complex as shown in Figure 4.5. The trPL de-
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Figure 4.5: Transient PL decay of a lead-free double perovskite thin film. The shape of the
trPL curve does not suggest a purely first order decay, but suggests that other pro-
cesses dominate the recombination dynamics.

cay for a lead-free double perovskite in Figure 4.5 is clearly not monoexponential at the
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used laser fluence. However, it is common practice within the community to fit such

a decay with multiple exponential functions.[17], [91], [114]–[118] Doing this, one re-

ceives several different values for the lifetime of the material: one in a very short time

range of a few ns, then one on a longer timescale of tens of ns and an even longer one in

the range of hundreds of ns.[17], [91] When fits are done for multiple different samples

of different stoichiometry or annealing temperatures, one can get an idea about the

different timescales on which the PL is decaying. Therefore, fits can be used to illus-

trate the PL decay times in a quantitative way. Furthermore, the different decay times

obtained by multi-exponential fits are often related to band-to-band or trap assisted

recombination.

Although fitting multiple exponentials to a decay as shown in Figure 4.5 is common

practice and acceptable in order to quantify and compare different samples, interpret-

ing the obtained lifetimes as physical processes is strictly speaking not possible.[119],

[120] As an exponential function only solves for pure first order recombination in a ma-

terial, as shown in Equation 4.3, this would mean that the decay in Figure 4.5 consists of

several different and independent first order processes while at the same time second

order recombination is not present.[104], [119], [121] This however is fairly unknown

for perovskite semiconductors and additionally, rate models have shown that it is usu-

ally not the case.[121]

Whenever trPL is measured, the used excitation fluence must be stated. As shown ear-

lier for steady-state fluence dependent PL in Figure 4.3, the dominating recombination

regime is changing when going from high to low excitation fluences. In trPL this has

been shown in detail by Staub et al. when they showed that purely first order recom-

bination can be seen for low excitation fluences.[104], [120] Hence, a straight line in

the trPL data is visible on a logarithmic scale. When the excitation fluence increases,

second order processes become more important. This changes the trPL curve from

a straight line to a curve which is no longer monoexponential.[104], [120] As a con-

sequence, trPL transients can be used in order to study the dominating recombina-

tion mechanisms of semiconducting materials, when the experiments are performed

at several different fluences.

4.2 PLQY as tool for quality assessment of double

perovskites

Another way to characterize crystals as well as thin films is photoluminescence quan-

tum yield. The PLQY of a sample is a direct measure of the fraction of radiative recom-
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bination, which a material emits relative to its absorption.[122] Generally, the quantum

yield of a material can be calculated by

PLQYi = k2N 2

k1N +k2N 2 +k3N 3
(4.12)

under the assumption that n = p.[104] This shows that the theoretical quantum effi-

ciency of a semiconductor is strongly dependent on the rates k1 and k3, as the radia-

tive recombination rate is a material dependent parameter. However, the nonradiative

recombination rates k1 and k3 describing SRH and Auger recombination also have a

significant impact on the quantum efficiency. Especially the nonradiative recombina-

tion of a material can be strongly influenced by trap states and defects introduced into

the system during the fabrication. Hence, the PLQY can be used to quantify the quality

of a material as well as its recombination losses.

However, when a material emits light, one has to consider that not all photons created

in the sample will actually be outcoupled. To be more precise, some of the generated

photons will be reabsorbed into the sample with a probability pr while others will ac-

tually be emitted into the integrating sphere with a probability pe .[104] Hence, Equa-

tion 4.12 only describes the internal PLQY, while the actually measured external PLQY

is written as

PLQYe = pe PLQYi

1−pr PLQYi
(4.13)

In order to assess the PLQY experimentally, the samples are placed in an integrating

sphere. For this thesis, the PLQY was measured in the FLS980, which has an adaptable

sample holder for an integrating sphere. As the excitation source, a 405 nm diode laser

was placed in front of the integrating sphere to create a defined illumination spot on

the sample.

For being able to calculate the PLQY six different measurements in three configurations

need to be conducted. A schematic of the three different measurement geometries is

presented in Figure 4.6. In a first step, the spectrum of the excitation laser is measured

in the configurations shown in Figure 4.6. One starts with the measurement of the laser

spectrum La and an empty integrating sphere. This is followed by a measurement of

the laser spectrum with the sample placed inside the integrating sphere but under in-

direct illumination (see Figure 4.6b). The resulting spectrum will be referred to as Lb .

Lastly, the sample is placed directly in the excitation beam and again, the laser spec-

trum is measured, which is now called Lc (see Figure 4.6c). In a later step, Lc and Lb

will give information about the absorption of the sample.

Following the laser spectrum, one also needs to measure the PL of the sample in the

integrating sphere. For that, a reference measurement of the empty integrating sphere,
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(a) (b) (c)

Figure 4.6: Measurement geometry for PLQY experiments. The sample is placed in an inte-
grating sphere. However, several measurements are necessary. a) without the sam-
ple in the integrating sphere, b) with the sample in the sphere placed in a way, that
direct light cannot hit the sample and c) direct illumination of the sample.

as depicted in Figure 4.6a, is performed which is called Pa . Then again, the sample

is placed in the sphere without being directly illuminated and the PL of the sample is

tracked (Figure 4.6b). This is spectrum Pb . Finally, the PL of the sample is measured

with the sample directly in the excitation beam (Figure 4.6c). This measurement is re-

ferred to as Pc . Figure 4.7 shows the resulting spectra for all performed measurements

as an example. The calculation of the external PLQY is done as suggested by de Mello

(a) (b)

Figure 4.7: Exemplary measurement for PLQY on a lead-free double perovskite. a) shows the
reference measurements La of the laser spectrum and Pa of the empty integrating
sphere. b) shows the measurements Lb and Lc of the laser spectrum with the sample
under indirect and direct illumination as well as the PL of the sample under indirect
Pb and direct Pc illumination.

et al.[122] Note that in order to calculate the PLQY, the integrated PL values are used

for the evaluation. At first, the absorption of the sample is calculated by

A = 1− Lc

Lb
(4.14)

Knowing the absorption of the sample, one now deals with the obtained emission spec-

tra P. Figure 4.7a clearly shows that the integrating sphere itself emits light. Therefore,
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the actual sample PL is calculated by subtracting Pa from the PL data Pb and Pc . Like

this, the spectra in Figure 4.7b are obtained. As a next step, the number of absorbed

photons is calculated by

#photonsA = La · A (4.15)

Knowing the absorption properties of the sample, one can now deal with the number

of emitted photons in the next step. The emission is given by

#photonE = Pc − (1− A) ·Pb (4.16)

Finally, the PLQY can be calculated as

PLQYe =
#photonsE

#photonsA
= La · A

Pc − (1− A) ·Pb
(4.17)

From Equation 4.17 one clearly sees how increased nonradiative recombination will

affect the PLQY value. As nonradiative recombination increases and hence #photonsE

decreases while #photonsA stays constant, a decrease of the PLQY can be expected.

Hence, PLQY is an easy method to optimize the fabrication parameters of devices and

thin films.

4.3 Optical characterization of perovskite crystals

by absorption

Using PL spectroscopy to investigate the properties of a material gives important infor-

mation about charge carrier dynamics as well as nonradiative recombination losses.

However, if the bandgap and defects are of interest, absorption spectroscopy can be

employed.

Additionally, one has to consider that PL spectroscopy is generally a surface sensitive

technique due to the low penetration depth of the excitation beam. Hence, using ab-

sorption measurements and employing a white light source can give additional infor-

mation about the bulk properties of a material. Especially when crystals are used, ab-

sorption experiments should be conducted additionally to PL measurements in order

to gain more information about the bulk properties of the crystal. Therefore, the fol-

lowing section will introduce different techniques to measure absorption on a crystal

and introduce the concept of Urbach energies.
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4.3 Optical characterization of perovskite crystals by absorption

4.3.1 Light absorption in semiconductors

When a photon is absorbed by a material, an electron from the valence band of the

material is excited into the conduction band of the semiconductor. The transition rate

of the electron into the conduction band depends on the density of states as well as on

the matrix element M describing the effect of light on the electrons.[103] The matrix

element is given by

M =
∫
ψ∗

f (⃗r )H ′(⃗r )ψi (⃗r )d 3r⃗ (4.18)

Here, H ′ is the perturbation arising from the light wave described by

H ′(⃗r ) = e ϵ⃗0r⃗ exp(i k⃗ r⃗ ) (4.19)

while r⃗ is the vector describing the position of the electron. Furthermore, the electron

states in the semiconductor can be described by Bloch functions. Hence, the wave-

functions ψ f (⃗r ) and ψi (⃗r ) can be rewritten depending on the periodicity of the crystal

lattice.[103] The absorption properties of a semiconductor also depend on the joint

density of states for parabolic bands which is described by

g (E) = 1

2π2

(
2m∗
ħ2

) 3
2

E
1
2 (4.20)

with m∗ being the effective mass of the electron.

For a direct semiconductor and excitation of charge carriers above the bandgap Equa-

tion 4.20 changes to

g (E) = 1

2π2

(
2µ

ħ2

) 3
2

(E −Eg )
1
2 (4.21)

with µ being the effective electron-hole mass.[103]

While in a direct semiconductor, the electron is excited directly from the valence into

the conduction band, in an indirect semiconductor, an additional phonon participates

in the absorption (and emission) process.[103] As a result, the absorption coefficient α

of a direct bandgap semiconductor is proportional to α(E) = 0 for E < Eg and α(E) ∝
(E −Eg )

1
2 for excitation energies E > Eg . However, for an indirect semiconductor the

absorption coefficient changes toαindirect(E) ∝ (E−Eg ∓ħΩ)2, as the phonon contribu-

tion has to be included.[103] Hence, the absorption coefficient also contains informa-

tion about the nature and energy of the material’s bandgap. Moreover, if the absorption

coefficient of a material is known over a wide range of energies, the bandgap of a ma-

terial can be determined.

Unfortunately, in standard measurements the absorption coefficient of a material is

not directly accessible. As a consequence, only the absorption A of the material can be
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accessed experimentally.

When light with intensity I0 is shone onto a material, the light intensity I (d) is attenu-

ated according to the law of Lambert-Beer

I (d) = I0 exp(−α(E)d) (4.22)

Experimentally, this is realized by measuring transmittance and reflectance of a mate-

rial. Such measurements are usually conducted by placing the sample in an integrating

sphere and using a tuneable white light source for excitation. By measuring I0 of the

light source, followed by measuring the remaining intensity of the light while the sam-

ple is inside the integrating sphere, the reflectance R and transmittance T of the sample

can be obtained. The resulting absorptance is then given by

A = 1−T −R (4.23)

Figure 4.8 shows the evolution of the absorptance spectra of a material for different

calculated sample thicknesses. In Figure 4.8 one sees that no information about the

bandgap of the material can be obtained from just plotting the absorptance vs. wave-

length as the absorption onset is redshifting continuously with increasing layer thick-

ness. Hence, only the absorption coefficient can be considered a thickness indepen-

dent material parameter and should therefore be calculated when the absorption prop-

erties of a material are investigated. Due to the large thickness of the crystals pre-
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Figure 4.8: Evolution of the absorption onset of a material for different layer thicknesses.
The absorption onset is redshifting with increasing sample thickness and hence does
not include information about the bandgap of the sample.

sented in this thesis, the following sections will elaborate on different measurement

techniques to gain information about the absorption properties of the grown lead-free
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4.3 Optical characterization of perovskite crystals by absorption

double perovskites.

In a first step, crystal transmission is introduced to get knowledge about subbandgap

absorption. Secondly, photoluminescence excitation can be used as a surface sensitive

technique to gain knowledge about the absorption properties above the bandgap of a

perovskite crystal.

4.3.2 Transmission measurements

white light 

source

aperture

tube set

with lenses
Princeton Instruments Acton SpectraPro SP2300

with PyLon Silicon CCD Detector

Sample

Figure 4.9: Measurement geometry for transmission experiments on lead-free double per-
ovskite crystals. The sample is placed in a cryostat and excited with white light. In
order to limit the spot size to the size of the crystal, an aperture is glued on top of the
crystal. A tube set is used to collect and focus the transmitted light. The collected
transmittance is detected by a PyLon Silicon CCD Detector.

To measure the transmittance of a crystal, the sample is glued onto a glass substrate

and placed inside a cryostat. A white light source is used to excite the sample. The

beam is guided through an aperture to limit the spot size to the size of the investi-

gated crystal. The transmitted light is then collected by a tube set and focused into

a fiber, connected to a Princeton Instruments Acton SpectraPro SP2300 Spectrometer.

The transmission signal is detected by a cooled PyLoN Silicon CCD Detector. Addi-

tionally, the lamp spectrum is measured separately as a reference in order to correctly

calculate the transmittance of the crystal.

The transmission of the crystal is then calculated by T = Icrystal

Ilamp
. The absorption was

obtained using Equation 4.23 with R = 0, as the reflectance is neglected during this

measurement. Using the law of Lambert Beer as

A = 1−exp(−αd) (4.24)

the absorption coeffcient can be calculated.
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4.3.3 Photoluminescence excitation

Due to the large thickness of the crystals, transmission measurements can only probe

states below the band edge of the crystal, as the absorption coefficient of the material

is rather high at energies above the band edge. Hence, only light with energies in the

range of low absorption coefficients will be transmitted, while light with energies above

the bandgap will be completely absorbed by the crystal. However, when a surface sen-

sitive technique, such as PLE is applied, it is still possible to monitor the optical prop-

erties of a material at energies above the bandgap, due to the low penetration depth of

the incident light and the measurement being performed in a reflection geometry.

As PLE measures the emitted photoluminescence for different excitation wavelengths,

the obtained signal is still determined by radiative recombination in the sample. Hence,

the PLE intensity will depend on the PLQY of the sample given by Equation 4.12.[123]

However, it has been shown that PLE can still be treated as a measure of absorption, if

two concerns can be addressed. First, the detected PL intensity has to be dependent

on the absorption coefficient of the material. This rule has been formulated by Vavilov

in 1922 and means that the PLQY of a material is independent of the excitation en-

ergy.[124] Second, Kasha’s rule also has to be fulfilled. Kasha states, that the observed

emitting state must always be the lowest excited state in a material.[125] Although there

are materials which violate both of those rules, no such violation was found for lead-

free as well as lead-halide perovskites up to date. Therefore, PLE can be treated as a

measure of absorption when lead-free double perovskites are investigated.

In this thesis, PLE was measured using the FLS980 setup, presented in Figure 4.1. Be-

fore measuring the PLE of a crystal, a PL spectrum was always obtained in order to

provide the wavelength of the PL maximum. For PLE, the PL emission wavelength is

fixed to the position of the PL maximum, while the excitation wavelength is continu-

ously changed. Like this, the intensity of the PL can be tracked for different excitation

wavelengths, allowing the electronic energy structure of a material to be tracked simi-

larly to conventional absorption spectroscopy.[126]

4.3.4 Characterization of tailstates by Urbach energy

Ideally, the absorption of a semiconductor shows a steep increase of the absorption co-

efficient at the bandgap. However, a more gradual absorption edge is often observed

in indirect semiconductors or materials which show a high density of tailstates.[127]

Tailstates are considered a density of states which extends into the bandgap of a semi-

conductor and in consequence presents a possibility for parasitic recombination of

charge carriers and a broadening of the absorption edge.[128]–[130] In turn, such par-
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4.3 Optical characterization of perovskite crystals by absorption

asitic recombination can lead to additional losses of the open circuit voltage (VOC ) of a

solar cell.[130] Hence, when designing an absorbing layer, additional attention should

be paid to the reduction of tailstates.[131]

Those states below the bandgap can be caused by either structural or thermal disor-

der, which can be introduced during the fabrication of the material.[132] Additionally,

phonons, static disorder, defects, as well as variations of the bond lengths and band gap

fluctuations can lead to the observation of tailstates in a material.[129], [130] In order to

describe subbandgap states phenomenologically, Urbach energies EU can be used if an

exponential absorption tail is observed.[133], [134] Subsequently, using Equation 4.25

to fit the low energy part of the absorption spectra makes an estimation of the Urbach

energy possible.[134]

α(E ,T ) =α0 exp

(
−E0 −E

EU (T )

)
(4.25)

Here, E0 is the energy of the material’s absorption edge, E the photon energy and EU (T )

the Urbach energy, representing the slope of the absorption edge. The temperature de-

pendence of the Urbach energy can also be expressed by summation of a static and a

dynamic contribution. The static contribution to the Urbach energy is caused by struc-

tural disorder while the dynamic contribution takes thermal broadening into account

as shown in Equation 4.26.[134]

EU (T ) = E st at
U +E d yn

U (T ) (4.26)
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Figure 4.10: Temperature dependent absorptance of a lead-free double perovskite showing
the temperature dependence of the absorption tail. In the inset the extracted Urbach
energies are depicted for the measured temperature range.
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Figure 4.10 shows the temperature dependence of the absorption edge and Urbach

energies for a Cs2AgBiBr6 crystal. The absorptance was obtained by transmission mea-

surements of a crystal as described in subsection 4.3.2. Figure 4.10 also shows a con-

tinuous decrease of the Urbach energy from 180 K to 100 K, indicating a change of the

material’s disorder at lower temperature. This shows that absorption measurements

and Urbach energy fitting can also be used to gain knowledge about the structural dis-

order and defect properties over a wide temperature range.[131]
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5 In�uence of crystallization and

precursor stoichiometry on the

physical properties of

Cs2AgBiBr6

High-quality single crystals are a good model system to investigate the physical prop-

erties of a material independent of stoichiometric changes, which can be introduced

during sample fabrication. Therefore, the first part of this chapter will deal with the

impact of growth temperature and growth method on the optical properties of high-

quality Cs2AgBiBr6 crystals. Here, a new growth technique based on the slow evapo-

ration of organic solvents is introduced. Comparing the solubility curves of the newly

established evaporation technique to the conventional controlled cooling method, the

advantages of the developed growth method can be proven. Moreover, it is shown that

the growth temperature significantly affects the optical properties of crystals. By relat-

ing the crystal growth conditions to changes in the optical properties of this material,

the first part of this chapter will contribute to a better understanding of the structure-

property relationship of Cs2AgBiBr6 and like this provide a solution for further opti-

mization of Cs2AgBiBr6 solar cells.

The second part of this chapter will then elaborate on the impact of small stoichiomet-

ric changes on the optoelectronic properties of Cs2AgBiBr6 thin films. In order to an-

alyze the influence of the stoichiometric changes, a focus will be set on structural and

optical measurements, such as XRD, PL and PLQY. It will be shown that a small excess

of Bi in the film leads to higher crystallinity in the film, as well as longer PL lifetimes

and higher power conversion efficiencies in the fabricated device.
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5 Influence of crystallization and precursor stoichiometry on the physical properties of Cs2AgBiBr6

5.1 In�uence of crystallization on the structural

and optical properties of Cs2AgBiBr6

perovskite crystals

The work presented in this section is based on the publication "Influence of crystalli-

sation on the structural and optical properties of Cs2AgBiBr6 perovskites crystals" by

Melina Armer, Julian Höcker, Carsten Büchner, Sophie Häfele, Patrick Dörflinger, Max-

imilian T. Sirtl, Kristofer Tvingstedt, Thomas Bein and Vladimir Dyakonov published in

CrystEngComm in 2021, volume 23, pages 6848-6854.

5.1.1 Discrepancies in PLE spectra of Cs2AgBiBr6 crystals

and thin �lms

Lead-free double perovskites have up to now been evaluated as prototypes of photo-

detectors,[64], [135]–[137] light-emitting diodes,[138]–[140] solar cells,[141]–[145] and

X-ray detectors.[88], [117], [146] An important development of such electronic devices

was made by employing Cs2AgBiBr6, [17], [46] due to the easy applicability of this ma-

terial as polycrystalline films or single crystals. [17], [88], [117], [135], [136], [141]–

[144], [146] However, the physical properties of Cs2AgBiBr6 which are currently inten-

sively discussed in the community, are not yet fully understood. For example, the op-

tical properties have shown puzzling differences in UV-Vis absorption, PL and PLE be-

tween crystals and thin films.[69], [147], [148] Most prominently, the PLE spectra of

Cs2AgBiBr6 crystals show a sharp increase at excitation energies around 2.4 eV when

measured at 5 K, followed by a pronounced drop at 2.85 eV, which is assigned to a res-

onant excitation of direct band gap excitons.[65], [147] The difference between the ab-

sorption and PLE is explained by the emission of a color center located deep in the

bandgap of Cs2AgBiBr6.[147] However, measurements on thin films revealed a differ-

ent behavior: although a slight drop of the PLE signal at 2.8 eV has been observed by

several groups, the signal is not quenched completely, in contrast to the behavior of

single crystals.[69], [148] Furthermore, the sharp initial increase of the PLE signal was

not observed in films. The rise of the signal is instead flattened and blue shifted when

compared to the PLE of single crystals.

In the following sections, it will be shown, that the optical properties and particularly

the PLE differ even for differently grown crystals. Although the reasons for the reported

discrepancies are not yet fully understood, a possible key factor investigated in this sec-

tion is the different structure and stoichiometry of thin films and crystals due to syn-

thesis processes, which may lead to differences in the optical properties. When thin
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films are processed, the precursor salts of Cs2AgBiBr6 are usually dissolved in dimethyl

sulfoxide (DMSO) and annealed at rather high temperatures up to 285 ◦C after spin

coating to evaporate the solvent and to form a polycrystalline film. [141], [142], [144] In

contrast to that, crystals are synthesized differently. To be more precise so far crystals

have been exclusively grown via an acid-based and controlled cooling crystallization

technique. [17], [46], [88], [91], [136], [145], [149] When acids are used, the formation

of crystals is promoted by slowly cooling the precursor solution, in contrast to the fast

annealing process used for the crystallization of thin films.

In this section, an alternative method for growing Cs2AgBiBr6 crystals by slow evapo-

ration is presented. In fact, growth by evaporation is a common and simple method

to grow perovskite crystals.[83], [87], [150], [151] Importantly, the physical properties

of the crystals grown by slow evaporation are more comparable to those of thin films.

This can be attributed to the preparation conditions and crystallization mechanisms

which are more similar to those being used in the synthesis of thin films.

5.1.2 Experimental methods to investigate structural and

optical properties of Cs2AgBiBr6

Materials and solvents

DMF (99.8 %), DMSO (>99.9 %), cesium bromide (CsBr) (99.999 %, trace metals basis)

were acquired from Sigma-Aldrich. Bismuth bromide (BiBr3) (99.998 %, metals basis)

and silver bromide (AgBr) (99.998 %, metals basis) were purchased from Alfa Aesar. HBr

(48 wt%) was purchased from our in-house chemical supply of the Faculty of Chemistry

and Pharmacy of the University of Würzburg. All chemicals were used as received and

without further purification.

Solubility curves of Cs2AgBiBr6

CsBr (2 eq, 47.88 mg, 0.225 mmol), AgBr (1 eq, 21.12 mg, 0.1125 mmol) and BiBr3 (1 eq,

50.48 mg, 0.1125 mmol) were weighed in stoichiometric amounts into a 4 ml glass vial

in a nitrogen filled glovebox with a water and oxygen content below 1 ppm. The sol-

ubility curve for the acid-based process was achieved by adding small amounts of hy-

drobromic acid (HBr) (50µl) 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 Cs2AgBiBr6 in HBr.

The error of this process was estimated to be 100µl for each precursor solution.

The solubility curves of Cs2AgBiBr6 in DMF/DMSO (1 : 2) and pure DMSO were ob-

tained in a similar way: CsBr (2 eq, 301.42 mg, 1.42 mmol), AgBr (1 eq, 132.98 mg,
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0.071mmol) and BiBr3 (1 eq, 317.75 mg, 0.071 mmol) were weighed in stoichiometric

amounts in a nitrogen filled glovebox. By adding either a mixture of DMSO/DMF or

pure DMSO under constant stirring, the solubility behavior was determined for differ-

ent temperatures. Every hour, 50µl of the corresponding solvent were added to the

solutions, until the precursor salts were completely dissolved. The error of this process

was estimated to be 10 g/l.

Cs2AgBiBr6 crystal growth and thin �lm synthesis

Crystal growth from controlled cooling In order to obtain Cs2AgBiBr6 crystals

from HBr, the commonly known crystal growth protocol was followed. [17] A 0.3 molar

solution of CsBr (2 eq, 319.21 mg, 1.5 mmol), AgBr (1 eq, 140.83 mg, 0.75 mmol), and

BiBr3 (1 eq, 336.52 mg, 0.75 mmol) was prepared with 10 ml of 48 wt% HBr. The solu-

tion was placed on a hotplate, in an oil bath, and heated to 110 ◦C for 2 h in order to

obtain a completely dissolved precursor solution. To promote crystal growth, the solu-

tion was cooled down to room temperature (RT) at a rate of 1 ◦C/h. The crystals were

then washed and dried with dichloromethane (DCM) in order to avoid any precursor

precipitates remaining on the surface.

Crystal growth by slow evaporation A 1.5 molar stoichiometric solution of CsBr,

BiBr3 and AgBr was prepared by weighing 478.82 mg (2 eq, 2.25 mmol) of CsBr, 211.24 mg

(1 eq, 1.125 mmol) of AgBr and 504.78 mg (1 eq, 1.125 mmol) of BiBr3. The precursors

were dissolved in 3 ml of a 2 : 1 DMSO/DMF mixture on a hotplate. After complete

dissolution, the solution was filtered using a Poly(1,1,2,2-tetrafluoroethylene) (PTFE)

filter with a pore size of 0.20µm. The precursor solution was then placed at 146 ◦C on

a hotplate for approximately 72 h until crystallization occurred. The resulting crystals

were taken out of the solution and then washed with DCM to avoid any precursor pre-

cipitates on the surface.

Thin �lm synthesis Thin films were obtained using the protocol described in Sirtl

et al. and were fabricated by Maximilian T. Sirtl from the group of Thomas Bein at LMU

Munich.[144] A stoichiometric precursor solution was prepared by dissolving CsBr (212.8 mg,

1 mmol, Alfa Aesar 98.999 % metals basis), BiBr3 (224.4 mg, 0.5 mmol, Alfa Aesar 99.9 %

metals basis) and AgBr (93.9 mg, 0.5 mmol, Alfa Aesar 99.998 % metals basis) in 1 ml

of DMSO. The solution was stirred at 130 ◦C until it was completely dissolved. After-

wards, the thin films were spin coated dynamically in a nitrogen filled glovebox (Step 1:

1000 rpm for 10 s, Step 2: 5000 rpm for 30 s). 7 s before the end of the second spin coat-
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ing step, 400µl of 2-propanol were dripped quickly onto the substrate. This procedure

was followed by annealing the films for 5 min at 275 ◦C.

Characterization of the grown crystals and thin �lms

Characterization of stoichiometry and crystal structure XRF, XRD and EDX

measurements were performed in order to characterize the obtained stoichiometry as

well as the crystal structure of the samples. For EDX measurements, at least 4 working

areas were measured. The obtained data was then normalized and averaged to obtain

an average stoichiometry and elemental distribution over the whole crystal surface.

EDX measurements were performed by Stephan Braxmeier at the ZAE Bayern.

For crystal structure analysis an orange block-like specimen of Cs2AgBiBr6, with ap-

proximate dimensions of 0.020 mm · 0.020 mm · 0.030 mm, was used for the X-ray crys-

tallographic analysis. The X-ray intensity data were measured on a Bruker D8 Ven-

ture TXS system equipped with a multilayer mirror optics monochromator and a Mo

Kα rotating-anode X-ray tube (λ=0.071073 Å). The measurements were performed at

room temperature (RT). The crystal structure analysis was performed in the group of

Thomas Bein at the LMU Munich.

Optical characterization of the absorption tail PLE spectra were measured with

a FLS980 spectrometer as described in subsection 4.3.3. All measurements were per-

formed under ambient conditions. As the absorption coefficient is a thickness inde-

pendent material property, the PLE spectrum must overlap with the absorption coeffi-

cient of the thin film in the energy range of 2.2 eV to 2.4 eV. The absorption coefficient

for PLE measurements was therefore obtained by shifting the PLE spectra to the ab-

sorption coefficient of the thin film in the energy range of 2.2 eV to 2.4 eV. In this range,

the shape of the PLE spectrum aligned perfectly with the shape of the calculated ab-

sorption coefficient of the thin film.

In order to further probe the optical absorption edge of the Cs2AgBiBr6 crystals, the

transmission of the crystals was measured as described in subsection 4.3.2. An ex-

emplary absorption coefficient for transmission and PLE, together with the measured

penetration depths and measured energetic ranges for PLE and absorptance, are de-

picted in Figure 5.1.
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Figure 5.1: a) Probing depths for PLE and transmission measurements on the Cs2AgBiBr6

crystals. The blue arrows indicates that the PLE is only probing the surface of the
crystals. Additionally, as PLE is only measured at energies higher than the PL emis-
sion, the absorption tail can only be probed at higher energies. The yellow arrows
show that transmission can only be detected in the low energy region, as no light is
transmitted by the crystal at higher energies due to a large absorption coefficient. b)
Scheme of the absorption coefficient for materials with high (purple line) and low
(black line) Urbach energies. The red and blue squares demonstrate the regions in
which the absorption coefficient is probed by crystal transmission and PLE. Repro-
duced from [81] with permission from the Royal Society of Chemistry.

5.1.3 Solubility curve of Cs2AgBiBr6

In order to understand the crystallization of Cs2AgBiBr6 via evaporation and controlled

cooling, solubility diagrams were prepared.[46] To ensure the correct stoichiometry of

the precursor solution, the precursor salts CsBr (1 mmol), BiBr3 (0.5 mmol) and AgBr

(0.5 mmol) were dissolved either in a 2 : 1 mixture of DMSO and DMF, pure DMSO or

HBr (48 wt%, boiling point (Bp)= 126 ◦C [152]). The colored curves in Figure 5.2 show

the solubility of dissociated Cs2AgBiBr6 in different organic solvents as well as by dis-

solving bromine-containing salts in HBr. In Figure 5.2, an increase in solubility with

rising temperature can be observed for all prepared solutions. The blue squares are

consistent with the values reported in literature [88] and provide information about

the ongoing crystallization process: slow cooling in steps of 1 ◦C/h of the hot saturated

precursor solution slowly reduces the solubility of the perovskite. Finally, the solution

supersaturates at a temperature of about 90 ◦C and crystal nuclei form spontaneously

which, upon further cooling, form red crystals with defined facets and edges and a

clearly visible octahedral shape as shown in the inset of Figure 5.2.

By comparing the red (DMSO/DMF) and violet (DMSO) solubility curves, it becomes

clear that the perovskite is much more soluble in organic solvents than in aqueous

acids. On average, the solubility of the perovskite in pure DMSO is nine times higher
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Figure 5.2: Solubility curves of Cs2AgBiBr6 in the organic solvent DMSO, the mixture
DMSO:DMF and HBr (48 wt%). The inset displays an image of a crystal grown by
controlled cooling. Reproduced from [81] with permission from the Royal Society of
Chemistry.

than in HBr. Although the solubility in a mixture of DMSO and DMF is reduced by a

factor of 1.7 compared to pure DMSO, these solvents seem to be inadequate to crys-

tallize the double perovskites by controlled cooling due to the relatively high solubility

of Cs2AgBiBr6 in these organic solvents. Moreover, one can exclude crystal growth by

"inverse temperature crystallization" [85] since a decreasing solubility with increasing

temperature would be required, which is clearly not the case here.[28], [86]

Despite the high solubility of Cs2AgBiBr6 in organic solvents, it is nevertheless possi-

ble to use these solvents to grow crystals in a controlled manner, e.g. by reducing the

solubility of the perovskite via evaporating the precursor solution to obtain a supersat-

urated solution.
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5.1.4 Crystal growth by evaporation and controlled cooling

To assess the crystallization process of the double perovskite in an organic solvent,

Cs2AgBiBr6 in the DMSO:DMF blend was used as it has a lower solubility. This solvent

mixture combines the advantages of a sufficient amount of the double perovskite being

dissolved with the faster solvent evaporation. A faster solvent evaporation is expected

due to the lower Bp of DMF (Bp = 153 ◦C)[153] compared to DMSO (Bp = 189 ◦C).

The precursor solutions were first filtered into a bottle using a syringe filter, which

thereafter was placed on a hotplate with and without bottle cap as shown in Figure 5.3

for crystal growth by either controlled cooling or slow evaporation. In the initial phases

Figure 5.3: Schematic illustration of the crystallization techniques controlled cooling and
(slow) evaporation for the growth of mm-sized Cs2AgBiBr6 crystals. Reproduced
from [81] with permission from the Royal Society of Chemistry.

of crystal growth by slow evaporation, the yellow solution turns turbid over time as

shown in Figure 5.4, and the crystalline side phases AgBr and cesium silver bromide

(CsAgBr2) are formed. As an example, the turbidity of the solution could be observed at

60 ◦C after approximately 2 h, followed by the formation of the sidephase for about an-

other hour. For comparison, at even lower temperatures e.g. 40 ◦C, the solution turns

turbid after 3 h followed by the formation of the sidephase 3 h later. This indicates that

the process of crystal growth as well as sidephase formation strongly depend on the

chosen growth temperature. Figure 5.5 shows the corresponding EDX and XRD pat-

terns for crystals of the AgBr and CsAgBr2 sidephases. Table 5.1 shows the correspond-

ing stoichiometries determined by EDX of the corresponding sidephases. The powder

XRD in Figure 5.5b proposes an orthorhombic crystal structure for CsAgBr2 with lattice

constants of a =20.05 Å, b =5.05 Å and c =6.01 Å, which is in good agreement with the

values for the β-phase of CsAgBr2 in literature.[154]

60



5.1 Influence of crystallization

Figure 5.4: Formation of sidephases during crystal growth by slow evaporation. (a) The at
first clear solution turns turbid over time when the sidephases CsAgBr2 and AgBr are
formed as shown in (b). (c) Growth of the Cs2AgBiBr6 crystal following the sidephase
formation. Reproduced from [81] with permission from the Royal Society of Chem-
istry.

(b)(a)

Figure 5.5: (a) EDX spectra of the sidephases AgBr and CsAgBr2. (b) Powder XRD pattern
of CsAgBr2 with corresponding fit to evaluate the lattice constant. Reproduced from
[81] with permission from the Royal Society of Chemistry.

Element AgBr CsAgBr2
Expected

atom fraction [%]
Experimental

atom fraction [%]
Expected

atom fraction [%]
Experimental

atom fraction [%]
Cs 0 0.5 25 23.37
Ag 50 48.03 25 21.35
Br 50 51.47 50 54.48
Bi 0 0 0 0.80

Table 5.1: Theoretical stoichiometry and experimental data of the sidephases AgBr and
CsAgBr2. The exact determined stoichiometries by EDX were Cs0.5Ag48.03Br51.47 and
Cs23.37Ag21.35Bi0.8Br54.48. As only 0.5 at% of Cs were found in the Cs0.5Ag48.03Br51.47

side phase, it is safe to assume that some Cs precursor salt can still be found on the
AgBr crystals. Furthermore, the amount of Bi in the Cs23.37Ag21.35Bi0.5Br54.48 was be-
low 1 at%. Hence, one can conclude that some Bi is found on the crystal surface,
while the bulk of the yellow phase follows the stoichiometry of CsAgBr2.
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However, as time progressed, the white AgBr and yellow CsAgBr2 polycrystals mostly

dissolved again, and small Cs2AgBiBr6 crystals eventually formed on the bottom of the

bottle. By increasing the growth temperature, the evaporation rate increased and a

shorter growth period was found, as shown by the orange dots in Figure 5.6. As a con-

sequence, many small crystals were formed in a short period of time, which is a clear

indication of crystallization caused by evaporation. However, increasing the growth

temperature also led to a strongly increased evaporation rate of the solvent when the

bottle cap was slightly opened. Therefore, only polycrystals were formed. The evapo-

ration rates and hence growth times for the crystals are depicted in Figure 5.6. By opti-

mizing the extent of the bottle opening, it is possible to suppress the polycrystal growth

so that mm-sized crystals can grow both at room temperature (RT) and at higher tem-

peratures (146 ◦C). However, one should note that the slow evaporation method re-

quires much more time, as the solvent can only escape slowly, thus preventing a faster

decrease in solubility followed by crystallization. Nevertheless, very slow evaporation

is an important prerequisite for high-quality crystal growth as will be shown below.
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Figure 5.6: Growth period as a function of temperature to grow Cs2AgBiBr6 perovskite crys-
tals by evporating the organic solvent. The insets show the corresponding crystals,
whereby the color of the frame enables the assignment to the bottle opening dur-
ing crystal growth. Reproduced from [81] with permission from the Royal Society of
Chemistry.
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5.1 Influence of crystallization

5.1.5 Characterization of the crystal structure and crystal

quality

The crystals grown by controlled cooling and evaporation were in a next step analyzed

using XRF in order to detect the photon energies of the elements Cs, Ag, Bi and Br. For

these measurements, the crystals were ground into a fine powder. Besides Br, Figure 5.7

clearly shows the Lα1, Lβ1 and Lγ1 shell emission lines of Bi and the X-ray lines of Cs

(Lα1; Lβ1).

(a) (b)

Figure 5.7: XRF spectra of the Cs2AgBiBr6 powder grown by slow evaporation (RT) and con-
trolled cooling, evaluating the elements Cs, Ag, Bi, Br. a) XRF spectra recorded with a
molybdenum radiation source. The asterisk marked peaks are caused by the sample
holder. b) XRF spectra recorded with a copper radiation source. Reproduced from
[81] with permission from the Royal Society of Chemistry.

The elements on the crystal surfaces were identified by energy dispersive X-ray (EDX)

measurements. Besides the photon energies of Cs, Figure 5.8 shows the L-shell emis-

sion (L=1.49 keV) and the K-shell emission (Kα=11.89 keV; Kβ1=13.28 keV) of Br as well

as the emission lines of Ag (Lα; Lβ). Moreover, the XRF and EDX spectra of the crystals

grown at different temperatures are almost identical, which indicates that the evapora-

tion method is suitable for growing Cs2AgBiBr6 crystals. In addition, the EDX and XRF

data suggest no difference for the crystals grown by slow and fast evaporation as shown

in Figure 5.9.
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5 Influence of crystallization and precursor stoichiometry on the physical properties of Cs2AgBiBr6

Figure 5.8: EDX measurements to detect the elements on the crystal’s surface for crystals
grown by controlled cooling and slow evaporation. Reproduced from [81] with per-
mission from the Royal Society of Chemistry.

(a) (b)

Figure 5.9: a) XRF spectra of the Cs2AgBiBr6 powders, obtained from crystals grown by fast
evaporation 146 ◦C and slow evaporation (RT). The asterisk marked peaks are caused
by the sample holder. (b) EDX spectra of Cs2AgBiBr6 crystals, grown by fast and slow
evaporation, revealing the photon energies of the elements Cs, Ag, Bi and Br. Repro-
duced from [81] with permission from the Royal Society of Chemistry.

To confirm the correct stoichiometry of the crystals, the EDX data was evaluated

quantitatively to obtain the atom fractions of the elements on the crystal surfaces. Ta-

ble 5.2 shows a nearly perfect stoichiometry of Cs2AgBiBr6 for all growth methods. Ad-

ditionally, inductively coupled plasma optical emission spectrometry (ICP-OES) and

EDX measurements of the crystal powders also confirmed the stoichiometry deter-

mined with EDX measurements, as shown in Table 5.3 and Table 5.4.

After the correct stoichiometries of the grown crystals were ensured, the crystal struc-

tures were investigated for each growth technique. For this, XRD patterns of the crystal
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5.1 Influence of crystallization

Atom fraction [%] Theory Controlled Cooling Slow evaporation (RT) Fast evaporation (146 ◦C)
Cs 20 19.77 21.53 19.96
Ag 10 9.64 10.76 9.48
Bi 10 9.63 13.53 9.81
Br 60 60.96 54.18 60.74

Table 5.2: Quantitative analysis of the Cs2AgBiBr6 crystal surfaces by EDX

Atom fraction [%] Theory Experimental
Cs 20 19.9
Ag 10 10.0
Bi 10 10.0
Br 60 60.1

Table 5.3: Theoretical stoichiometry and experimental data of Cs2AgBiBr6 grown by
controlled cooling, determined by ICP-MS, ICP-AES and ion chromatography.
The measurements were performed at VOM Münster. A stoichiometry of
Cs19.9Ag10.0Bi10.0Br60.1 was found.

powders were recorded which are shown in Figure 5.10. The fits of the obtained pow-

(a) (b)

Figure 5.10: a) Powder XRD pattern of Cs2AgBiBr6 to compare the growth methods slow
evaporation (RT) and controlled cooling with the simulation. The peaks are assigned
to a simple cubic crystal structure. b) The (400) and (440) peaks of the powder pat-
terns demonstrate no significant peak shift (same color coding as in a). Reproduced
from [81] with permission from the Royal Society of Chemistry.

der patterns in Figure 5.11 enabled the assignment of the Miller indices and suggested

a simple cubic (sc) crystal structure for all growth methods. Additionally, the lattice

constants a of the grown crystals could be calculated to a = (11.2704± 0.0029)Å for

controlled cooling and a = (11.2704±0.0017)Å for fast evaporation. Those values are in

good agreement with literature. [17], [18] However, for slow evaporation at low temper-

atures, a lattice constant of a = (11.3187±0.0308)Å was found. Although this is slightly
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atom fraction [%] Theory Controlled Cooling Slow evaporation (RT) Fast evaporation (146 ◦C)
Cs 20 22.0 20.1 20.0
Ag 10 10.25 10.8 10.3
Bi 10 9.85 10.1 9.9
Br 60 57.9 59.0 59.8

Table 5.4: Theoretical stoichiometry and experimental data of Cs2AgBiBr6 grown by con-
trolled cooling, slow evaporation and fast evaporation of crystal powders, deter-
mined by EDX.

larger than the lattice constant measured for fast evaporation and controlled cooling,

it is still in good agreement with the expected values.[17], [18]

Figure 5.11: Powder XRD patterns of Cs2AgBiBr6, with corresponding fits to evaluate the
lattice constant. Reproduced from [81] with permission from the Royal Society of
Chemistry.
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5.1 Influence of crystallization

The theoretical powder pattern, which is also shown in Figure 5.10a, was obtained by

crystal structure analysis measurements on a small Cs2AgBiBr6 single crystal. Like this,

it was possible to confirm the lattice constants presented above. The detailed study

confirms that Cs2AgBiBr6 crystallizes in the cubic F m3m space group with the unit cell

dimensions a = b = c = 11.2727Å and α = β = γ =90 ◦. Moreover, the experimentally

determined powder diffractograms and the simulations are almost identical. The per-

fect phase purity for both samples can also be seen from Figure 5.10b. The peaks of the

(400) lattice planes and the (440) planes show no shift and hence confirm the success

of the slow evaporation technique. In addition, the obtained XRD pattern of a poly-

crystalline Cs2AgBiBr6 thin film is in good agreement with the crystal powder pattern

as shown in Figure 5.12. A further comparison of the two growth methods was per-

Figure 5.12: XRD measurement of a polycrystalline Cs2AgBiBr6 thin film with associated fit
to evaluate the lattice constant. By fitting the reflections of the pattern, a simple
cubic crystal structure for the film was found, which is in perfect agreement with
the crystal powders as well. Reproduced from [81] with permission from the Royal
Society of Chemistry.

formed by out-of-plane XRD measurements to verify the quality of the crystal surfaces,

which are shown in Figure 5.13. The Bragg reflections of the acid-grown crystals reveal

scattering along the [111] axis up to the 5th order.[136], [146] Besides the very sharp

peaks of the {111} series, no other reflections are visible even on a logarithmic intensity

scale, which is a clear indication of a single crystal surface. In addition, the rocking

curve in Figure 5.14a of the (222) reflection only shows one single peak with a narrow

FWHM of 0.015 ◦ for controlled cooling. This reveals a perfect crystal quality and proves

the successful growth of Cs2AgBiBr6 single crystals with only one single domain. The

XRD pattern of the crystal grown by slow evaporation also shows the {111} peak series
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(a) (b)

Figure 5.13: Out-of-plane XRD measurements of the crystals’ surfaces revealing high crystal
quality for a) controlled cooling and b) slow evaporation at RT. Reproduced from [81]
with permission from the Royal Society of Chemistry.

(a) (b)

Figure 5.14: Rocking scan of the (222) reflection in linear and logarithmic scale performed
on the crystal surfaces. a) Rocking scan of a crystal grown by controlled cooling. b)
The rocking scan of the crystal grown at RT by slow evaporation shows a sharp peak
in the linear plot but features small lattice defects, illustrated in the logarithmic plot.
For the evaluation of the full width at half maximum, the peaks shown in the insets
of a and b were used. Reproduced from [81] with permission from the Royal Society
of Chemistry.
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5.1 Influence of crystallization

Growth Method Controlled cooling Slow evaporation
this work Literature this work

Temperature 80 ◦C 70 ◦C- 110 ◦C[17], [155], [156] 20 ◦C-146 ◦C
Duration 92 h 52 h - 302 h[17], [155], [156] 6 months - 72 h
Solvent HBr HBr [17], [145], [155] DMF/DMSO

Lattice constant 11.27 Å 11.25 Å -11.281 Å[17], [88], [155], [156] 11.32 Å
Lattice plane of top crystal surface (111) (111)[146], [155] (111)

FWHM rocking scan 0.015 ◦ 0.064 ◦-0.130 ◦[88], [155], [156] 0.098 ◦

Table 5.5: Overview of growth methods for Cs2AgBiBr6 crystals and their structural param-
eters.

that indicate a growth along this direction and therefore demonstrates a comparable

surface quality to the crystals grown by the controlled cooling method. Although the

rocking scan of the (222) peak is also of high quality, the logarithmic plot indicates that

the crystallites are slightly tilted and offset from each other. This can be seen from

the background in Figure 5.14b. Unfortunately, it was not possible to prove the crystal

quality for the crystals grown at 146 ◦C due to their rough surface. Therefore, it is valid

to assume that these crystals are generally of lower crystal quality caused by the fast

evaporation and hot growth conditions of the crystals. In general, it can be concluded

that the crystallographic quality of the Cs2AgBiBr6 crystals is strongly influenced by the

chosen growth method.

When comparing the presented growth techniques of this section to those in literature,

one finds that controlled cooling is the most prominent growth technique with growth

temperatures between 70 ◦C and 110 ◦C, as shown in Table 5.5.[17], [155], [156] In com-

parison to controlled cooling, the growth duration of slow evaporation is significantly

increased. However, the fact that crystals can be grown easily in a temperature range of

20 ◦C to 146 ◦C and without hydrobromic acid is a big advantage of slow evaporation.

Additionally, the successful growth of Cs2AgBiBr6 crystals using the slow evaporation

method is confirmed by the comparison of the lattice constants in Table 5.4.[17], [88],

[156] The method even produces crystals with the same crystallographic plane of the

crystal surface.[146], [155] By comparing the rocking scans, it becomes obvious that

even the FWHM of the slow evaporation crystal is comparable to those in literature,

[88], [155], [156] which is an indicator of the quality of the technique.

5.1.6 Optical properties and tailstates in Cs2AgBiBr6 crystals

Looking at the color of the grown crystals, clear distinctions can be seen. It was al-

ready shown in Figure 5.6 that the Cs2AgBiBr6 crystals grown by evaporation at 146 ◦C

look significantly darker, compared to the crystals grown by controlled cooling or slow
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evaporation at RT. This indicates that not only the crystal quality but also the optical

properties of the crystals are affected by the growth method.

To prove that the growth conditions have an influence on the optical properties of the

crystals, transmission studies were conducted in order to calculate the absorptance of

the different crystals. The spectra depicted in Figure 5.15 show a drastic difference be-

tween the crystals grown by controlled cooling (blue) and by fast evaporation (red). In

fact, the red curve reveals a broadened absorption edge, compared to the blue one. To

quantify this difference between the two curves, the absorption tails were fitted with

exponentials in order to determine the corresponding Urbach energies. This makes it

possible to specify the degree of disorder and thus to evaluate the amount of tailstates

in the crystal, as was explained in subsection 4.3.4.[91], [157]

Figure 5.15: Absorptance of the crystals grown by controlled cooling (blue) and fast evap-
oration (red) at (146 ◦C) measured by crystal transmission. The Urbach energies re-
veal a higher amount of disorder for the crystals grown by evaporation. Reproduced
from [81] with permission from the Royal Society of Chemistry.

It becomes clear that the crystals grown by fast evaporation exhibit a significantly

higher Urbach energy of 95 meV than the crystals grown by controlled cooling (Eu =62

meV). The results strongly suggest a greater degree of structural disorder, related to

either the stoichiometry of the double perovskites or to lattice defects (e.g. vacancies),

for the crystals grown by fast evaporation. Similar observations were made for MAPbI3

in [158], where a distinct relationship between low growth temperatures and high crys-

tal quality was proposed.[158]

Furthermore, TRPL measurements in Figure 5.16 also suggest differences in the opti-

cal properties of the grown Cs2AgBiBr6 crystals. Very fast initial decays for the crystals

grown by fast evaporation compared to crystals grown by slow evaporation and con-

trolled cooling can be observed. Moreover, the PL lifetimes of crystals grown by slow

evaporation and controlled cooling are increased compared to the PL lifetimes found
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5.1 Influence of crystallization

for crystals grown by fast evaporation at high temperatures. Those results hint towards

a more pronounced trap assisted recombination when fast evaporation is used as a

growth technique.

Figure 5.16: Transient photoluminescence measurement of Cs2AgBiBr6 crystals. A differ-
ence in the decay was found depending on the chosen growth method. Crystals
grown by fast evaporation show a very fast initial decay compared to crystals grown
by slow evaporation and controlled cooling. Furthermore, longer lifetimes are ob-
served for crystals grown by controlled cooling. Reproduced from [81] with permis-
sion from the Royal Society of Chemistry.

To further assess the optical properties of the crystal surfaces and thin films with re-

spect to absorption edge states, PLE spectroscopy was applied. Figure 5.17 shows the

different PLE onsets for the crystals and for the thin film varying between 2.03 eV and

2.30 eV. Note that PLE monitors PL intensity at 1.9 eV over a wide range of excitation

energies as described in subsection 4.3.3 and that the PL peak position (but not the

intensity) is independent of the excitation wavelength. Therefore, the PLE spectra can

be treated as a measure of absorption, as the rules of Vavilov and Kasha are fulfilled

for Cs2AgBiBr6.[124], [125] Since the logarithm of PLE versus excitation energy in Fig-

ure 5.17 shows different slopes, one can assume a broader absorption edge for crystals

grown by the evaporation technique and for the thin film, compared to the crystals

grown by controlled cooling.

However, before the absorption onset of the crystal absorptance shown in Figure 5.15

and the PLE in Figure 5.17 can be directly compared, the probing depths of the two

methods must be clarified. The absorptance of thick crystals only represents the ab-

sorption tail in a low-energy region (1.8 eV - 2.0 eV), as stated in subsection 4.3.3. There-
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Figure 5.17: Photoluminescence excitation spectra for the crystals grown by controlled
cooling (blue) and fast (red) and slow (light red) evaporation at different tempera-
tures. The PLE is also shown for a thin film (turquoise). The different slopes of the
absorption edge are indicated by dotted lines. Reproduced from [81] with permis-
sion from the Royal Society of Chemistry.

fore, the full spectrum of the absorption coefficient cannot be represented by only

measuring the crystal transmittance according to

α(E) =− ln(T )

d
(5.1)

where d is the sample thickness and T is the transmittance. This has a simple reason:

in the high energy range, well above the absorption edge, no light is transmitted by the

crystal, due to its large thickness. In contrast, PLE examines the absorption at energies

higher than the observed PL maximum, i.e. above 1.9 eV. Therefore, both measure-

ment techniques probe the absorption tail in different energetic regions to extract the

absorption coefficient in a broader energy range, as is schematically shown in the inset

of Figure 5.17 and in Figure 5.1b. Figure 5.18 shows the resulting absorption coefficient

for the different crystals and a thin film. Further information regarding the determi-

nation of α can be found in section 4.3 and in Figure 5.1. It becomes obvious that

crystals grown by evaporation show a broadened absorption tail compared to crystals

grown by controlled cooling. This again shows a greater degree of structural disorder

in crystals grown by the evaporation growth method compared to crystals grown by

controlled cooling. Remarkably, the absorption coefficient of the crystals grown by fast

evaporation is similar to that of thin films in the spectral range of 2.2 eV to 2.4 eV shown

in Figure 5.18. Therefore, one can conclude that tailstates still seem to be an issue to

overcome in thin film preparation.
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Figure 5.18: Derived absorption coefficient from absorptance and PLE measurements for
the crystals and thin film. Dotted lines represent the neglected parts of the crystal
absorptance and PLE spectra for the calculation of the absorption coefficient. The
absorption coefficient for crystals grown by controlled cooling is depicted in blue,
for crystals grown by fast evaporation in red, for slow evaporation the absorption
coefficient is shown in light red whereas for a thin film it is shown in turquoise. Re-
produced from [81] with permission from the Royal Society of Chemistry.

5.1.7 Conclusion

In this section, slow evaporation was presented as a new crystallization technique to

grow Cs2AgBiBr6 crystals from organic solvents. This presents an alternative technique

to the known controlled cooling method. Additionally, it could be shown that slow

evaporation as growth technique possesses advantages to the commonly used con-

trolled cooling method. While the acid based controlled cooling method is limited to

one crystallization temperature, the evaporation process can be performed at both RT

and high temperatures. Furthermore qualitative, quantitative and structural measure-

ments provided clear evidence of the successful growth of the Cs2AgBiBr6 crystals via

slow evaporation. When considering the out-of-plane XRD data, the crystals grown

from controlled cooling exhibited an excellent single crystal quality. In addition, the

crystals grown at RT by slow evaporation had a comparable quality, while only demon-

strating small lattice imperfections. Hence, crystals grown by controlled cooling and

the crystals grown at RT by slow evaporation are both suitable for building optoelec-

tronic device prototypes. Additionally, it was shown in this section that different growth

methods and particularly the high temperature evaporation growth, have a large im-

pact on the optical properties of the Cs2AgBiBr6 crystals. Moreover, one can conclude

that Cs2AgBiBr6 thin films resemble the lower quality of the crystals grown by fast evap-

oration at 146 ◦C and hence still possess a pronounced presence of optically detected

tailstates.

Altogether, these results open a way to grow Cs2AgBiBr6 crystals which better repro-
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duce and represent the optical properties of thin films and therefore possess the po-

tential to help improve the quality and applicability of lead-free double perovskites in

the future.
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5.2 Influence of Precursor Stoichiometry

5.2 In�uence of precursor stoichiometry on the

optoelectronic properties of Cs2AgBiBr6 thin

�lms

The following section is based on the paper "Optoelectronic Properties of Cs2AgBiBr6

Thin Films: The Influence of Precursor Stoichiometry" by Maximilian T. Sirtl, Melina

Armer, Lennart K. Reb, Rik Hooijer, Patrick Dörflinger, Manuel A. Scheel, Kristofer Tv-

ingstedt, Philipp Rieder, Nadja Glück, Pallavi Pandit, Stephan V. Roth, Peter Müller-

Buschbaum, Vladimir Dyakonov and Thomas Bein, published in ACS Appl. Energy

Mater. in 2020, volume 3, pages 11597-11609.

After the effects of crystallization temperature and growth method on the tailstates in

Cs2AgBiBr6 were studied in the previous section, the following section will further elab-

orate on the influence of the precursor stoichiometry on the optoelectronic properties

of Cs2AgBiBr6 and its impact on device efficiency. Here, the focus will be put on thin

films, as stoichiometry changes have been shown to be an important parameter to op-

timize stability and efficiency of devices.[114], [159]–[161]

5.2.1 Application of Cs2AgBiBr6 as absorber layer in

perovskite solar cells

Hybrid metal-halide perovskite solar cells have already reached efficiencies of 25.5 %.

[41], [162], [163] However, as presented in section 2.1, their high toxicity and low long-

term stability have raised concerns regarding their commercialization in the future.[12],

[164]–[166]

Computational studies have put effort into finding new lead-free materials but also re-

vealed additional issues such as thermodynamic stability, solubility in suitable solvents

and suitable optoelectronic properties for the application of those materials in solar

cells.[118], [167]–[172] When Cs2AgBiBr6 was proposed as lead-free double perovskite,

the favorable optoelectronic properties and their high stability toward ambient condi-

tions quickly suggested promising results for their application in photovoltaic devices,

in spite of their large bandgap.[17], [68], [142], [173]–[175]

Up to now, several solar cell designs have been demonstrated with Cs2AgBiBr6 now

reaching power conversion efficiencies of up to 4.23 % when organic dyes are used as

an additional layer in the devices.[71] Moreover, different fabrication methods for the

Cs2AgBiBr6 absorber layer have been developed, ranging from vapor-assisted anneal-

ing to vapor deposition.[71], [114], [141], [143], [176]

As already established in the previous section, crystallinity, crystal orientation and qual-
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ity are essential parameters if efficient solar cells are to be fabricated.[81], [177]–[183]

Therefore, a capillary-assisted dip-coating method was developed.[184] With that, it

was possible to achieve crystalline Cs2AgBiBr6 films at 160 ◦C with a preferred orienta-

tion parallel to the (002) plane.[184] Additionally, it was shown that the optoelectronic

properties of Cs2AgBiBr6 thin films are improved if the stoichiometry of the perovskite

is kept as exact as possible.[114]

In this section, the influence of the precursor stoichiometry on the properties of

Cs2AgBiBr6 is investigated. To do that, the amount of AgBr and BiBr3 which was added

to the stock solution, was varied systematically. By using a combination of AgBr excess

with a BiBr3 deficiency, a significant increase in the orientation and crystallinity of the

thin films could be observed. Optoelectronic properties of the thin films were studied

by means of time-resolved microwave conductivity (TRMC), trPL, PLQY as well as flu-

ence dependent PL.

Thus, this section provides a simple way to investigate the properties of Cs2AgBiBr6

using a two-step spin-coating process in order to improve the efficiency of Cs2AgBiBr6

solar cells. Additionally, an easy way to increase the orientation and hence optimize the

optoelectronic properties and power conversion efficiencies of Cs2AgBiBr6 solar cells

is proposed.

5.2.2 Experimental methods to characterize the Cs2AgBiBr6

thin �lms and solar cells

Materials and thin �lm synthesis

The precursor solution was prepared by dissolving CsBr (212.8 mg, 1 mmol, Alfa Ae-

sar, 99.999 % metals basis), BiBr3 (224.4 mg, 0.5 mmol, Alfa Aesar, 99.9 % metals basis)

and AgBr (93.9 mg, 0.5 mmol, Alfa Aesar, 99.998 % metals basis) in 1 ml of DMSO (Sigma

Aldrich, anhydrous, ≥ 99.9 %) at 130 ◦C to obtain a 0.5 M solution for the stoichiometric

reference films. In order to change the stoichiometry, the amounts of AgBr and BiBr3

were altered as described in Table 5.6. The films were then deposited by dynamically

spin-coating (1000 rpm for 10 s followed by 5000 rpm for 30 s) 80µl onto the substrate.

After 33 s, 400µl of 2-propanol were dripped on top of the substrates, followed by an-

nealing the thin films at 275 ◦C for 5 min.

Solar cell fabrication

Fluorine-doped tin oxide (FTO) coated glass sheets (7Ω/sq) were patterned by etch-

ing with zinc-powder and 3 M HCl, cleaned with a detergent, followed by washing with

acetone and ethanol and dried under an air stream. Directly before applying the hole
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Film stoichiometry AgBr [mg] BiBr3 [mg] CsBr [mg]
1 : 1.15 93.9 258.0 212.8
1 : 0.85 93.9 190.7 212.8
1.15 : 1 108.0 224.4 212.8

1.15 : 0.85 108.0 190.7 212.8

Table 5.6: Stoichiometric changes of the Cs2AgBiBr6 precursor solution and the weighed in
ratios of AgBr:BiBr3 investigated in this chapter.

blocking layer, the substrates were plasma-cleaned with oxygen for 5 min. A compact

TiO2 layer was prepared from a sol-gel precursor solution by spin-coating 300µl onto

the 3 cm·3 cm substrates for 45 s at 2000 rpm and calcination afterwards at 500 ◦C for

30 min in air, resulting in a 50 nm thick layer. For the sol-gel solution, 2 M HCl (35µl)

in 2.53 ml of dry 2-propanol were added dropwise to a solution of 370µl titanium iso-

propoxide in 2.53 ml dry 2-propanol under vigorous stirring. After cooling down, the

substrates were again plasma-cleaned for 5 min and transferred to a nitrogen-filled

glovebox. On top of the titania layer, the active layer was deposited as described above.

For P3HT, 55 mg of the material (Ossila, batch M1011; MW: 60150; RR: 97.6 %, Mn:

28650; PDI: 2.1) was dissolved in 1 mL of ortho-dichlorobenzene and deposited dy-

namically by spin-coating 90µl of a 55 mg/ml solution at 600 rpm for 120 s at ambient

conditions. The top electrode with a thickness of 40 nm was deposited subsequently

by thermal evaporation of gold under vacuum (ca. 10−6mbar).

Materials characterization

X-ray Di�raction The XRD data on thin films was recorded using a Bruker D8 Dis-

cover diffractometer with Ni-filtered Cu Kα radiation and a DECTRIS solid-state strip

detector MYTHEN 1K in Debye-Scherrer geometry. The XRD measurements were per-

formed in the group of Thomas Bein at LMU Munich.

Scanning Electron Microscopy (SEM) SEM images were obtained with a FEI He-

lios G3 UC instrument with an acceleration voltage of 5 kV for the cross-sectional im-

ages and 2 kV for the top-view images and EDX studies. All samples were sputtered

with carbon beforehand, and both mirror and through the lens detectors were used.

The SEM measurements were performed by Dr. Steffen Schmidt at LMU Munich.

Steady-State Photoluminescence and Time Correlated Single Photon Count-

ing The thin films were deposited onto the respective substrate by spin-coating as

described above and PL measurements were performed in air with a FluoTime 300

spectrofluorometer from PicoQuant GmbH.
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To excite the samples for steady-state measurements, a pulsed solid-state laser of 375 nm

wavelength (LDH375 Pico Quant) with a fluence of 20 pJ/cm2 at 40 MHz repetition rate

was used in order to obtain steady-state conditions.

For TCSPC measurements, the samples were excited using a pulsed solid-state laser of

375 nm (LDH375, PicoQuant) with the following power and repetition rates: AgBr:BiBr3

=1:1.15 (4.1µW; 0.25 MHz), 1:0.85 (3.8µW; 0.23 MHz), 1.15:1 (4.9µW; 0.29 MHz),

1.10:0.90 (4.2µW; 0.26 MHz), 1.15:0.85 (3.8µW; 0.23 MHz), 1.20:0.80 (4.6µW; 0.28 MHz).

The illuminated area was 100µm·100µm.

The emission of the sample was collimated, focused on the entrance slit of the monochro-

mator and attenuated with a neutral density filter such that the photomultiplier tube

(PMT) could only detect one single photon at a time. The time difference between laser

triggering and detection of a photon was measured and collected in a histogram. After

a sufficiently large number of counts, the decay of the charge carrier dynamics could

be obtained. The TCSPC and steady-state PL measurements were conducted by Maxi-

milian T. Sirtl from the group of Thomas Bein, while fluence-dependent measurements

were performed in Würzburg.

Fluence-dependent TCSPC measurements were carried out with an FLS980 Edinburgh

Instruments spectrometer as described in section 4.1. As an excitation source, a pulsed

375 nm laser (EPL-375) with a repetition rate of 0.2 kHz was used for all samples. The

excitation fluence was varied between 9.2 nJ/cm2 and 0.5 nJ/cm2 by the use of neutral

density filters.

Fluence-dependent steady-state PL was measured with the setup described in sec-

tion 4.1.

Time-Resolved Microwave Conductivity Measurements The stoichiometrically

altered Cs2AgBiBr6 thin films were fabricated on sapphire substrates by spin-coating.

The films were placed in a microwave cavity and the change in reflected microwave

power at 9 GHz was measured after pulsed excitation (1 kHz) with a wavelength of

355 nm. The films were illuminated from the backside. TRMC experiments were con-

ducted by Patrick Dörflinger from the Dyakonov group in Würzburg.

Absorption Measurements The linear absorption spectra of the thin films were

recorded using a Lambda 950 PerkinElmer UV-Vis spectrometer with an integrating

sphere. The measurements were performed at ZAE Bayern with assistance of Clara

Scheuring.

78



5.2 Influence of Precursor Stoichiometry

Solar Cell Charaterization The solar cells were characterized by Maximilian T. Sirtl

in the group of Thomas Bein at LMU Munich. Current-voltage (J-V) characteristics of

the perovskite solar cells were measured using a Newport OrielSol 2A solar simulator

with a Keithley 2401 source meter. The devices were illuminated through a shadow

mask, yielding an active area of 0.083 cm2. The J-V curves were recorded under stan-

dard AM 1.5 G illumination from a xenon lamp and calibrated to a light intensity of

100 mW/cm2 with a Fraunhofer ISE certified silicon diode. The input bias voltage was

scanned from −1.5 V to 0 V in steps of 0.05 V with a rate of 0.2 V/s. All prepared devices

show a comparable degree of hysteresis between the forward and the reverse scan,

which is negligibly small.

To obtain the EQE spectra, the respective solar cell was illuminated with chopped mo-

nochromatic light of a tungsten light source. The resulting current response was rec-

orded via a lock-in amplifier (Signal Recovery 7265) at a chopping frequency of 14 Hz.

The current response of a reference diode was used to obtain the incident light power

in order to calculate EQE(λ). By integrating the resulting EQE curve over the reference

solar spectral irradiance (global tilt, American Society for Testing and Materials, ASTM

G173), the theoretical short circuit current under one sun condition was extracted.

Philipp Rieder from the Dyakonov group assisted with EQE measurements and eval-

uation.

5.2.3 Thin �lm processing and antisolvent screening

For thin film preparation, CsBr, AgBr and BiBr3 were dissolved in DMSO at a tempera-

ture of 130 ◦C in order to obtain a 0.5 M solution. The solution was then spin-coated on

the substrates followed by an annealing step at 275 ◦C for 5 min as shown in Figure 5.19.

However, for the preparation of the Cs2AgBiBr6 thin films, a variety of different anti-

solvents were screened to find the optimal processing conditions for perfect surface

coverage and grain size. As a result, the best film coverage and morphology was ob-

tained using 2-propanol (IPA) and working in a nitrogen-filled glovebox. IPA has also

been previously reported to be a good antisolvent for the preparation of Cs2AgBiBr6

thin films.[114], [143]

Moreover, SEM analysis of the double perovskite thin films revealed that IPA as anti-

solvent results in the best film morphology and complete film coverage as shown in

Figure 5.20. In consequence, IPA is used as antisolvent for all thin films presented in

this section. Table 5.7 lists the stoichiometric variations used in the precursor solutions

for the fabrication of thin films to investigate the influence of stoichiometry variations

on the optoelectronic properties of Cs2AgBiBr6.

In general, phase purity and high crystallinity are essential parameters for the per-
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Figure 5.19: Synthesis protocol for the Cs2AgBiBr6 thin films. In a first step, the precursors
were dissolved in DMSO at 130 ◦C and, in a second step, the solution is spin-coated
in a two-step antisolvent process. The phase-pure double perovskite films were ob-
tained after an additional annealing step at 275 ◦C for 5 min. Reprinted with permis-
sion from [144]. Copyright 2020 American Chemical Society.

Figure 5.20: SEM images of the Cs2AgBiBr6 film surface for different antisolvents, showing
the best surface coverage when IPA is used as antisolvent. Reprinted with permis-
sion from [144]. Copyright 2020 American Chemical Society.
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formance of double perovskite films when used as absorbers in solar cells.[91], [114],

[141]–[143], [176], [185] However, in the case of phase purity it has been shown for

lead-based perovskites that a small PbI2 excess can be beneficial for the performance

of solar cells and the trap densities in the device.[186]–[188]. Therefore, the influence

of stoichiometry on the crystallization and orientation of the Cs2AgBiBr6 thin film was

studied as a first step and the results presented in the following.

AgBr BiBr3 CsBr abbreviation
−10% 1 1 0.90 : 1
+10% 1 1 1.10 : 1

1 +10% 1 1 : 1.10
1 −10% 1 1 : 0.90

+10% +10% 1 1.10 : 1.10
+10% −10% 1 1.10 : 0.90
−15% 1 1 0.85 : 1
+15% 1 1 1.15 : 1

1 −15% 1 1 : 0.85
1 +15% 1 1 : 1.15

+15% −15% 1 1.15 : 0.85
−15% +15% 1 0.85 : 1.15
+15% +15% 1 1.15 : 1.15
−20% 1 1 0.80 : 1
+20% 1 1 1.20 : 1

1 −20% 1 1 : 0.80
1 +20% 1 1 : 1.20

+20% −20% 1 1.20 : 0.80
−20% +20% 1 0.80 : 1.20
+20% +20% 1 1.20 : 1.20

Table 5.7: Concentration changes of the precursor solution

5.2.4 Crystallization and thin �lm orientation

In order to achieve crystallization conditions similar to a solar cell device, the per-

ovskite layer was spin-coated on top of a compact TiO2 layer on a FTO substrate. The

resulting films were then investigated using XRD as shown in the diffractograms in Fig-

ure 5.21. The XRD patterns show that changing from Bi3+-rich and/or Ag+-poor condi-

tions to Ag+-rich and Bi3+-poor conditions strongly increases the crystallinity and the

orientations of the crystallites in the film. However, small amounts of a side phase can

be found in the powder XRD patterns of the films, which will be identified and dis-

cussed at a later point.
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Figure 5.21: XRD patterns of Cs2AgBiBr6 thin films obtained by changing the precursor ratio
by a) 20 %, b) 15 % and c) 10 %. The impact of crystallinity is visible by comparing the
(002) and (004) peak intensities with respect to the FTO peak (marked with asterisks).
Reprinted with permission from [144]. Copyright 2020 American Chemical Society.

As all prepared films have approximately the same thickness of 150 nm, the increas-

ing peak ratio of the perovskite and the FTO peaks in the XRD patterns indicate an

increased crystallinity. Additionally, it becomes clear that the crystallinity drastically

changes for Bi-deficient films as well as for a Bi deficiency combined with an Ag excess.

Furthermore, an increase of the crystallite orientation within the film is indicated by

lacking (111) and (022) peaks from the stoichiometric reference in the XRD patterns.

Only the Bragg peaks of the (002) and (004) planes can be found in the XRD pattern for

20 mol% Ag excess with a simultaneous Bi deficiency. Figure 5.21a therefore displays

the effect of changes in the stoichiometry by 20 mol% as this variation seems to mostly

affect the crystallinity and orientation of the films. However, a smaller impact on stoi-

chiometric changes was found for films with 15 mol% and 10 mol%, which is shown in

Figure 5.21b and c.

For further comparison, Figure 5.22 shows the XRD patterns of films with only BiBr3

excess, pure BiBr3 deficiency, the combination of BiBr3 excess and AgBr deficiency, as

well as pure AgBr excess for the different concentrations. In Figure 5.22a, a clear in-

dication can be seen that the orientation and the crystallinity of the films are strongly

influenced by the amount of BiBr3 in the precursor solution. Figure 5.22a shows that

the crystal orientation of the films remains similar as the number of visible peaks in the

XRD pattern does not change. However, the peak intensities of the (111) and the (022)

direction are increased compared to films with a concentration of 15 mol%. Addition-

ally, the peak intensities are decreasing again for a concentration of 20 mol%.

For stoichiometries of 1:(1− x), the XRD patterns in Figure 5.22b exhibit a decrease of

the Bragg peak intensities of the (111) and (022) planes and hence hints towards an in-

creased orientation of these films. Furthermore, the effect of increasing crystallite ori-

entation can be improved by using an additional AgBr excess and hence a stoichiome-

try of (1+ x):(1− x). The XRD patterns for the (1+ x):(1− x) stoichiometry reveal only
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the (002) and (004) planes as can be seen from Figure 5.22c. In addition, an increase in

crystallinity could be observed, as the peak ratio of the (002) and (004) planes relative

to the FTO peaks increases significantly. The higher crystallinity is also indicated by

a decrease of the FWHM of the (004) direction at 31.8 ◦ going from 0.21 ◦ for the stoi-

chiometric reference to 0.16 ◦ for the (1+x):(1−x) film. However, if just pure AgBr was

used, no impact on the crystal orientation could be found as shown in Figure 5.22d.

To further asses the phase purity of the Cs2AgBiBr6 thin films, powder XRD measure-

Figure 5.22: XRD patterns of Cs2AgBiBr6 thin films with the largest change in crystallinity
and orientation. a) presents only films with BiBr3 excess, b) shows films with BiBr3

deficiency, c) depicts a thin film prepared from a combination of BiBr3 deficiency
and AgBr excess while d) only includes films with AgBr excess. The color coding
for all graphs is identical and the black line always represents the stoichiometric
reference. Asterisks label the Bragg reflections of the FTO substrate. Reprinted with
permission from [144]. Copyright 2020 American Chemical Society.

ment were performed. To obtain the powder, the deposited films were scratched off the

substrates. The powder XRD patterns in Figure 5.23 reveal different secondary phases

for powders with different stoichiometric ratios. However, side phase formation when

synthesizing the Cs2AgBiBr6 double perovskite can be expected for films with different
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stoichiometry as presented below in Table 5.8. This can also be seen in Figure 5.23a for

(a) (b)

*

* *

AgBr*

*
*

*BiBr3

(c)

*
*

*

** * *
** *

*CsAgBr2

(d)

*
*

*

* * *
** *

*CsAgBr2

Figure 5.23: Powder XRD patterns of Cs2AgBiBr6 thin films with the following change in
stoichiometry: a) (1.15 : 1), b) (1 : 1.15), c) (1 : 0.85) d) (1.15 : 0.85). The Bragg peak
positions of the side phases are marked with asterisks. Red represents the side phase
of AgBr, black of BiBr3 while green depicts the CsAgBr2 secondary phase. Reprinted
with permission from [144]. Copyright 2020 American Chemical Society.

the (1.15 : 1) films as they show peaks at angles of 30.81 ◦, 44.13 ◦ and 54.86 ◦, which are

caused by the AgBr sidephase. Additionally, films with the stoichiometry of (1 : 1.15)

exhibit Bragg peaks at comparable angles. However, as no peak at 54 ◦ can be identi-

fied, it indicates a cubic BiBr3 secondary phase for this stoichiometric alteration. This

can be expected as described in Table 5.8 and depicted in Figure 5.23b. Moreover, films

with a (1 : 0.85) stoichiometry only show the sidephase of CsAgBr2. From the reaction

scheme in Table 5.8, it is visible that in this case, CsBr should have formed additionally

to CsAgBr2. However, the Bragg peaks of CsBr are likely obscured by the Bragg peaks

of Cs2AgBiBr6 in this case, as is shown in Figure 5.23c and d. In addition, the CsAgBr2

secondary phase can also be found as the only side phase in (1.15 : 0.85) films, which

supports the identification of the CsAgBr2 side phase. The CsAgBr2 side phase could

also be confirmed by synthesizing pure CsAgBr2, which was used for the powder XRD
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1 : 1 2 CsBr + AgBr + BiBr3 Cs2AgBiBr6

1.15 : 1 2 CsBr + 1.15 AgBr + BiBr3 Cs2AgBiBr6 + 0.15 AgBr
1 : 1.15 2 CsBr + AgBr + 1.15 BiBr3 Cs2AgBiBr6 + 0.15 BiBr3

1 : 0.85 2 CsBr + AgBr + 0.85 BiBr3 Cs2AgBiBr6 + 0.15 CsAgBr2 + 0.15 CsBr
1.15 : 0.85 2 CsBr + 1.15 AgBr + 0.85 BiBr3 0.85 Cs2AgBiBr6 + 0.3 CsAgBr2

Table 5.8: Reaction scheme for double perovskite thin films with different stoichiometries

(a) (b) (c)

CsAgBr2 CsAgBr2 w/o AS 275°C

CsAgBr2 w AS 275°C

CsAgBr2 w AS 60°C

+AgBr/-BiBr3
reference

7% CsAgBr2

15% CsAgBr2

35% CsAgBr2

Figure 5.24: Powder XRD patterns of a) pure CsAgBr2 and XRD pattern of thin films with
CsAgBr2 secondary phase with b) (1.15 : 0.85) stoichiometry for different anneal-
ing temperatures and IPA used as antisolvent (red and green lines), as well as pure
CsAgBr2 spin-coated without antisolvent (blue line). c) represents XRD patterns of
thin films after adding CsAgBr2 to the precursor solution. Reprinted with permission
from [144]. Copyright 2020 American Chemical Society.

measurements in Figure 5.24a. Additionally, pure CsAgBr2 thin films were fabricated

and XRD patterns recorded in Figure 5.24b. Interestingly, the characteristic peak at 8 ◦

for the CsAgBr2 sidephase is not visible in the thin film XRD but only in the recorded

powder patterns. This indicates that only a very small ratio of this secondary phase

can be found in the films. Furthermore, it hints at a rather low crystallinity of CsAgBr2

compared to the double perovskite Cs2AgBiBr6. However, the formation of the sec-

ondary phase for (1.15 : 0.85) thin films could be confirmed by EDX measurements of

the scraped-off powders, which is shown in Table 5.9. To further investigate the influ-

Element stoichiometric film [atom%] 1.15:0.85-film [atom%]
Cs 19.84 21.60
Ag 10.59 12.73
Bi 9.58 8.53
Br 60.04 57.14

Table 5.9: Resulting atom% distribution in the powders of the stoichiometric Cs2AgBiBr6

thin film and the (1.15 : 0.85) thin film obtained from EDX measurements

ence of the CsAgBr2 secondary phase on the crystallization behavior, stoichiometric

Cs2AgBiBr6 thin films were prepared by spin coating them on top of a pure CsAgBr2

layer. Following the thin film fabrication, XRD measurements of the thin films were
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conducted. Figure 5.24c shows the behavior of film orientation differs from thin films

produced directly from BiBr3 deficiency combined with an AgBr excess. Furthermore,

by adding CsAgBr2 to the stoichiometric Cs2AgBiBr6 precursor solution at varying con-

centrations, it was not possible to achieve a similar orientation and crystallinity as

compared to the (1.20 : 0.80) thin films. Even adding CsAgBr2 at high concentrations

of 35 %, no comparable crystallite orientation to the films with an excess/deficiency

combination could be obtained. However, all films with added CsAgBr2 show a strong

Bragg reflection at 8 ◦, which could not be found in the XRD patterns of highly oriented

Cs2AgBiBr6 thin films. In consequence, this shows that the CsAgBr2 side phase hardly

influences the structural properties of the Cs2AgBiBr6 thin films presented in this sec-

tion.

5.2.5 Optoelectronic properties of Cs2AgBiBr6 thin �lms

A high orientation along the (001) plane in thin films has been proven to be beneficial

for charge transport in lead-based perovskite systems.[186]–[188] Hence, the influence

of crystallite orientation and change in stoichiometry of double perovskite thin films

was studied by TRMC and PL measurements in a next step.

Figure 5.25a shows the different PL spectra of Cs2AgBiBr6 thin films with different pre-

cursor ratios with respect to the stoichiometric reference. The steady-state spectra

were recorded on five different spots of the corresponding films and the results were

later averaged. To prevent any influence of the FTO/TiO2 substrates, all films were de-

posited on glass substrates. One can see, that all films show a significant Stokes-shift

and broad PL peak around 2 eV, which is in good agreement with literature reports and

was attributed both to the indirect bandgap emission and trap assisted recombination

in Cs2AgBiBr6.[17], [91], [176] To further rule out any possible influence of CsAgBr2 on

the optoelectronic properties of the double perovskite thin films, UV-Vis and PL was

performed on pure CsAgBr2 films as well. The results in Figure 5.26 reveal no influ-

ence of the secondary side phase on the PL or absorption in the visible region. This

suggests that CsAgBr2 does not influence the optoelectronic properties of double per-

ovskite thin films. While the UV-Vis absorption of the stoichiometric altered films in

Figure 5.27a does not change significantly, the PL in Figure 5.27b shows the highest in-

tensity for the (1 : 0.85) BiBr3 deficient films. Additionally, a slight increase in the PL

signal compared to the stoichiometric reference can be observed for the (1.15 : 0.85)

and (1.20 : 0.80) films, although they show lower absorption than the stoichiometric

reference. Furthermore, the PL data suggests that combining AgBr excess with BiBr3

deficiency is most beneficial at a ratio of 15 mol%, as lower molar ratios show decreased

PL in Figure 5.27b. Note that a higher steady-state intensity implies a larger amount of
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(a) (b)

Figure 5.25: a) Steady-state photoluminescence and b) time-resolved photoluminescence
of Cs2AgBiBr6 films with different precursor stoichiometry. Reprinted with permis-
sion from [144]. Copyright 2020 American Chemical Society.

(a) (b)

Figure 5.26: a) UV-Vis absorption and b) steady-state PL of pure CsAgBr2 films. The black
spectra depict absorption and PL of films annealed at 60 ◦C with isopropanol used as
antisolvent. The red lines indicate films with isopropanol as antisolvent and an an-
nealing temperature of 275 ◦C, while for the green spectra no antisolvent was used.
Reprinted with permission from [144]. Copyright 2020 American Chemical Society.
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(a) (b) (c)

Figure 5.27: a) UV/Vis absorbance spectra and b) steady-state photoluminescence of
Cs2AgBiBr6 thin films with different precursor stoichiometry. c) PLQY of a stoichio-
metric Cs2AgBiBr6 thin film as well as a film with 15 mol% AgBr excess and BiBr3

deficiency. Reprinted with permission from [144]. Copyright 2020 American Chem-
ical Society.

free charge carriers, [91] which in turn is beneficial for the open-circuit voltage and

hence the power conversion efficiency of solar cells. Consequently, these results sug-

gest that an additional amount of Bi3+ is detrimental for the films’ performance as an

increase of the BiBr3 amount seems to have the largest negative impact on the PL of

the films. However, in the case of AgBr excess, only the combination with a BiBr3 defi-

ciency results in an improvement of the PL signal. This further supports the fact that

the amount of Bi3+ is a crucial part for stoichiometric changes of Cs2AgBiBr6 thin films.

In order to quantify the recombination in Cs2AgBiBr6 thin films, PLQY measurements

were conducted on the stoichiometric reference and the thin films with 15 mol% AgBr

excess and BiBr3 deficiency. Figure 5.27c shows very low PLQY values for both prepared

stoichiometries, although stoichiometrically altered films reach slightly higher values.

It has been shown in literature that only low PLQYs could be reached with this material

system up to now, which shows that so far, Cs2AgBiBr6 still suffers from tremendous

nonradiative losses within the material, which have to be addressed in the future.[189]

To gain further knowledge about the charge carrier dynamics and the influence of pre-

cursor stoichiometry on the recombination dynamics, TCSPC measurements were per-

formed. The data shown in Figure 5.25b were fitted with triple exponential functions

to account for all contributions to the signal, as has been done in literature to evaluate

transient photoluminescence data for Cs2AgBiBr6. This conventional evaluation has

been chosen in order to compare the different films based on the different decay con-

tributions discussed in literature.[17], [70], [141] However, as has been pointed out in

section 4.1, multiexponential fitting has to be done with great care and does not enable

a physical interpretation of the data. Hence, the presented lifetimes in Table 5.10 are

only used to quantify the PL decays and make the comparison of the data easier.

Figure 5.25b shows that all films possess a fast decay component with lifetimes below
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20 ns, followed by a slower component around 80 ns - 150 ns, as well as a long decay on

larger time scales.

While the underlying mechanism of the first two decay contributions has not yet been

explained in literature, the slowest fraction of the decay τ3 was attributed to trap-assisted

recombination in the past.[17], [70], [141]

Comparing the long living decay component reveals longer lifetimes for films either

containing a sole BiBr3 deficiency (505.2 ns) or a simultaneous combination with AgBr

excess (464.4 ns). This hints towards a slowed down recombination via trap states and

consequently should result in an improvement of solar cell efficiencies. Furthermore,

the correlation between films showing the highest steady-state PL intensity with longer

PL lifetimes suggests an overall reduced nonradiative recombination, although this ef-

fect might be rather small as was shown in Figure 5.27. However, these findings sup-

port the results from steady-state measurements that the trap density can be reduced

if a Bi3+-deficient system is employed, which also is in good agreement with the calcu-

lations of Li et al.[190]

Furthermore, fluence-dependent steady-state and time-resolved photoluminescence

Film τ1 (ns) τ2 (ns) τ3 (ns) τAVG (ns)
stoichiometric 13.0±1.4 82.5±1.7 303.5±5.5 172.3

10 mol% +AgBr/-BiBr3 17.7±1.4 116.6±2.6 445.3±5.5 285.5
15 mol% +AgBr/-BiBr3 18.3±1.5 122.8±2.9 464.4±6.6 291.1
20 mol% +AgBr/-BiBr3 19.6±1.6 110.4±2.1 363.1±4.8 223.0

15 mol% +AgBr 16.8±1.3 101.9±2.0 378.3±4.9 232.0
15 mol% -BiBr3 25.4±1.7 143.9±2.8 505.2±6.8 299.5
15 mol% +BiBr3 7.2±8.5 76.2±1.7 307.1±5.2 187.6

Table 5.10: Overview of TRPL lifetimes extracted from triple exponential fits

measurements have been performed to study the recombination dynamics in the thin

films in more detail. As the difference between the (1.15 : 0.85) film and the stoichio-

metric reference was the greatest, only those two stoichiometries will be investigated

in the following.

The fluence-dependent steady-state measurements in Figure 5.28 reveal two different

slopes between 1 mW/cm2 and 1000 mW/cm2 for both tested stoichiometries. For low

intensities, a slope of 1.4 was found for both films. This is in agreement with literature

and indicates a recombination pathway dominated by Shockley-Read-Hall recombi-

nation and therefore hints towards trap-assisted processes.[111] For high excitation

intensities however, a slope of m = 1 was found for both films, which could be as-

signed to an excitonic contribution, since higher excitation intensity leads to a strongly

increased amount of charge carriers. This in turn can lead to a smaller ratio of free
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charge carriers to excitons as is stated by the Saha-Langmuir equation.[31] The data of

(a) (b)

Figure 5.28: Fluence-dependent steady-state photoluminescence of a) the stoichiometric
reference and b) a (1.15 : 0.85) Cs2AgBiBr6 thin film. The red lines represent the fits to
the experimental data with the obtained slopes m shown in red. Pink and blue lines
represent guides to eye for slopes m = 1.5 and m = 1. Reprinted with permission
from [144]. Copyright 2020 American Chemical Society.

fluence-dependent TRPL measurements shown in Figure 5.29 show a similar behavior

of both films, which is consistent with the results obtained by the steady-state exper-

iments in Figure 5.28. This indicates the same dominating recombination pathways

for both stoichiometries, which is in agreement with the fluence-dependent steady-

state results. Additionally, neither of the films show a fluence-dependent behavior

of the recombination rates in Figure 5.29, which is in agreement with the results ob-

tained by other groups.[91] Hence, one can conclude that altering the stoichiometry of

Cs2AgBiBr6 does not influence the dominating recombination mechanisms in this ma-

terial. To get a better understanding of the charge carrier dynamics and to investigate

the charge carrier mobility in Cs2AgBiBr6 thin films, TRMC measurements were con-

ducted. As the PL results already indicated the (1+x):(1−x)-films of 15 mol% to be the

most promising, the focus was set on this stoichiometric alteration in the experiments.

Figure 5.30 presents the obtained TRMC transients for the different stoichiometries. In

TRMC, the change of photoconductance ∆G is measured as a function of time after

pulsed optical excitation of the sample.[191] For this purpose, the sample was placed

in a TRMC cavity and excited with a 355 nm pulsed 1 kHz laser. In order to obtain in-

formation about the charge carrier mobility µ, one has to look at the proportionality of

the quantum yieldΦ and the sum of the electron and hole mobility Σµ to ∆G as shown

below.

ΦΣµ= ∆Gm ax

βeI0FA
(5.2)
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5.2 Influence of Precursor Stoichiometry

(a) (b)

Figure 5.29: Fluence-dependent TRPL of a) the stoichiometric reference and b) a (1.15 :
0.85) Cs2AgBiBr6 thin film. Reprinted with permission from [144]. Copyright 2020
American Chemical Society.

(a) (b)

Figure 5.30: Intensity-dependent mobility obtained at RT for Cs2AgBiBr6 thin films with dif-
ferent stoichiometries of 15 mol% variation. Note that the product of mobility and
quantum yield does not seem to saturate for low intensity values, which can be as-
signed to excitonic contributions of the material. Reprinted with permission from
[144]. Copyright 2020 American Chemical Society.
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5 Influence of crystallization and precursor stoichiometry on the physical properties of Cs2AgBiBr6

Here I0 presents the number of incident photons, FA is the fraction of absorbed light, e

is the elemental charge andβ represents the ratio of the inner dimensions of the TRMC

cavity.

In 2018, Bartesaghi et al. first investigated Cs2AgBiBr6 single crystals using TRMC and

revealed that the material presents a large number of surface traps.[173] Additionally,

Bartesaghi et al. showed only low mobilities of at least 0.1 cm2/(Vs).[173] Using a sim-

ilar setup and a microwave frequency of 9 GHz, intensity dependent ΦΣµ measure-

ments were performed at room temperature. For high excitation intensity, only a small

value of ΦΣµ can be observed, although the strong absorption at 355 nm indicates a

high charge carrier density. However, a higher amount of charge carriers in general

leads to a faster recombination within the response time of the TRMC setup. Further-

more due to an overall reduced ratio of free charge carriers to excitons the quantum

yield reaches values below 1.[191] Figure 5.31 shows the ΦΣµ product for different in-

tensities. It becomes obvious that the product of quantum yield and mobilities does

not saturate for lower intensities. However, the mobility in general is considered an

intensity-independent property. Therefore, this strengthens the assumption that the

free carrier quantum yield is significantly below 1 for Cs2AgBiBr6 and that addition-

ally a large amount of strongly bound Frenkel excitons are created within the material.

Thus, to reach a quantum yield of 1, a considerably smaller excitation intensity is re-

quired.

However, it was not possible to obtain TRMC decays with a sufficient signal-to-noise

ratio for low excitation intensities, which might be caused by the rather high exciton

binding energy of 268 meV in Cs2AgBiBr6.[70] As a consequence a lower estimate for

the charge carrier mobility of the investigated films can be provided in this section.

To further rule out different behavior of the films, due to different film thicknesses and

absorption behavior, absorption measurements were performed and the film thickness

was estimated by profilometry. The obtained film thicknesses are shown in Table 5.11.

Note that the thicknesses provided in Table 5.11 differ from the ones achieved for PL

measurements. This is due to the use of sapphire-glass with a lower surface roughness

compared to the used FTO substrate employed for the PL measurements, presented

earlier. Hence, one can conclude that the different behavior of the thin films is not

caused by thickness variations but is instead an intrinsic property of the investigated

film. In agreement with literature, the product of quantum yield and the sum of the

electron and hole mobilities of the different films drop with an increase of laser in-

tensity in Figure 5.31.[173] This can be related to the smaller quantum yield at higher

intensity caused by the smaller ratio of free charge carriers to excitons and faster re-

combination. The results in Figure 5.31 show that the product of quantum yield and
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5.2 Influence of Precursor Stoichiometry

Figure 5.31: Intensity-dependent mobility obtained at RT for Cs2AgBiBr6 thin films with dif-
ferent stoichiometries of 15 mol% variation. Note that the product of mobility and
quantum yield does not seem to saturate for low intensity values, which can be as-
signed to excitonic contributions of the material. Reprinted with permission from
[144]. Copyright 2020 American Chemical Society.

mobility is the highest for (1.15 : 0.85)-films for all laser intensities. Moreover, at lower

laser intensity, the stoichiometric reference and the (1 : 1.15)-films show comparable

values.

Although the exciton binding energy in Cs2AgBiBr6 is ten-fold higher compared to con-

ventional perovskites like MAPbI3, excitonic contributions cannot be taken into ac-

count by TRMC.[70] This is due to the fact, that TRMC can only measure contribution

from free charge carriers compared to other optical techniques such as PL, where all

mechanisms which influence the charge carrier recombination are influencing the de-

tected signal. With the performed TRMC measurements, one must consider that the

obtained charge carrier mobilites are significantly underestimated since the quantum

yield is strongly dependent on the fraction of free charge carriers and therefore also on

the exciton binding energy as shown in Equation 5.3.[31] To further determine the ab-

solute values of the charge carrier mobility, the quantum yield was corrected with the

Saha-Langmuir equation in Equation 5.3.

x2

1−x
= 1

n

(
2πm∗kB T

h2

) 3
2

exp
− Eb

kB T (5.3)
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film parameter
quantum

yield
ΦΣµ

[cm2/Vs]
ΦΣµ

[cm2/Vs]
thickness

[nm]
reference 0.0064 0.027 4.2 116±20

1.15 : 1 0.0069 0.024 3.5 134±19
1 : 1.15 0.0067 0.034 5.1 125±16
1 : 0.85 0.0064 0.031 4.8 101±21

1.15 : 0.85 0.0072 0.036 5.0 136±18

Table 5.11: Quantum Yield, Product of quantum yield and mobility, estimated mobility and
measured thicknesses for the double perovskite films of different stoichiometries

Here x is the fraction of free charge carriers, n the total charge carrier density, T the

temperature, kB the Boltzmann constant, EB the exciton binding energy and m∗ is the

reduced exciton mass, which was determined by Feng et al.[31], [192] Using this cor-

rection, the true charge carrier mobility shown in Equation 5.3 could be estimated.

However, one must note that a large fraction of the free charge carriers recombines

within the response time of the TRMC setup. Therefore, the ΦΣµ product presented

here must be considered a lower limit for the actual charge carrier mobility in these

Cs2AgBiBr6 thin films.

Hence, employing the Saha-Langmuir equation resulted in the highest charge carrier

mobility for (1.15 : 0.85) thin films, as can be extracted from Table 5.11. However, ear-

lier reports on mobilities of lead-free double perovskites did not account for excitonic

contributions. Hence lower mobility values compared to the values presented in this

section were reported by Bartesaghi et al.[173] Taking the low quantum yields of the

prepared samples into account finally allows for a more precise estimate of the lower

boundary of the actual mobility of lead-free double perovskites.

Altogether, the presented results confirm the trend observed from PL studies which

suggest improved charge carrier dynamics for films with a (1.15 : 0.85) stoichiometry.

5.2.6 In�uence of stoichiometry on device performance

To further study the impact of stoichiometry on solar cell performance, the different

double perovskite thin films were used as absorber layers in devices with an archi-

tecture of FTO/TiO2/Cs2AgBiBr6/P3HT/Au. The film thickness was fixed to 150 nm in

order to exclude variations of absorption for all samples. Furthermore, the following

statistics will only include working devices to gain more reliability.

The best I-V curves for solar cells with the stoichiometry of (1.15 : 0.85) as well as

the stoichiometric reference are presented in Figure 5.32. Additionally, the obtained

parameters of the solar cells such as open-circuit voltage (VOC ), short-circuit current
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(a) (b)

Figure 5.32: J/V-curves of the best solar cells of the a) stoichiometric reference and b) the
(1.15 : 0.85) device. Reprinted with permission from [144]. Copyright 2020 American
Chemical Society.

(JSC ), fillfactor (F F ) and power conversion efficiency (PC E) are depicted in Figure 5.33.

(a) (b)

(c) (d)

Figure 5.33: Characteristic parameters of the fabricated solar cells, with 15 mol% excess,
deficiency or a combination of both. Panel a) shows the achieved power conversion
efficiency (PCE), b) the fill factor, c) the reached VOC values and c) the JSC values
for the devices. Reprinted with permission from [144]. Copyright 2020 American
Chemical Society.

As can be seen in Figure 5.33a, the cells fabricated with a (1.15 : 0.85) stoichiometry

reached efficiencies of 1.11 %. This was the highest average PCE amongst all prepared
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solar cells. The stoichiometric films however reached efficiencies of only 0.97 %. Fur-

thermore, other prepared stoichiometries such as (1.15 : 1), (1 : 0.85) as well as (1 : 1.15)

show additional decrease in PCE compared to the stoichiometric reference. This once

again confirms the trends observed in PL and TRMC measurements shown previously.

The origin of the difference in PCE of the (1.15 : 0.85) device compared to the stoichio-

metric solar cell can be found in an increased JSC and F F of the devices shown in Fig-

ure 5.33b and d. The increase in JSC is caused by an improvement of the charge carrier

dynamics, which was also suggested by TRMC and TCSPC experiments. Additionally, a

better surface morphology can lead to improved solar cell parameters, which is further

supported by the higher FF of the devices. Furthermore, for the champion device, the

VOC of the (1.15 : 0.85) films is increased as well, while the average value stays constant

(Figure 5.33c). This is in agreement with the optoelectronic studies presented earlier.

The presented results show that changing the precursor stoichiometry of the films to

an AgBr excess combined with a BiBr3 deficiency by 15 mol% can improve the photo-

voltaic performance of devices. As a result, an increase in JSC and F F can be obtained,

suggesting that modifying the Cs2AgBiBr6 films allows for improved charge transport

and charge carrier extraction, which was also suggested by TRMC and PL experiments.

Consequently, the presented data for Cs2AgBiBr6 devices is consistent with findings for

lead-based double perovskites, which indicates that an increased crystallite orienta-

tion along the (001) direction significantly improves the charge extraction. As a conse-

quence, a rise in JSC and therefore an overall increased performance of the devices can

be observed as charge transport along the (001) direction is favored.[178]–[181]

5.2.7 Conclusion

In this section another way to further improve the optoelectronic properties of

Cs2AgBiBr6 thin films was established. By tuning the stoichiometry of the precursor

solution and working in an AgBr excess, BiBr3 deficiency or a combination of both the

domain orientation and crystallization could be controlled. Examination of the struc-

tural properties of the prepared films showed a strong increase in orientation along the

(001) direction in (1.15 : 0.85) films. The conducted analysis also revealed the forma-

tion of a CsAgBr2 sidephase, which however was found to not impact the structural and

optoelectronic properties of the material.

Further investigation of the optoelectronic properties of the prepared films revealed

an improvement of the PL lifetime for the (1.15 : 0.85) and (1 : 0.85) films from roughly

250 ns to 500 ns compared to the stoichiometric reference. In addition, TRMC studies

disclosed an increase in mobility and conductivity, which in consequence lead to an

enhancement of the photovoltaic properties of the material.
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By studying solar cells with the architecture FTO/TiO2/Cs2AgBiBr6/P3HT/Au PCEs of

up to 1.11 % could be achieved by implementing the (1.15 : 0.85) stoichiometric ratio.

Using this alteration in stoichiometry also increased the JSC of the devices by 13 % com-

pared to the stoichiometric reference. This could be assigned to a controlled crystal

domain orientation, which is consistent with literature reports concerning lead-based

perovskite solar cells.

This section introduced a way to easily tune the properties of Cs2AgBiBr6 by changing

the stoichiometry of the AgBr and BiBr3 precursors used in thin film fabrication. As a

result, the here presented optimized crystallite orientation opens possibilities to fur-

ther enhance charge transport as well as improve charge extraction and therefore can

be seen as an important tool to further improve the performance of lead-free double

perovskite solar cells.
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6 Optoelectronic properties of

Cs2NaFeCl6 single crystals

Lead-free double perovskites have attracted great attention as possible alternative to

the lead-halide based perovskites in photovoltaic applications.[17], [46], [193], [194]

However, up to now only few double perovskites such as Cs2AgBiBr6 have been suc-

cessfully employed in devices.[194]–[196] In addition, as shown in the previous chap-

ter, challenges such as tailstates, correct stoichiometry and optimization of the fabri-

cation conditions are still to be overcome. Therefore, the search for other stable and

lead-free materials is ongoing. In this chapter, the successful growth of high-quality

Cs2NaFeCl6 single crystals and its temperature dependent structural, optical and mag-

netic properties are presented. By combining electron paramagnetic resonance (EPR),

crystal structure analysis and density functional theory (DFT) a cubic crystal structure

with a spin of 5/2 could be determined. Additionally, DFT calculations suggest a spin-

polarized electronic character with an indirect semiconducting bandgap, which shows

a direct transition located only 30 meV below the valence band maximum. Further-

more, connecting photoluminescence (PL) and absorption measurements, one finds

a bandgap of approximately 2.1 eV at room temperature as well as the presence of

excitonic states. Using Elliot’s formula, it was possible to estimate the temperature-

dependent behavior of the bandgap as well as an estimated exciton binding energy of

only 20 meV at 80 K.

The presented work of this section is based on the paper: "Low Temperature optical

properties of novel lead-free Cs2NaFeCl6 single crystals" by Melina Armer, Patrick Dörflinger,

Andreas Weis, Carsten Büchner, Andreas Gottscholl, Julian Höcker, Kilian Frank, Lukas

Nusser, Maximilian T. Sirtl, Bert Nickel, Thomas Bein and Vladimir Dyakonov pub-

lished in Adv. Photonics. Res. in 2023, volume 4, article number 2300017 pages 1-9.
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6 Optoelectronic properties of Cs2NaFeCl6 single crystals

6.1 Earth abundancy of lead-free double

perovskites

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

stability to oxygen and humidity.[42], [46], [197] Nevertheless, the usage of lead-free

double perovskites in electronic devices is an ongoing and challenging project, although

it is possible to manufacture prototypes of X-ray detectors, photodetectors and light

emitting diodes.[64], [90], [142], [146], [195], [198] Furthermore, it was recently shown

that double perovskite solar cells are strongly limited by their indirect bandgaps, high

trap densities, low charge carrier diffusion lengths, unfavorable energy level alignment

in the commonly used solar cell architectures and poor contact selectivity in the de-

vice.[69], [199] Although Cs2AgBiBr6 is the most promising stable lead-free double per-

ovskite up to now, the rare earth metal Ag is needed for its synthesis. However, Ag

only makes up about 7 · 10−6wt% of the earth’s crust.[200] This means, that although

Cs2AgBiBr6 is non-toxic, the use of Ag in the perovskite does not make it earth abun-

dant. Therefore, the search for other lead-free double perovskite structures and the

investigation of their characteristic physical properties as well as their possible limita-

tions is ongoing.

Recently, cesium sodium iron chloride (Cs2NaFeCl6) single crystals were introduced as

new promising lead-free double perovskite material for thermochromic applications.

It has been shown that this material has a bandgap of 2.07 eV and exhibits promising

absorption in the visible region.[89] Furthermore, by doping Cs2NaFeCl6 with small

amounts of Ag, the structure property relation has been studied.[89] It was found that

incorporating Ag into the crystal structure leads to a decrease of the lattice constant.[89]

As a result, it was also possible to significantly modify the bandgaps of crystals with a

stoichiometry of Cs2AgxNa1-xFeCl6 (0 ≤ x ≤ 1) from 2.07 eV for the pure Cs2NaFeCl6 to

1.55 eV for Cs2AgFeCl6.[89]

Although Ag-doped Cs2NaFeCl6 shows promising properties for the application in pho-

tovoltaic devices such as a tuneable bandgap and improved charge carrier mobilities

[89], only little is known about the fundamental physical properties of the pure

Cs2NaFeCl6. Latest studies proposed a fundamental change of the optical properties

from low to high temperatures, due to an order-disorder transition in the material.[201]

The observed order-disorder transition is caused by the expansion of the lattice con-

stant of Cs2NaFeCl6, 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 ob-

served going from yellow at 80 K to red at 300 K and to black at 500 K. It was concluded
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that the color change of the crystal and the temperature-dependent bandgap varia-

tion make Cs2NaFeCl6 a promising candidate for thermochromic applications.[201] Al-

though a significant temperature dependence of the bandgap was reported, nothing is

known about the emission properties of Cs2NaFeCl6. However, a material’s emission is

an important key factor in whether it can be used as an absorber layer in photovoltaic

devices.[111]

In this chapter, the growth of high-quality Cs2NaFeCl6 single crystals by the established

controlled cooling method is described.[17], [83], [89], [201], [202] Moreover, detailed

qualitative, quantitative and structural measurements by applying XRF, EDX and XRD

are conducted to confirm the growth of high-quality single crystals with the specified

stoichiometry. In addition, the temperature dependence of the crystal structure by

means of electron paramagnetic resonance (EPR) is investigated to identify a possible

structural phase transition of Cs2NaFeCl6 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 the last step, the color change of

the crystal was studied extensively by means of temperature-dependent photolumi-

nescence and absorptance. The applied measurement techniques provided a deeper

understanding of the fundamental properties of Cs2NaFeCl6.

6.2 Crystal growth and material characterization

6.2.1 Materials and solvents

Cesium chloride (CsCl, 99.9 %) and sodium chloride (NaCl, anhydrous ≥ 99%) were

purchased from Sigma Aldrich. Iron(III)chloride (FeCl3, anhydrous, 98 %) was pur-

chased from Alfa Aesar. Hydrochloric acid (HCl, 37 wt%) was purchased from our in-

house chemical supply of the Faculty of Chemistry and Pharmacy of the University of

Würzburg. All chemicals were used as received and without further purification.

6.2.2 Solubility curves of Cs2NaFeCl6

CsCl (2 mmol), NaCl (1 mmol) and FeCl3 (1 mmol) were weighed in stoichiometric

amounts into a 3 ml glass vial in a nitrogen filled glovebox (water and oxygen com-

pound below 1 ppm). The solubility curve was achieved by adding small amounts of

HCl (200µl) every hour under constant stirring of the solution, until the precursor

salts were completely dissolved. This was done for solution temperatures from 25 ◦C to

100 ◦C, in order to obtain an exact solubility curve for Cs2NaFeCl6 in HCl.
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6.2.3 Crystal growth of Cs2NaFeCl6

In order to obtain Cs2NaFeCl6 crystals from HCl, the commonly known crystal growth

protocol for Cs2AgBiBr6 was followed.[17] A 0.3 molar solution of CsCl (2 mmol, 252.54 mg),

NaCl

(1 mmol, 43.83 mg) and FeCl3 (1 mmol, 121.65 mg) was prepared with 10 ml of 37 wt%

HCl. 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 ◦C/h to RT. The crystals were then

washed and dried with DCM in order to avoid any precursor precipitates remaining on

the surface.

6.2.4 Structural and optical characterization of the crystals

Characterization of stoichiometry and crystal structure

EDX, XRF, XRD and crystal structure analysis were performed in order to evaluate the

obtained stoichiometry as well as the crystal structure of the grown crystals.

EDX characterization of the crystal surface was 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 four

working areas on the crystals were measured. The obtained data was then normal-

ized and averaged to obtain an average stoichiometry and elemental distribution over

the whole crystal. EDX measurements were performed by Stefan Braxmeier at the ZAE

Bayern.

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-Kα radiation source (V = 40kV, I = 40mA) with wavelength λ of 1.5406 Å.

Further XRF measurements were recorded with an XR-100T detector from Amptek and

an X-ray machine from PHYWE. For the measurements, an unfiltered Molybdenum

(Mo) - Kα radiation source (V = 35kV, I = 0.1mA) was used. All measurements were

performed at RT.

The crystal surface facets were determined by reflectometry with a Mo-Kα radiation

source (λ = 0.71073Å, 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 qz = 4π
λ · sin(θ), where θ is the scattering angle.[203] The mea-

surements of the crystal facets as well as the XRD measurements performed with a Mo

source were conducted by Julian Höcker and Kilian Frank, in the group of Bert Nickel

at LMU Munich.
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For crystal structure analysis, a specimen of Cs2NaFeCl6 with approximate dimensions

of 0.020 mm·0.020 mm·0.030 mm was used for the X-ray crystallographic analysis. The

X-ray intensity data was measured on a Bruker D8 Quest system equipped with a multi-

layer mirror optics monochromator and a Mo Kα rotating-anode X-ray tube(λ= 0.71073Å).

The measurements were performed at 297 K by Lukas Nusser at LMU Munich.

Characterization of spin properties

Continuous wave EPR measurements were performed with a Magnettech MS 5000 X.

In order to reach cryogenic temperatures, the setup was extended with an oxford flow-

type cryostat. The Cs2NaFeCl6 crystal was placed on a quartz rod sample holder and

positioned in the center of the EPR resonator. The lowest applicable microwave power

(PMW = 1µW) was chosen to exclude saturation effects. A modulation amplitude of

Bmod = 0.5mT was used to gain a sufficiently high signal-to-noise ratio without broad-

ening the line shape of the observed EPR signature. EPR experiments were done by

Andreas Gottscholl from the Dyakonov group in Würzburg.

Furthermore, DFT calculations were performed using the Quantum ESPRESSO pack-

age based on plane wave basis sets, employing the Perdew-Burke-Ernzerhof (PBE) pa-

rameterization of the generalized gradient approximation (GGA) for solids (PBEsol) to

describe exchange correlation interactions.[204], [205] The GBRV high-throughput ul-

trasoft pseudopotential library was utilized to describe the interactions between va-

lence electrons and atomic cores.[206] Additionally, the simplified Hubbard correc-

tion of Cococcioni and de Gironcoli was included.[207]–[209] 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 4 ·4 ·4
Monkhorst-Pack grid, while a larger mesh was utilized for the density of states calcula-

tions. The calculations presented in this chapter were done by Andreas Weis from LMU

Munich.

6.2.5 Photoluminescence and absorptance

In order to investigate the emission properties of the grown crystals, temperature-

dependent photoluminescence was measured using a FLS980 spectrometer from Ed-

inburgh Instruments as described in section 4.1. The sample was placed in a cryostat

and was cooled down using liquid nitrogen. PL was measured in reflection geometry.

A Xenon lamp with tunable wavelength from Edinburgh Instruments was used as exci-

tation source. The excitation wavelength was set to 336 nm.

Additionally, temperature dependent transmission was measured in a cryostat under
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vacuum conditions. The sample was excited with a white light LED and transmission

was detected as described in subsection 4.3.2.

6.3 Cs2NaFeCl6 crystal growth and structural

characterization

In order to improve the growth process and obtain reproducible, phase-pure and large

sized crystals, temperature dependent solubility diagrams were prepared in a first step.

To achieve the correct stoichiometry, the precursor salts CsCl (2 eq), NaCl (1 eq) and

FeCl3 (1 eq) were dissolved in HCl (37 wt%).

Figure 6.1a shows that the solubility of the perovskite is approximately nine times higher

at a temperature of 100 ◦C compared to RT. By slowly cooling down the solution at a

rate of 1 ◦C/h, the solubility decreases. A reduced solubility with decreasing tempera-

ture has also been observed for the more common double perovskite Cs2AgBiBr6 in the

past, when acids were used as solvents.[81], [88]

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. After

successful growth, the crystals showed defined facets and a clear octahedral shape,

typically observed for lead-free double perovskites.[64], [146], [201]

Figure 6.1: a) Temperature-dependent solubility of Cs2NaFeCl6 precursor salts with a
photograph of a millimeter sized crystal as inset. b) XRF spectrum of a ground
Cs2NaFeCl6 crystal with the assigned peaks for the elements Cs, Fe and Cl. The
peak marked with an asterisk originates from the sample holder. c) EDX spectra
of the crystal surface to verify the correct crystal composition and stoichiometry of
Cs2NaFeCl6. Reproduced from [210] with permission from Wiley VCH GmbH.
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Element
Expected

atom fraction [%]
Crystal Surface

atom fraction [%]
Crystal Powder

atom fraction [%]
Cs 20 18.76 20.97
Na 10 11.25 9.22
Fe 10 8.44 9.97
Cl 60 61.55 59.84

Table 6.1: Quantitative analysis of the Cs2NaFeCl6 crystal surface and the crystal powder by
EDX.

Afterwards, the crystals were analyzed by means of XRF and EDX in order to confirm

the incorporation of the elements cesium (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 Lα1 and Lβ1 X-ray emission lines of Cs at 4.34 keV and 4.72 keV, respectively.

Moreover, the Kα and Kβ1 lines of Fe and Cl at the photon energies 6.51 keV, 7.10 keV

and 2.79 keV could be assigned. However, no emission lines for Na were observed, due

to the very low photon energies of the Na shells.[211]

By measuring EDX, it was possible to detect the elemental composition of the crystal

surface. Figure 6.1c depicts the obtained EDX spectrum, clearly showing the K-shell

emission line of Na at 1.04 keV. Additionally, the emission lines for Cs (Lα1 = 4.29keV,

Lβ1 = 4.63keV, Lβ2 = 4.95keV, Lγ1 = 5.3keV), Fe (Lα = 0.71keV, Kα1 = 6.4keV, Kβ1 =
7.05keV) and Cl (Kα = 2.62keV, Kβ = 2.82keV) were identified. Therefore, the obtained

XRF and EDX results already hint towards a successful growth of Cs2NaFeCl crystals via

the controlled cooling method. In order to determine the exact stoichiometry of the

grown crystals, quantitative EDX measurements were additionally performed yielding

information about the atom fractions of each element of the crystal surface. Addition-

ally, EDX measurements performed on Cs2NaFeCl6 powder confirmed the correct sto-

ichiometry in the crystal bulk as well. Table 6.1 shows a nearly perfect experimentally

determined stoichiometry of Cs2NaFeCl6 crystals and powder.

To further confirm the crystal structure, XRD measurements of the crystal powder were

conducted. The XRD pattern in Figure 6.2 suggests a phase-pure growth of Cs2NaFeCl6

when compared to the crystal structure analysis data from literature.[212] By fitting

the peaks of the obtained XRD pattern, it was possible to determine the Miller In-

dices and compare the identified reflexes with the simulated scan, shown in Figure 6.2.

Hence, a simple cubic (sc) crystal structure with a lattice constant of a = (10.35±0.03)Å

at RT could be determined, which is in perfect agreement with results published re-

cently.[201], [212]
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6 Optoelectronic properties of Cs2NaFeCl6 single crystals

(Mo-K��source)

Figure 6.2: Powder, fitted and simulated XRD pattern for Cs2NaFeCl6 showing a phase-pure
growth of Cs2NaFeCl6 crystals and good agreement of the lattice constant with the
simulated XRD pattern. Reproduced from [210] with permission from Wiley VCH
GmbH.

Figure 6.3: a) Out-of-plane XRD measurement on {111} crystal surface facet and b) corre-
sponding rocking scan of the (111) direction and c) rocking scan of the (400) direc-
tion of a Cs2NaFeCl6 single crystal. Reproduced from [210] with permission from
Wiley VCH GmbH.

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 Å.

Furthermore, out-of-plane XRD and rocking scans were conducted to gain more infor-

mation about the quality of the grown crystals, which are shown in Figure 6.3a. From

the out-of-plane XRD pattern, it is clear that the crystal only shows Bragg reflexes be-

longing to the {111} peak series, proving that no other Bragg reflexes can be found on
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6.3 Cs2NaFeCl6 crystal growth and structural characterization

the crystal surface. Moreover, 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, rocking scans of the (111) and (400) reflexes were conducted,

which are shown in Figure 6.3b and c. The rocking scans revealed single, narrow and

very sharp peaks with full width at half maximums below 0.04 ◦. Therefore, a low mo-

saicity is suggested and one can finally conclude that the controlled cooling technique

results in high-quality and phase-pure Cs2NaFeCl6 crystals.

To gain an understanding of the crystal morphology, the next step was to draw a 3D

model of a Cs2NaFeCl6 crystal. The model served as an orientation to assign the crystal

surface facets, which were determined in reflectometry. A total of four different facets

were measured which are shown in Figure 6.4.
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Figure 6.4: XRD patterns of the different crystal surface facets. The asterisks mark the peaks
that can be assigned to the adhesive tape of the sample holder. Reproduced from
[210] with permission from Wiley VCH GmbH.108



6.4 Phase transition, spin properties and bandstructure of Cs2NaFeCl6

The 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 results and counting the total of 14 crystal surfaces, the

eight hexagonal surfaces were assigned to the [111] direction and the six rectangular

surfaces to the [100] direction.

14 facets

8x {111} facet

6x {100} facet

y

x

z

{100}

{111}

{111}
{111}

planar isometric

Figure 6.5: 3D illustration of a
Cs2NaFeCl6 truncated
octahedron with deter-
mined crystal surface
facets. Reproduced
from [210] with permis-
sion from Wiley VCH
GmbH.

Concerning the crystal habit, the examined Cs2NaFeCl6

crystal agrees with that of a regular truncated octahe-

dron (Figure 6.5). 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 6.5. However, this is not the

case for Cs2NaFeCl6. Here, a planar growth is assumed,

since the growth in x and z directions seems to be pre-

ferred over 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 MAPbI3. [203]

6.4 Phase

transition, spin properties and

bandstructure of Cs2NaFeCl6

To further investigate temperature-dependent changes of the crystal structure caused

by phase transitions in the material, EPR measurements were performed as the next

step. EPR allows to directly address the spin of the Fe3+ and thus predict their environ-

ment.[213] An EPR spectrum of Cs2NaFeCl6 at RT is depicted in Figure 6.6a. Note that

the signal drawn in 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+.[202] It was already demonstrated for Cs2AgBiBr6 that the environment, given

by the lattice structure, has a direct influence on ZFS.[213] Thus, for a Z F S = 0 a cu-

bic and for a Z F S > 0 a tetragonal crystal structure is present. Since the stoichiometry

and the crystal structure of Cs2NaFeCl6 is identical to Cs2AgBiBr6, one can apply the
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6 Optoelectronic properties of Cs2NaFeCl6 single crystals

same approach to investigate possible phase transitions of Cs2NaFeCl6 at low temper-

atures. Assuming a spin of S = 5
2 , as will later be confirmed by DFT calculations, the

RT measurement suggest 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,

as shown in Figure 6.6b. In the entire temperature range, the EPR signal can always be

fitted with the derivative of a simple Lorentzian, which consistently gives strong indica-

tions for a cubic structure of the crystal. In contrast to Cs2AgBiBr6, no phase transition

can be identified when a spin S = 5
2 is assumed. DFT calculations within the localized

(a) (b)

Figure 6.6: a) EPR spectrum of Cs2NaFeCl6 at RT consistent with a spin of S = 1
2 or S = 5

2
(with D = 0). b) EPR spectra in the temperature range from 4 K-300 K show a cubic
structure without any phase transitions, if S = 5

2 is assumed. Reproduced from [210]
with permission from Wiley VCH GmbH.

spin-density approximation (LSDA) were conducted in order to verify the most stable

spin configuration and to elucidate the electronic structure.[204] 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 cal-

culations reveal a significantly better estimation of the [FeCl6]3- octahedral geometry

for the high spin state compared to the experimental single crystal data and a lower

ground state energy, as shown in Table 6.2, 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 or-

bitals in Fe3+, employing a factor of U =4 eV as shown in Table 6.2.[208]
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Exp.
(RT)

Low Spin
U = 0eV

Low Spin
U = 4eV

High Spin
U = 0eV

High Spin
U = 3eV

High Spin
U = 4eV

High Spin
U = 5eV

Fe-Cl Å 2.392 2.321 2.422 2.430 2.439 2.445
Cs-Cl Å 3.661 3.637 3.670 3.773 3.727 3.732 3.736
Na-Cl Å 2.778 2.812 2.855 2.835 2.833 2.832 2.831
Unit cell Å 7.311 7.321 7.321 7.434 7.443 7.454 7.462
Energy [Ry] - -749.260 -749.034 -749.331 -749.152 -749.207 -749.178

Table 6.2: Unit cell parameters and ground state energy of Cs2NaFeCl6 obtained by DFT-
PBE (+U) depending on the spin state and U value

The PBE+U band structures for the spin-up and spin-down cases for the suggested

high-spin conformation are shown in Figure 6.7a and b, 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

(a) (b)

(c) (d)

Figure 6.7: a) Spin-up and b) spin-down polarized band structures of Cs2NaFeCl6 (spin state
= 5

2 ), with the Fermi energy set to zero, calculated with DFT-PBE (+U) (= 4 eV). 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). Reproduced from [210] with
permission from Wiley VCH GmbH.

at the Γ point in the center of the Brillouin zone. Note that the estimation of the band
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6 Optoelectronic properties of Cs2NaFeCl6 single crystals

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 is more

dispersed, suggesting smaller values for the electrons. The orbital contributions for

the frontier bands are depicted in Figure 6.7c, 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 contri-

butions. This transition is opposed to common A2B(I)B(III)X6 double perovskites like

Cs2AgBiBr6, where the trivalent bismuth and halide atoms form the conduction band

(CB) and the monovalent silver-halide bonds govern the CB character.[214] The band

structures and density of states (DOS) for both spin cases without Hubbard correction

are further depicted in Figure 6.8 and Figure 6.9.

(a) (b)

(c) (d)

Figure 6.8: a) Spin-up and b) spin-down polarized band structures of Cs2NaFeCl6 (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 contribu-
tions 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). Reproduced from [210] with
permission from Wiley VCH GmbH.

As expected, the electronic structure is drastically influenced by the different spin

configurations as seen in Figure 6.8 (low spin) and Figure 6.9 (high spin). For the low

spin configuration in Figure 6.8, both spin-up and spin-down band structures exhibit
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6.4 Phase transition, spin properties and bandstructure of Cs2NaFeCl6

semiconducting character, while the high-spin calculations yield the same results as

with the PBE+U approach, showcasing insulating character for spin-up and semicon-

ducting 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 to the Hubbard-corrected band structure. The unoccupied states over the

Fermi level for PBE+U also demonstrate favored electronic localization, which is ex-

pected because of the better treated on-site electron-electron interaction.

Figure 6.9: a) Spin-up and b) spin-down polarized band structures of Cs2NaFeCl6 (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)Reproduced from [210] with permission from Wiley
VCH GmbH.

The spin-down band structure has semiconducting character with an indirect band

gap of around 1.4 eV with the VBM at the Γ point and the CBM at the X point in the Bril-

louin zone, together with a direct transition located only 30 meV under the VBM. For

this case, the VB is mostly flat and highly degenerate, with the states above the Fermi
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6 Optoelectronic properties of Cs2NaFeCl6 single crystals

level consisting of Fe-d and Cl-p contributions and the VB made up of Cl-p states, sim-

ilar to previously reported double perovskite oxides.[215]

6.5 Optical properties of Cs2NaFeCl6
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Figure 6.10: a) Photographs of the temperature-dependent color change from red (270 K) to
yellow (50 K) of Cs2NaFeCl6 single crystals. b) Steady-state photoluminescence of the
Cs2NaFeCl6 single crystal shows that photoluminescence of the crystals can only be
observed at low temperatures. The inset shows the normalized PL on a logarithmic
scale. c) Temperature-dependent absorptance shows an additional absorption peak
for low temperatures. d) Absorption and emission spectra of Cs2NaFeCl6 crystal at
80 K. Reproduced from [210] with permission from Wiley VCH GmbH.

After gaining information about the structural properties and the band structure of

Cs2NaFeCl6, the optical properties of the material were studied in the following sec-

tion. Therefore, temperature-dependent photoluminescence and transmission stud-

ies were performed on the Cs2NaFeCl6 crystal. By lowering the temperature, a con-

tinuous color change of the grown crystal from red at RT to yellow at 50 K could be

observed, as shown in Figure 6.10a. This effect is reversible and has been reported for

Cs2NaFeCl6 crystals recently, where this thermochromic behavior was ascribed to an

order-disorder transition in the material.[201]

Additionally, temperature-dependent PL measurements were conducted, as surpris-

ingly no photoluminescence has been reported for this material so far. Figure 6.10b

shows hardly any luminescence at the bandgap of 2.07 eV when measured at RT. How-

ever, upon cooling the crystal, increasing luminescence shifting towards higher energy

could be seen. Furthermore, the inset of Figure 6.10b shows a blue-shift and narrowing

of the observed peak at around 2.1 eV when the temperature is reduced.

At about 140 K, it seems that either the PL peak splits into two individual peaks or a
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6.5 Optical properties of Cs2NaFeCl6

second peak appears at 2.4 eV, which strongly increases its intensity by decreasing tem-

perature. One can also notice that the dip between these two peaks is at around 2.32 eV

and slightly blue shifting. The rise of additional PL peaks has also been reported for the

lead halide perovskite MAPbI3 and was related to a phase transition from a tetragonal

phase to the orthorhombic phase.[216] However, the previously presented EPR mea-

surements showed no evidence of a structural phase transition for this material and

consequently a phase transition as the cause for the rise of the additional PL at 2.4 eV

can be excluded.

In order to explain the blue-shift of the PL spectra as well as the rise of the second

PL peak at higher energies, temperature-dependent absorption measurements were

conducted, which can be found in Figure 6.10c. At RT, the absorption edge can be

observed at around 2.05 eV, which is consistent with bandgap values reported in liter-

ature for Cs2NaFeCl6.[89], [201] When the temperature is decreased, a strong blue-shift

of the absorption onset was found, suggesting an increase of the bandgap at low tem-

peratures. This effect has also been previously reported for temperatures ranging from

450 K to 260 K.[201] Additionally, Figure 6.10c shows a second pronounced absorption

peak at 2.32 eV for temperatures below 140 K.

For further evaluation, one can superimpose the two graphs for 80 K, as shown in Fig-

ure 6.10d. Consequently, one finds that the observed PL from the crystal seems to be

partly reabsorbed by the peak visible at 2.32 eV in the absorption spectra. This indicates

that reabsorption is leading to the visible dip in the PL at 2.32 eV shown in Figure 6.10b

and ultimately leading to an apparent second PL peak at higher energies. Additionally,

it can be seen in Figure 6.10d 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 RT of Cs2NaFeCl6 in combination with the weak PL indi-

cates that nonradiative recombination processes dominate even in a high-quality and

phase-pure crystal. Since the PL increases with decreasing temperature, one can as-

sume that recombination in the material is mainly first order (e.g. traps, defects) at RT,

with these being "frozen" out at lower temperatures. A similar effect was observed for

lead-halide perovskites, namely that lowering the temperature causes a decrease in the

monomolecular recombination rate while simultaneously, the bimolecular recombi-

nation rate is increasing.[217], [218] Hence, the measured PL signal is increasing.[217],

[218]

To further investigate the origin of the dip in PL as well as the additional absorption

peak at 2.3 eV which arises at low temperatures, the excitonic properties of Cs2NaFeCl6

were investigated by means of Elliot’s theory.[219] Although the peak in the absorp-

tion spectra only varies slightly when reducing the temperature, one can still treat this
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peak as an excitonic feature as has been shown for Cs2AgBiBr6 in the past.[65] Wright

et al. found that in Cs2AgBiBr6 the shift of the absorption peak is hardly visible. This is

caused by a temperature-dependent change of the exciton binding energy in correla-

tion with the bandgap of the material.[65]

As a consequence, the data was fitted according to the model of Elliot to analyze the

measured absorption spectra and extract the band gap energy Eg, exciton binding en-

ergies EB as well as broadening parameters of the absorption peak at 2.3 eV.[219] How-

ever, in order to account for the steep increase in the absorption after the excitonic

contribution, another parameter for the direct interband transition described by a sec-

ond bandgap Eg2 was added.

(a) (b)

Figure 6.11: 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. Reproduced from [210] with permission
from Wiley VCH GmbH.

Figure 6.11a 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 for a closer investigation of the tem-

perature dependence of the bandgap of Cs2NaFeCl6 crystals as shown in Figure 6.11b.

One then finds that within the Elliot model the bandgaps Eg and Eg2 also shift to-

wards higher energies as soon as the temperature decreases. This behavior is expected

for semiconducting materials like Si, SiC, Ge, GaAs and InP and can be described by

Varshni’s empirical expression.[220] The obtained values for dE
dT can be found in Ta-

ble 6.3.

Eg (T ) = Eg (0)− αT 2

T +β ≈ Eg (0)+ dEg

dT
T (6.1)
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Temperature [K]
dEg

dT

[
µeV

K

]
dEg

dT

[
µeV

K

]
80−350K -0.87 -1.17

250−350K -1.43 -1.04
150−350K -1.18 -1.35

Table 6.3: Temperature-dependent change of the bandgap energy
dEg

dT calculated by
Varshni’s empirical expression for different temperature ranges

Additionally, the temperature dependence of the exciton binding energy for Cs2NaFeCl6

was extracted using the Elliot model. It was 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 Cs2NaFeCl6 is a major advantage compared to the conventional Cs2AgBiBr6, which

has exciton binding energies of approximately 268 meV at RT.[70] A slight increase in

the exciton binding energy with decreasing temperature has also been observed in the

past for other perovskites like MAPbI3 and triple-cation lead-based perovskites.[221]

Due to the very low exciton binding energy at RT of <10 meV, excitons dissociate into

free carriers just by the thermal energy kB T and therefore presumably only free carri-

ers are present in Cs2NaFeCl6. However, the fact that no photoluminescence has been

observed at RT strongly hints towards nonradiative recombination being the main re-

combination pathway of charge carriers in Cs2NaFeCl6 at RT.

Furthermore, the broadening parameter Γ of the excitonic contribution in the absorp-

tion spectra was analyzed and is shown in Figure 6.12.
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Figure 6.12: Evolution of a) exciton binding energy and b) broadening parameter Γ depen-
dening on temperature for Cs2NaFeCl6 crystals. Reproduced from [210] with per-
mission from Wiley VCH GmbH.

One can observe that the broadening significantly increases when the temperature

is increased from 80 K to 350 K. A linewidth broadening with increasing temperature is
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expected and has also been observed previously for other perovskites such as MAPbI3

and Cs2AgBiBr6.[216], [222]–[224] This broadening is usually associated with electron-

phonon coupling in the material.[216], [222] Note that it is not possible to differen-

tiate between the coupling of longitudinal optical phonons and acoustic phonons in

the shown temperature range. However, the temperature dependence of the broaden-

ing parameter suggests that impurity scattering can be neglected in this material.[216]

This is due to the fact that linewidth broadening caused by impurities should lead to a

saturation of the linewidth at higher temperatures, which seems not to be the case for

Cs2NaFeCl6.

[216]

6.6 Conclusion

In conclusion, this chapter presented a method to grow high-quality crystals of the new

double perovskite Cs2NaFeCl6. XRF, EDX and ICP-OES have proven a nearly perfect sto-

ichiometry whereas the successful growth of Cs2NaFeCl6 single crystals was verified by

detailed X-ray studies. Furthermore, it was possible to assess the spin properties of

the material and correlate them with their crystal structure by connecting DFT calcu-

lations with experimental data. It was found that the spin 5
2 system Cs2NaFeCl6 has

a cubic crystal structure and although the crystal changes its color from red to yel-

low upon cooling, no structural phase transition was observed. Additionally, optical

measurements suggest that nonradiative recombination is dominant at RT. However,

upon cooling, promising emission could be seen, together with reabsorption of emis-

sion by an additional excitonic state with low binding energy of only 20 meV. One can

therefore conclude that although the emission of Cs2NaFeCl6 seems to be governed by

nonradiative processes at RT, its low exciton binding energy, the promising emission at

low temperatures and the reported high stability against thermal cycling[201] still indi-

cate a potential application for thermochromic windows[201] or detectors and devices

operating at low temperatures or in space.[225]
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Although perovskite solar cells have reached very high efficiencies and are now able

to compete with Si solar cells, the concerns regarding the toxicity of lead-halide based

perovskites remain.[14], [45]–[48] Whilst studies have addressed leakage and degra-

dation of lead-based devices and investigated different encapsulation techniques, the

worries of applying materials, which are hazardous to the human health, could not be

completely eliminated.[226]–[228] Additionally, it has been shown that lead is not only

dangerous to humans but also endangers the ecosystem as even plants showed signs

of lead-poisoning.[47], [48]

Furthermore, lead-halide based perovskites still suffer from rather poor stability, which

also poses an additional threat when thinking about the commercialization of those

perovskites.[42], [43] Hence, it is necessary to think about new lead-free perovskite ma-

terials in order to tackle the problems of stability as well as the toxicity of lead.

Therefore, lead-free double perovskites have been suggested as a possible material

class to replace lead-halide perovskites in the future.[17] In order to investigate the

physical properties of lead-free double perovskites, single crystal growth provides a

good opportunity to study such materials under reproducible conditions.[17], [18],

[20], [229] Although thin films are usually used for solar cells, it has been shown that

only slight variations in the precursor stoichiometry or fabrication conditions can alter

the properties of the thin film.[73]–[75] Crystal growth however is more unsusceptible

against stoichiometric changes as it mostly depends on the binding enthalpy and free

enthalpy of the respective material. Therefore, it can be used to understand the impact

of different growth conditions on the physical properties of the perovskite without risk-

ing a stoichiometric alteration.[19]–[21]

This thesis aims towards understanding the physical properties of the lead-free dou-

ble perovskites Cs2AgBiBr6 and Cs2NaFeCl6 by crystal growth and thin film synthesis.

A special focus of this thesis was set on understanding the structure-property relation-

ship of fabrication parameters such as growth temperature and growth methods for

single crystals as well as stoichiometric alterations and their impact on solar cell per-

formance. Hence, Chapter 5 is divided into two parts. In the first part, Cs2AgBiBr6

single crystals are grown by controlled cooling and slow evaporation in order to study
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the effects of growth temperature on the material properties. It was demonstrated that

fast crystal growth from organic solvents leads to an increase in disorder, stemming

from structural defects, which cause tailstates in the material. As tailstates have been

shown to lead to additional nonradiative recombination losses in a device, slow crys-

tal growth provides a solution to reduce tailstates in Cs2AgBiBr6. It was shown that low

growth temperatures and hence slow crystallization of the double perovskite decreases

the amount of tailstates in the material and can therefore also decrease the nonradia-

tive losses when Cs2AgBiBr6 is applied as the absorber layer in a device.

Secondly, stoichiometric alterations of Cs2AgBiBr6 were investigated. However, as it is

difficult to vary the composition of a single crystal, thin films were fabricated for this

study. Consequently, thin films with slight variations of AgBr and BiBr3 were fabri-

cated and characterized using X-ray techniques as well as optical measurements such

as PL and TRMC. Here, it was found that slight AgBr excess and BiBr3 deficiency will

improve the orientation of the thin film crystallites as well as increase steady-state PL

and PLQY. Additionally, a longer TRPL decay hinted towards smaller trap densities in

the thin films. Furthermore, TRMC studies showed that charge carrier mobilities can

also be affected by the thin film composition. A combination of AgBr excess and BiBr3

deficiency yielded the highest charge carrier mobilities. Due to the improvement of the

optical properties (e.g. PLQY, TRPL and steady-state PL) together with increased charge

carrier mobilities, direct consequences on the device performance were observed. Al-

though the efficiencies reached by Cs2AgBiBr6 are still rather low, using a stoichiomet-

ric alteration led to improvement of the Jsc as well as FF and PCE of the device. Hence,

it was shown in this chapter that the growth conditions significantly impact the re-

combination losses in Cs2AgBiBr6 and therefore have to be considered and optimized.

It was also found that the transport properties of Cs2AgBiBr6 are improved along the

(001) axis of the unit cell. In order to reach this improved crystallization, working in an

AgBr excess and BiBr3 deficient regime is necessary.

Although this thesis provided optimization techniques to control crystallization in thin

films and reduce recombination losses by studying single crystals, Cs2AgBiBr6 still faces

major challenges. Those challenges include the fast localization of charge carriers af-

ter optical excitation, poor charge carrier selectivity of the contact materials, disorder

affecting the recombination, low charge carrier diffusion lengths and high amount of

electron trap states as well as high exciton binding energies.[65], [69], [70], [81], [199]

Additionally, the elements Ag, Bi, as well as Br do not exist in abundance on earth.[200]

Accordingly, although Cs2AgBiBr6 is a lead-free and non-toxic material, new challenges

can be expected in the future concerning the availability of the precursor materials.

Consequently, Chapter 6 is proposing a new and earth-abundant lead-free double per-
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ovskite: Cs2NaFeCl6. Single crystals were grown from this double perovskite in or-

der to study its physical properties. It was demonstrated by single crystal XRD that

Cs2NaFeCl6 crystals can be grown with very high quality. Although this material has

an indirect bandgap of roughly 2 eV, an additional direct transition was found lying

close to the VB maximum. Furthermore, EPR and DFT suggested a spin of S= 5
2 for

Cs2NaFeCl6. Using EPR, no structural phase transition could be identified for low tem-

peratures although the material shows a thermochromic color change when the tem-

perature is decreased. Optical studies then proposed that although nonradiative losses

seem to be dominant at room temperature, a photoluminescence signal could be de-

tected for low temperatures. Together with temperature dependent absorptance, it was

possible to identify an excitonic contribution in the PL and absorption data. However,

Elliot fits suggested that the exciton binding energy, even at low temperatures, is rather

small. This makes Cs2NaFeCl6 a good candidate for low temperature and magnetic

applications but also shows the possibility of using Cs2NaFeCl6 in solar cells for appli-

cations in space.

To sum up, the presented work in this thesis contributes to a deeper understanding of

the interplay between fabrication and its impact on the physical properties of lead-free

double perovskites. Additionally, it tackles the ongoing issues of Cs2AgBiBr6 by provid-

ing another lead-free double perovskite which is environmentally friendly and non-

toxic as well as more earth-abundant compared to Cs2AgBiBr6. Besides, Cs2NaFeCl6

shows only low exciton binding energies and thereby solves one of the intrinsic issues

of Cs2AgBiBr6.

Although both of the studied materials in this thesis are rather new and many of their

properties are not yet understood, lead-free double perovskites are fascinating, yet

complicated systems which enable researchers worldwide to design cheap, earth-abun-

dant and environmentally friendly materials. Like this, it might be possible to combine

the astonishing properties of lead-halide based perovskites and the remarkable stabil-

ity of Si by designing new lead-free double perovskites. Although, Cs2AgBiBr6 might

never reach efficiencies higher than 8 %[230], understanding its challenges as a refer-

ence material will lead to the possibility of more targeted material design in the future,

as could be shown exemplary with Cs2NaFeCl6 and hence further opening the material

space of non-toxic solar cells for commercialization in the future.

Zusammenfassung

In den letzten Jahren erreichten Perowskit Solarzellen sehr hohe Effizienzen, sodass

Perowskite inzwischen mit Silizium Photovoltaik konkurrieren können.[14] Dennoch
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7 Summary

bleiben Bedenken aufgrund der Bleitoxizität im Bereich der Perowskitforschung beste-

hen.[45]–[48] Obwohl verschiedene Studien das Austreten des giftigen Bleiiodids un-

tersucht haben und versucht wurde, dafür unterschiedliche Verkapselungen zu entwi-

ckeln, konnten die anfänglichen Bedenken nicht komplett ausgeräumt werden.[226]–

[228] Die Tatsache, dass giftige Materialien verwendet werden, welche nicht nur ge-

sundheitsgefährdend für Menschen, sondern auch eine Bedrohung für das Ökosystem

darstellen, ist nach wie vor ein erheblicher Kritikpunkt an bleihaltigen Perowskitmate-

rialien.[47], [48]

Hinzu kommt, dass bleihaltige Perowskite zwar hohe Effizienzen erreichen, jedoch bis-

her keine Langzeitstabilität erreicht werden konnte.[42], [43] Dies dürfte die Kommer-

zialisierung dieser Perowskitmaterialien erschweren.[42], [43]

Daher ist es umso wichtiger, die intrinsischen physikalischen Eigenschaften dieser Ma-

terialien zu erforschen. Um dies zu tun, können Einkristalle gezüchtet werden, da die

Wachstumsbedingungen der Einkristalle sehr gut reproduzierbar sind. Somit können

Veränderungen der physikalischen Eigenschaften aufgrund unbeabsichtigter Variatio-

nen der Stöchiometrie oder der Herstellungsparameter vermieden werden.[17], [18],

[20], [73]–[75], [229] Da Kristallwachstum vor allem von der Bindungsenthalpie der ein-

zelnen Ionen und der freien Enthalpie abhängt, sind unbeabsichtigte Änderungen der

Stöchiometrie deutlich unwahrscheinlicher als in Dünnfilmen. Dadurch bieten sich

Kristalle besonders gut an, um den Einfluss von Wachstumsparametern auf die phy-

sikalischen Eigenschaften von Kristallen zu untersuchen, ohne dabei eine Stöchiome-

trievariation befürchten zu müssen.[19]–[21]

Die hier vorgelegte Arbeit trägt dazu bei, die physikalischen Eigenschaften von

Cs2AgBiBr6 und Cs2NaFeCl6 besser zu verstehen. Dafür wurden sowohl Einkristalle als

auch Dünnfilme hergestellt und charakterisiert. Ein Fokus dieser Arbeit war es, das

Zusammenspiel von veränderten Wachstumsbedingungen und den daraus resultie-

renden strukturellen und optischen Eigenschaften besser zu verstehen. Ebenso wurde

der Einfluss von stöchiometrischen Veränderungen auf die Effizienzen von Solarzellen

untersucht. Kapitel 5 ist daher in zwei thematische Bereiche aufgeteilt. Zuerst wur-

den Cs2AgBiBr6 Einkristalle durch Verdampfen und kontrolliertes Abkühlen gewach-

sen. Durch die unterschiedlichen Wachstumstemperaturen der beiden Methoden konn-

te der Effekt von Temperatur auf die physikalischen Eigenschaften von Cs2AgBiBr6 un-

tersucht werden. Es hat sich gezeigt, dass besonders schnelles Kristallwachstum aus

organischen Lösungen die Unordnung im Materialsystem erhöht. Diese Unordnung

stammt von strukturellen Defekten, welche zusätzliche Zustände innerhalb der Band-

lücke verursachen. Diese sogenannten "tailstates"konnten in der Vergangenheit mit

Rekombinationsverlusten in Solarzellen in Zusammenhang gebracht werden. Im ers-
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ten Teil des fünften Kapitels konnte eine Lösungsstrategie angeboten werden um "tail-

statesïn Cs2AgBiBr6 zu reduzieren, wenn dieses Doppelperowskit als Absorbermaterial

in Solarzellen verwendet wird.

Anschließend wurden stöchiometrische Variationen in Cs2AgBiBr6 näher untersucht.

Da die stöchiometrische Variation von Einkristallen nur schwer zu realisieren ist, wur-

den hierfür Dünnfilme herangezogen. Diese Dünnfilme wurden mit leichtem AgBr Über-

schuss und gleichzeitig leichtem BiBr3 Defizit hergestellt und anschließend sowohl

mittels Röntgenanalyse, als auch mittels optischer Methoden wie PL, PLQY und TRMC

untersucht. Es stellte sich heraus, dass ein AgBr Überschuss und gleichzeitiges BiBr3

Defizit zu einer verbesserten Orientierung und Kristallinität des Dünnfilms führt. Zu-

sätzlich konnten die optischen Eigenschaften verbessert werden. Die beobachtete er-

höhte PL und PLQY sowie ein längerer TRPL Zerfall deuteten auf eine verringerte An-

zahl an Fallenzuständen im Material hin. Ebenso zeigte sich in TRMC eine erhöhte La-

dungsträgermobilität. Die Verbesserung der optoelektronischen Eigenschaften durch

die leichte Veränderung der Filmkomposition hatte ebenso Auswirkungen auf die So-

larzellparameter. Es konnte gezeigt werden dass Cs2AgBiBr6 mit AgBr Überschuss und

gleichzeitigem BiBr3 Defizit in Solarzellen sowohl höhere Kurzschlusströme und Füll-

faktoren als auch höhere Effizienzen erreicht. Demnach konnte nicht nur ein Zusam-

menhang der Wachstumparameter auf die Rekombinationsverluste sondern ebenfalls

ein signifikanter Einfluss der Stöchiometrie auf die Transporteigenschaften in Cs2AgBiBr6

nachgewiesen werden. Es stellte sich heraus, dass die Transporteigenschaften bei einer

Orientierung des Films entlang der (001) Richtung verbessert werden kann. Hierfür ist

jedoch die Arbeit in einer Umgebung mit AgBr Überschuss und gleichzeitigem BiBr3

Defizit zwingend notwendig.

Diese Arbeit leistet einen Beitrag zur Optimierung von Cs2AgBiBr6 mittels der kontrol-

lierten Kristallisation und zeigt Lösungswege auf, um die Rekombinationsverluste in

Cs2AgBiBr6 zu vermindern. Dennoch zeigt die Literatur, dass Cs2AgBiBr6 einige Eigen-

schaften besitzt, welche in Solarzellen unerwünscht sind. Dazu zählen eine schnelle

Lokalisation von Ladungsträgern nach deren Anregung, geringe Selektivität der ver-

wendeten Kontakte in Solarzellen, strukturelle Unordnung welche die Ladungsträger-

rekombination negativ beeinflusst, niedrige Ladungsträgerdiffusionslängen, eine ho-

he Dichte an Fallenzuständen sowie hohe Exzitonenbindungsenergien.[65], [69], [70],

[81], [199] Ebenfalls muss angemerkt werden, dass Cs2AgBiBr6 zwar ungiftig und blei-

frei ist, jedoch die Elemente Ag, Bi und Br auf der Erde nicht im Überfluss vorhanden

sind.[200] Dies kann bei der Anwendung von Cs2AgBiBr6 als Absorbermaterial in der

Zukunft zu Problemen führen, falls die benötigten Materialien nicht ausreichend vor-

handen sind.
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7 Summary

In Kapitel 6 wird mit Cs2NaFeCl6 ein neues Doppelperowskit vorgestellt. Cs2NaFeCl6

zeichnet sich vor allem dadurch aus, dass es nicht nur bleifrei und nicht toxisch ist, son-

dern außerdem alle notwendigen Materialien auf der Erde reichlich vorhanden sind.

Im Rahmen dieser Arbeit wurden hochwertige Einkristalle aus Cs2NaFeCl6 gezüch-

tet und die physikalischen Eigenschaften dieses Materialsystems analysiert. Obwohl

auch Cs2NaFeCl6 eine indirekte Bandlücke von etwa 2 eV aufweist, konnte ein direk-

ter Übergang nur 30 meV unterhalb des VB gefunden werden. Zusätzlich konnte mit

Hilfe von EPR und DFT ein Spin von S= 5
2 für Cs2NaFeCl6 nachgewiesen werden. Bei

der Untersuchung der temperaturabhängigen strukturellen Eigenschaften konnte au-

ßerdem kein Phasenübergang des Systems bei tiefen Temperaturen festgestellt wer-

den, obwohl Cs2NaFeCl6 thermochrome Farbveränderungen mit sinkender Tempera-

tur aufweist. Die Untersuchung der optischen Eigenschaften zeigte eine starke Domi-

nanz von nichtstrahlenden Rekombinationsprozessen bei RT. Es konnte jedoch bei tie-

fen Temperaturen Photolumineszenz nachgewiesen werden. Zusammen mit Messun-

gen der temperaturabhängigen Absorption konnte außerdem ein exzitonischer Bei-

trag in der Absorption und der Photolumineszenz dieses Materials nachgewiesen wer-

den. Daraufhin konnte mit Hilfe von Elliot Fits gezeigt werden, dass die Exzitonen-

bindungsenergie in Cs2NaFeCl6 selbst bei geringen Temperaturen sehr klein ist. Dies

macht Cs2NaFeCl6 zu einem weiteren Kandidaten für Tieftemperatur- und magneti-

sche Anwendungen. Ebenso zeigen die vielversprechenden optischen Eigenschaften

auch die Möglichkeit der Anwendung von Cs2NaFeCl6 als Material für Solarzellen im

Weltraum auf.

Die in dieser Arbeit präsentierten Ergebnisse tragen zu einem tieferen Verständnis des

Zusammenspiels zwischen Herstellungsparametern und den physikalischen Eigenschaf-

ten von bleifreien Doppelperowskiten bei. Außerdem können mit Hilfe der Entwick-

lung von Cs2NaFeCl6 einige Probleme von Cs2AgBiBr6 abgeschwächt werden. Beson-

ders die niedrige Exzitonenbindungsenergie von Cs2NaFeCl6 löst ein vorherrschendes

intrinsisches Problem der Anwendung von Cs2AgBiBr6 in Solarzellen.

Obwohl beide hier präsentierten Materialien im Vergleich zu bleihaltigen Perowskiten

neu und ihre physikalischen Eigenschaften noch nicht vollständig verstanden sind,

sind bleifreie Doppelperowskite vielversprechende Materialsysteme. Sie bieten Wis-

senschaftlern die Möglichkeit, günstige und umweltfreundliche Materialien für die An-

wendung in der Photovoltaik zu entwickeln. Ebenso bietet sich so die Möglichkeit, blei-

freie Doppelperowskite zu entwickeln, die die Eigenschaften der bleihaltigen Perowski-

te mit der guten Stabilität von Si kombinieren. Obwohl gezeigt wurde, dass Cs2AgBiBr6

nur Effizienzen von maximal 8 % [230] erreichen kann, ist es wichtig, die limitieren-
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den Faktoren von Doppelperowskiten zu verstehen, um in der Zukunft Materialien mit

besseren physikalischen Eigenschaften entwickeln zu können.
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