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Abstract

Metal halide perovskites are attracting increasing interest for optoelectronic applications, such
as solar cells, photodetectors, light-emitting diodes, and lasers. Metal halide perovskites afford
facile tuning of the bandgap and their processability from solution allows for cost effective,
high throughput roll-to-roll production. Still, metal halide perovskite semiconductors face
challenges like reproducibility, upscaling, lead toxicity, and long-term stability. Furthermore,
thermally activated processes strongly influence both stability and performance. As a result,
studying the thermal properties of halide perovskites has become increasingly important.

In this thesis, the heat transport in metal halide perovskite semiconductors is investigated using
a scanning thermal microscope (SThM). The further development of the SThM is shown,
which, in addition to the measurement of the thermal conductivity and topography, also
provides simultaneously access to thermal diffusivity and volumetric heat capacity. This novel
scanning probe technique uses the advantages of the 3w-method in the frequency domain
without extensive sample preparation, provides high spatial resolution, and is independent of
the temperature of the material/device under test. Additionally, a brief and comprehensive
insight into the preparation of metal halide perovskites in the form of thin films and single
crystals is given. Thus, the thermal properties of device-relevant halide perovskite thin films
can be compared to that of single crystals.

In general, halide perovskites typically provide ultra-low (< 1 W (mK)™1) thermal
conductivities, which makes experimental access challenging. Different perovskite
compositions of the ABX3 structures are investigated to determine the influence of the A-site
cation and halide (X=I, Br, CI) on the thermal properties. In addition to the compositional
influence, the dimensionality of the perovskite structural networks is also considered, where
the varied crystal structure directly impacts the heat transport via phonons. Since perovskite
devices may easily reach elevated temperatures above specific phase transition temperatures of
the respective perovskite, it is also crucial to generate insights into thermal properties across
structural phase changes. The thermal characteristics in thermal conductivity and heat capacity
show a remarkable behavior during phase transitions for highly oriented large crystalline
CsPbBr3 thin films. The results reported in this thesis provide important insights into how the
ABX3 perovskite structure composition, polymorphs, and individual phase transitions affect
heat transport and material-specific thermal properties, that are critical for thermal management

in perovskite semiconductor devices.
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AC calorimetry adiabatic calorimetry

AFM atomic force microscope
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CD direction of compression
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ECU electronic control unit

EDX energy-dispersive x-ray spectroscopy
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FDTR frequency domain thermoreflectance
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MDS molecular dynamics simulation
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a thermal diffusivity mm?/s
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1. Introduction

Perovskites have been re-discovered for optoelectronic device applications in recent years. The
number of publications on metal halide perovskites (MHPs) has increased tremendously,
making them an integral part of materials science and engineering today. This material class is
the first solution processed semiconductor that can compete with conventional semiconductors
such as silicon or gallium arsenide in terms of performance and functionality. Due to their
solution-process ability, perovskites represent a promising platform for low-cost roll-to-roll
manufacturing. The possibility of realizing semi-transparent (opto)electronic components on
flexible substrates also opens up a wide range of applications. The efficiency of perovskite-
based solar cells on a laboratory scale has already reached 25.7% [1]. In addition, MHP
materials, which also possess facile tunability of their band gaps, provide an excellent basis for
multi-junction solar cells, that can overcome the fundamental efficiency limitations of single-
junction devices [2]. Besides, MHP semiconductors also show impressive breakthroughs in
light-emitting diodes (LEDs) and lasers [3—5]. Moreover, this family of materials also holds

great promise for thermoelectric generators due to their remarkable low thermal conductivities

[6].

However, perovskite-based devices still face challenges in terms of performance and stability.
The thermal management of these devices and thus the thermal properties of MHPs play a
crucial role here. The crystal structure is significantly influenced by temperature and
temperature gradients. High thermal expansion coefficients have a significant effect on the
stress [7—10], to which devices are subjected during operation, e.g. in the case of solar cells due
to solar radiation [11,12]. More severely, it was found that even in an inert atmosphere,
substantial decomposition effects already occur for methylammonium (MA) based perovskites
below 100 °C [13]. Phase transition temperatures can easily be reached above room temperature
(RT). For example, MAPDI3 has a structural phase transition from tetragonal to cubic at around
52°C [14] and CsPbCls is in the tetragonal phase at RT, whereas above 46.9 °C, it becomes
cubic [15]. Thus, the crystalline phase and thermal expansion also influence electronic

properties, such as carrier dynamics [16].

This thermal management is especially relevant for solar cells, LEDs, and the prospects for
electric or continuous-wave perovskite lasers [17,18]. It is important to note that the thermal
properties themselves strongly depend on temperature and the phase transitions may cause

significant and abrupt changes in the crystalline structure. Therefore, the investigations on

1



1. Introduction

thermal properties as a function of the crystalline phase is crucial, but also interesting for the
individual devices. Thermal studies depending on the choice of cations and halide anions are
also important for understanding heat transport in versatile MHP semiconductors. In this
context, it is worth mentioning that the crystal network of the MHP can also vary, so different
polymorphs/dimensions exist. Since these polymorphs are widely used in MHP devices, their
thermal properties need to be investigated. In addition to the insights of the thermal conductivity
measurements, thermal diffusivity and heat capacity studies are becoming more and more

relevant for the heat dissipation design for the dynamic operation of MHP based devices.

Within this thesis, the current state of knowledge on the thermal properties of MHPs is briefly
summarized in the next chapter. Besides fundamentals of MHPs, thermally activated processes
leading to thermal stress and structural instability will be discussed. The heat transport
mechanisms of this material class will be presented in detail to provide a basis for understanding
the experimental investigations. The experimental data will be complemented by the results of
theoretical works investigated by other groups. An essential component of this thesis is the
measurement technique for determining the individual thermal properties, since the ultra-low
thermal conductivities, low thermal diffusivities, and low volumetric heat capacities of MHPs
pose a particular challenge. Chapter 3 describes the development of an enhanced scanning near-
field thermal microscope (SThM) system and its operation to determine topography and thermal
properties simultaneously. The fabrication of individual MHP thin films and single crystals will
be described in the fourth chapter. Chapter 5 deals with determining the thermal properties of
metal halide perovskites, first discussing the dependence on composition and then the
dependence on the dimensionality of perovskites. After an introduction of phase transitions in
general, Chapter 6 will present studies of the thermal behavior in the different structural phases
of perovskites and during the phase transition itself. Chapter 7 summarizes this thesis's results

and findings and gives an outlook on future topics.

Note: Parts of this thesis have been published in scientific journal articles or have been

presented at conferences.




2.1. Fundamentals of metal halide perovskite semiconductors

2. Fundamentals of heat dissipation in metal halide
perovskite semiconductors

This chapter introduces the heat transport characteristics of metal halide perovskites (MHPs).
The first section presents the structural concept of MHPs, their structural composition, the
dimensionality of the perovskite structural networks, and associated optoelectronic properties.
Thermo-elastic quantities of perovskites are discussed to motivate the need of heat transport
investigations of MHPs performed in this work. In the third part, the heat transport within
semiconductors and in particular metal halide perovskites is explained. Based on these
explanations, the state of the field is presented with additional explanations of how the heat
transport and the associated thermal properties of MHPs are determined. Finally, the most
important findings of different research groups are summarized as a basis for the experimental

work of this thesis.

2.1. Fundamentals of metal halide perovskite semiconductors

Perovskites were first described by Gustav Rose almost 200 years ago in 1839. The material
described consisted of CaTiOs and was named after the mineralogist Lev Alekseyevich
Perovski [19]. First, in general, perovskites gained attention with metal oxide perovskites like
BaTiOs, PbTi0s, SrTiO3, and BiFeOs, which are used in ferroelectric, piezoelectric, dielectrics,
and/or pyroelectric applications [20-22]. Optoelectronic applications, except for a few limited
compositions such as LiNbOsz, PbTiOs, and BiFeOs; [20,23,24], do not find promising
applications due to their wide bandgap (>2.5¢eV).

On the other hand, metal halide perovskite semiconductors are opening a vast world that has
enabled numerous applications in optoelectronic devices (see Figure 1). The efficiency of
perovskite-based solar cells has shown an enormous increase over the last few years, which is
shown in the extract of the NREL chart [1]. The fact that the bandgap of perovskites is adaptable
and can be used as a configurable part for tandem solar cells is another advantage of this
material class. A combination of wide bandgap and narrow bandgap subsolar cells, along to
cover the solar spectrum and lower thermalization losses, are keys to overcoming the

Schockley-Queisser efficiency limit of single-junction solar cells [25].
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Figure 1: The graphic shows an overview of the wide range of applications for metal
halide perovskites. The focus is on optoelectronic devices, such as solar cells, LEDs, and
lasers. Other applications include detectors and thermoelectric devices. Edited and based
on [1,26,27].

Aside from optoelectronic devices, metal-halide perovskite semiconductors have also emerged
as an attractive platform for thermoelectric generators [6]. Here, the reported ultra-low thermal
conductivities of lead-halide perovskites may be advantageous for the thermoelectric
generators. At the same time, for the vast majority of opto-electronic devices heat transfer may

be an issue and thermal management requires particular attention.

The well-known representative of the perovskite class is the ABX3 composition, in which the
B-cation is coordinated octahedrally by X-anions and the A-cation fills the cuboctahedral voids,
compensating for the negative charge. Metal halide perovskites adopt the structure composed
of a three-dimensional network of corner-sharing BXs octahedra, where the B atom is typically
a group 14 metal cation (typically tin Sn** or lead Pb*") and X is chlorine (CI°), bromine (Br),
iodine (I'), or a mixture of them. On the A-site, cesium (symbol: Cs") or organic cations, such
as Methylammonium (symbol: CH3sNH3;" (MA™)) and formamidinium (symbol: NH;HCNH,"
(FA")), can be used to balance the total charge and stabilize the lattice [28]. The following

Figure 2 illustrates a typical metal halide perovskite structure.
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Figure 2: Schematic illustration of a three-dimensional ABX3 perovskite structure.
Here, the A-site cation (vellow) is surrounded by BXs octahedra (B-site cation
turquoise and halide anion red). Edited and based on [29].

The metal halide composition determines the bandgap E; in the range of approximately 1.2 to

3.6 eV for lead and tin compounds (see Figure 3) [30]. This shows a great variability for

matching to individual devices. For example, a bandgap of around 1.3 eV is optimal for single

absorber solar cells, while larger bandgaps are interesting for tandem-based solar cells to

optimize the overlap with the solar spectrum [2,31].
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Figure 3: The graph shows 18 different metal halide perovskite compositions and
represents the change in band gap energy and electron affinity. In addition, the colors
of the individual perovskites shown indicate the color of the light they emit based on
their band gap energy and are sorted in descending order of band gap energy. Edited

and based on [30].
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The changes in band gap for ABX3 compounds are well characterized by Tao et al. [30] and
offer the advantage that the metal halide perovskites can vary their band gap energy by
composition [28,32,33].

As can be seen from Figure 3, it is mainly the halide anion and B-site cations that influence Eg
and electron affinity, whereas only a slight change are caused by a variation of the A-site
cations. However, the A-site cation affects the structural stability of the metal halide
perovskites. Thus, the change from organic A-site cations to inorganic A-site cations such as
Cs or even a mixture of a triple cation or quadruple cation has proven to be a promising concept
for increasing the structural stability of metal halide perovskites [34-36]. For example, in
contrast to organic-inorganic hybrid lead halide perovskites (such as MAPbX3 and FAPbX3),
all-inorganic CsPbX3 perovskite semiconductors show better thermal stability, which results in
higher temperatures for the onset of thermal decomposition. Regarding commercialization and
sustainability aspects, the choice of the B-site cation is also crucial. In addition to Sn-based
lead-free metal halide perovskites, the so-called double perovskites A2BB'Xs, heterovalent
substitutions of Pb** by silver Ag* and bismuth Bi**, for example, are also of great interest
[37,38]. Note, when preparing a metal halide perovskite with the composition required for a

particular application, structural stability should also be considered.

Different polymorphs/dimensionalities of metal halide perovskites are also already used in
LEDs, solar cells, lasers, and photodetectors due to their improved optoelectronic properties
and stability [39—41]. The two-dimensional (2D) and zero-dimensional (0D) perovskite
structures of the form A«BpXy (see Figure 4) expand and improve the range of applications
through their physical and chemical properties [42,43]. For example, Cs4PbBrs exhibits
vacancy-assisted photoluminescence [41,44]. Note, these low-dimensional networks share the
same compositional elements and PbX¢ octahedra, but show different octahedra connectivity
features [41,44,45]. Some amounts of 0D or 2D polymorphs are frequently used to improve the
efficiency and stability of perovskite based devices [42,43,46—48].
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zero-dimensional (0D) two-dimensional (2D) three-dimensional (3D)
perovskite structure perovskite structure perovskite structure
A BX, AB X, ABX,

Figure 4: Schematic representation of different polymorphic structural dimensionalities
of perovskite structures. Zero-dimensional, two-dimensional, and three-dimensional
perovskite networks with the corresponding chemical structural formulas are shown.
Edited and based on [49,50].
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2.2. Thermo-elastic quantities of perovskites

For all polymorphs, performance and operational stability are strongly influenced by thermally
activated processes, which are caused, for example, under extreme operating conditions or
under intense solar radiation. Since thermal stress and structural instability lead to the
degradation of all perovskites [51], the determination of the thermo-elastic quantities of

perovskites depending on the temperature is focused on in the following.

The melting temperature of all inorganic CsPblz was determined in 1992 from the phase
diagram obtained by differential thermal analysis (DTA) experiments to be higher than 480 °C
at atmospheric pressure [52]. Somewhat later, subsequent studies of crystal structures exhibited
that CsPbBr3 melts at 567 °C and crystallizes from the melt at 514 °C [53]. At the same time,
it could be demonstrated that melting points increase with decreasing atomic number of the
halide, i.e. for CsPbCls up to 615 °C [54]. All these compounds melt congruently as confirmed
in these experiments. Hence, large CsPbBr3 crystals could be produced from the melt at high
temperatures (600 °C) using the vertical Bridgman method [53]. These single crystals have
been proposed as promising candidates for X-ray and gamma-ray detection,[55-57] since the
first investigations on these direct semiconductors showed that most of their properties are

comparable to, or even exceed, those of commercial state-of-the-art detector materials.

In this context it must be considered that the endothermic DTA peaks for the decomposition
pathways of organic-inorganic hybrid MAPbX3 compounds are at low temperatures [58].

However, although various decomposition reactions have been proposed [10,58,59]:

MAPbX; = PbX, + MA + HX (1)
MAPbX; > PbX, + MAX 2)

During the thermal decomposition of hybrid perovskites typically solid lead halides remain. In
DTA measurements the melting points of hybrid and all-inorganic perovskites are thus quite
often linked to that of PbX,. Note that a distinction must be made between melting and
decomposition, which can be depicted more accurately from thermogravimetric analyses; see

Figure 5 for an example [60].




2.2. Thermo-elastic quantities of perovskites

100

0
(=)
[

CstBr3

weight loss [%]
[N
(e
1

N
(e)
(]

MAPbBr,

[\
o
[

¥ ¥ ¥
200 400 600 800
temperature [°C]

Figure 5: Thermogravimetric analyses of MABr, MAPbBrs3, PbBrz, CsPbBrs, and CsBr,
showing the higher thermal stability of the inorganic perovskites compared to the hybrid
organic-inorganic perovskites. Edited and based on [60].

As for the evaporation or decomposition of CsPbBr3, CsBr is more stable than PbBr>, which
evaporates first as shown in the Figure 5. The small temperature shift between PbBr> and
CsPbBr; can be explained by the slightly higher stability of the perovskite compound. For
hybrid perovskites, it must be considered that all the methylammonium halides evaporates at
lower temperatures (for instance MAIL: >190 °C [59]). Although methylammonium halides are
mostly even reported to be over 200 °C [58] for MAPbXG, it is still a challenge to have long-
term stabilities at 85 °C (representing an elevated temperature on a roof on a hot summer day)
required according to the International Standards (IEC 61646 climatic chamber tests) of solar
cells [13]. Thus, the thermal activation energies (Ea) for the decomposition reactions have to be
considered [61]. From DTAs Ea’s of 68 + 2 kJ mol™!, 60 + 10 kJ mol™!, and 80 + 20 kJ mol ™
have been reported for MAPbCl3, MAPbBr3;, and MAPbI;, respectively [58]. Somewhat larger
E. values have been determined by the first mass loss step observed in thermogravimetric
analyses [62]. Higher values have been found for lighter halides in MA and FA based compound

calculations [63], summarized in following table:
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Table 1: Detected degradation activation energies E. and thermal expansion coefficients o(T)
of common metal halide perovskites above RT.

Perovskite Ea [kJ mol’!] a[x104 K1)
MAPbI; 93 + 8 [62] aleer. (001): =5.1, Oeup. (001): 4.6 [14]
83 [63] atier, (001): —1.06, ouer(100): 1.32

Oleus. (100): 0.48 [64]
Otiet. (100): 0.58, cteus. (100): 0.39 [65]

Otier: 0.90 [66]
MAPbBr; 98 + 4 [62] Otews. (100): 0.33 [67]
365 [63] Oleus. (100): 0.32 [65]
Oteus.: 0.67 [66]
MAPbCl; 400 [63] Oleus. (100): 0.29 [65]
CsPbl; 650 + 90 [62] Otor: 0.39, Clewb.: 0.39 [68]

Otore, (001): 0.22
Otore, (110): 0.22

Oer, (001): =0.52
Oleus. (100): 0.40 [69]

CsPbBr3; Oort.: 0.38, dleet.: 0.65, dlewn.: 0.26 [70]
Oort. (101): 0.38 [71,72]
CsPbCl; Olmon.: 0.56, Olort: 0.50, Oleer: 1.27

Olewb.: 0.30 [12]
Oeb: 0.22@T =85 °C [14]
Olmon. 0.42, Olort.: 0.38, Oleet.: 0.78
OLeub.: 0.29 [70]
FAPbI3 115+ 3[62] Oet. (100): 0.77
108 [63] Oet. (010): 0.77
Oer. (001): 0.49 [73]
Qort.: 0.39 [66]
FAPbBr3; 133+ 1 [62] Oleub.: 0.89 [66]
332 [63]

Details of the chemical, structural, morphological, and optical stability of the MHPs and the
impact of thermal stress on the charge transport layers of methylammonium lead halide-based
perovskites are available elsewhere [51]. Due to the different chemical nature of the cesium and
methylammonium cations, the halides CsPbX3 and MAPbX3 exhibit different stabilities. The
enthalpy of formation is slightly more negative for CsPbX3 compared to MAPbX3 with respect
to the enthalpies of formation of binary halides [74]. Also, it has long been known that

perovskites have phase transitions at elevated temperatures up to 85 °C [15,75].
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Investigations of the elastic constants and thermal expansion of CsPbClz were provided by
Hirotsu and Suzuki in 1978 [12]. They found phase transitions for CsPbCls single crystals from
monoclinic to orthorhombic to tetragonal and finally to cubic [11,76]. A notable discontinuity
in the thermal expansion coefficient Al/l of 16.7 - 10™* as detected using a conventional
dilatometer was attributed to a first order transition from the tetragonal to cubic phase. No signs
of discontinuity of Al/l(T) were found at the other phase transitions, indicating that they are
second order transitions [12]. On the contrary, an earlier report claimed the transition from
monoclinic to orthorhombic to be of first order [11,76]. One year later, some nonlinearities

were found for the lattice thermal expansion up to 85°C of CsPbCls, with a(T)¢sppci, being

quadratically dependent on T in the cubic phase indicating a second order transition [77]. This
is because the thermal expansion is related to the specific heat capacity of the material, which
diverges near a second-order phase transition. However, although the change in Al/l was
determined to be less than 3.1 - 10™* in these experiments from the tetragonal to cubic phases

of CsPbCls, a higher change in AL/l (5.8 - 10~*) was found in the case of CsPbBr3 [70].

Large negative thermal expansion coefficients have been observed in the tetragonal phase for
yellow and black CsPblz (see Figure 6). The negative thermal expansion coefficients
complicates the application in optoelectronic devices because only the CsPbls perovskite black
phase is optically active. Due to their huge absolute values of thermal expansion coefficients,
perovskite films fabricated by existing methods are strained, and the strain is caused by the
different coefficients of thermal expansion of the perovskite and substrate during thermal
annealing processes as well as due to the growth process itself. Strain has been shown to
accelerate the degradation of perovskite films under illumination, which can be explained by

increased ion-migration in these films [78].
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Figure 6: Structural phase kinetics of strained a-, -, and y-CsPblz perovskite thin films
[69].

However, for the sake of completeness, it should also be mentioned that lower coefficients of
thermal expansion were measured in thin films compared to single crystals in the (100)-
direction, ag_er = 0.58 - 107* K~1 and ay_cy, = 0.39 - 107* K1 [65]. It could also be
demonstrated that the coefficient of thermal expansion of MAPbI3 is larger than that of
MAPbBr; and MAPbCl3 (0.32 - 10~* K=Y and 0.29 - 10~* K1, respectively). In addition, the
coefficients of thermal expansion of these hybrid perovskites are larger than those of related

Cs—PDb based all-inorganic perovskites.
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Figure 7: Temperature dependence of normalized steady-state PL on (a) FAPbI3, (b)
FAPbBrs3, (c) MAPbI3, and (d) MAPbBr3[79].
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The first in-depth analysis of charge-carrier—phonon interactions in hybrid lead halide
perovskites was carried out on FAPbls;, FAPbBr3, MAPbI3;, and MAPbBr3 [79]. For FA-based
perovskites it was already found that the Frohlich interaction between charge carriers and
longitudinal optical phonons (LO phonons) is the dominant contribution to the predominantly
homogeneous broadening of the PL line at room temperature (see Figure 7). The Frohlich
interaction for bromide perovskites is larger than that for iodide perovskites, providing a link
between composition and electron—phonon scattering that fundamentally limits the mobilities
of the charge carriers. In addition to spectral changes, the lattice strain causes nonradiative
losses in halide perovskites [80], which has in addition been attributed to the locally induced
crystal misorientation [81]. The remaining nanoscale strain also reduces the stability in cesium
lead-bromide perovskites and shifts the local luminescence spectrum [82]. In contradiction to
these studies, it has been reported previously that light-induced lattice expansion leads to high-
efficiency perovskite solar cells [83]. While the authors of these studies claim to exclude heat-
induced lattice expansion, it has been shown that the lattice expansion mechanism matches the
heat-induced thermal expansion during illumination [84]. The properties of phonons are crucial
for the understanding of not only charge transport in the form of electron—phonon interactions
in polar semiconductors such as halide perovskites, but also for heat transport in functional
materials. Phonon—phonon scattering plays a decisive role in determining acoustic phonon

transport and thus the thermal conductivity of halide perovskites.

In a wide range of these organic—inorganic and all-inorganic perovskite applications, the
acquisition of the stability under elevated temperatures and long-term light soaking as well as
under real-world operating conditions has become more and more important [85,86]. Since
temperature and temperature gradients induce thermal stress and structural instability, the
following sections provide an overview of the heat dissipation in metal-halide perovskites and
the experimental techniques used so far to assess thermal conductivities, thermal diffusivities,
and heat capacities. The experimental data will be complemented by the results of theoretical

works.
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2.4. Heat dissipation in metal halide perovskite semiconductors

The fundamentals of heat transport of metal halide perovskites are explained in the following
section. To this end, the topic is first introduced by explaining general terms and heat transport
in solids, followed by a specific discussion of heat transport and the thermal properties of
perovskites. Based on this, an overview of the state of field is given with respect to the thermal

properties determined by simulations as well as experimental approaches.

2.4.1. Introduction into heat dissipation in metal halide perovskite
semiconductors

Heat transport can be divided into four categories, advection, conduction or diffusion,
convection, and radiation. In the following discussion, we deal exclusively with
conduction/diffusion. Here, an exchange of thermal energy takes place with a gradient from the
hotter to the cooler region until thermal equilibrium is reached. The resulting heat flux c';(?, t)

is classically described by the Fourier law, where in general T(7,t) is a given temperature

distribution and A(#, t) is the tensor of thermal conductivity [87-90]:

q(#,t) = — A(# t) - grad T(# 1) 3)
Note, material specific parameters like 7(1"’, t) are also time-dependent since they depend on
T (#,t). For steady state conditions, the thermal conductivity can be directly determined, if the
absorbed heating power in the sample is known. However, in the case of dynamic (transient)
heat transports, the volumetric heat capacity ¢, (7, t), given by the product of the density p
and the specific heat ¢, of the material, must be considered and the heat flow is described by

the general equation of heat conduction:

oT (7, d L T, d L T, 5] L T, N
o072 = 3 (a0 52 + (100 5 2) 4 5 (200 S i D

where ¢ (7, t) indicates the amount of heat generated per unit time and unit volume [90]. For

homogeneous and isotropic materials, eq 4 can be simplified to
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aT(7,t)

= a(f,0) - AT ) LGN ©)

Cyol. (F: t)

NG

whereby a(7,t) = - denotes the thermal diffusivity of the material, i.e., the ability of a
vol.\T,

material to conduct thermal energy relative to its ability to store thermal energy. The heat
transport based on the free carrier gas model is discussed in the following to describe the

thermal conductivity.

Using the Wiedemann-Franz law [91], the thermal conductivity in metals is correlated to the
electrical conductivity o(#,t) due to the heat transport of electrons [92-95]. Thus, the

relationship can be explained by:

A _ e (6)
ey L-T(7#¢t),

which coupled and introduces the empirical Lorenz number L [96]. The relationship between

A(#, t) and a(#,t) shows that the transport mechanism of both electrical transport of electrons

and heat is the same and can therefore be described by the electron gas [92,97]. In general,

however, heat transport occurs via both electrons and lattice vibrations/phonons, so thermal

conductivity can be described as the sum:

/1(7; t) = Aelectron (Fr t) + Aphonon (Fr t) (7)

In the case of heat transport in perovskite semiconductors, the thermal conductivity depends
predominantly on the phonon kinetic gas theory according to Peter Debye [88,98]:

- 1 - - -
Aphonon (T', t) = § Cphonon(r: t) * Uphonon (7", t) ’ lmfp—phonon (7", t) (8)

The thermal conductivity Aphonon(ﬁ t) is given by the volumetric phonon heat capacity
Cphonon (7, ), the average group velocity Vpponon (7, t), and the temperature-dependent average
phonon mean-free path L, r,—pronon (T, t) [96,99]. The mean free path of the phonons is
determined by scattering processes and interactions within the crystal structure. These include
geometric scattering and phonon-phonon interactions. Hence, measurement series and
simulations of the thermal conductivity of MHPs, where the composition of the perovskites has
been varied, and publications show a similar motif and describe that the ultra-low thermal

conductivity of metal halide perovskites is due to the properties of their phonons

[95,96,100,101].
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Due to the crystalline structure, the lattice vibrations of perovskites have three degrees of
freedom, which can be divided into acoustic and optical modes [102]. These modes can be
further subdivided into the transverse and longitudinal configurations. In the transverse
phonons, the lattice vibration is perpendicular to the direction of propagation. For longitudinal

phonons, on the other hand, the oscillation vector is parallel to the direction of propagation.

Theoretical considerations and simulations have indicated that the strong interaction between
the rotation of the A-site cation and the low-frequency phonons of the PbXs cage may result in
ultra-low thermal conductivities for hybrid organic — inorganic MHPs [103]. Specifically, this
means that the motions of the cations and the vibrations of the crystal lattice reduce the
material's ability to conduct heat. Therefore, MHP materials that have this strong interaction
between the rotation of the cations and the phonons of the crystal lattice can have extremely
low thermal conductivity. Moreover, in the case of all inorganic metal halide perovskites, the
Cs atoms used are located in an oversized cage of the perovskite structure and form a weak
chemical bond with the halogen atoms [104]. The weak chemical bonds lead to a dislocation of
the inorganic A site cation and, together with the distortion of the octahedra, to a highly dynamic
structure in the three-dimensional perovskite structure. This results in a low Debye temperature
and a low phonon velocity according to Xie et al.[104]. The Debye temperature is defined as
the temperature at which all normal vibrational modes of a crystal are excited simultaneously
and reach a characteristic frequency. It is an important quantity in solid state physics and is
related to the specific heat capacity and other thermodynamic properties of the crystal.
According to the Debye temperature, elastic properties are correlated with thermodynamic
properties, such as phonons, thermal expansion, thermal conductivity, and specific heat. In
addition, Xie et al. found out, that the Cs atom behaves like a heavy cage rattler and results in
a coupling of low-frequency optical phonons and the acoustic phonons. Which results in a low
lattice thermal conductivity in the all-inorganic perovskite when phonon resonance scattering

occurs on heat-carrying phonons within the perovskite. [104].

In the following the state of the field in the determination of the thermal properties of metal
halide perovskites will be presented, divided into two categories: theoretical and experimental

methods.
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2.4.2. Molecular dynamic calculations of heat dissipation in metal halide
perovskite semiconductors

In this section, an overview of the state of the field in molecular dynamic calculations of heat
dissipation in metal halide perovskite semiconductors is given, providing and briefly describing
the procedure to which this theoretical work relates. Molecular dynamics calculations from our
review paper [100] are briefly summarized, as they provide the phonon dispersion which is
essential for the description of heat dissipation in the crystalline structure and the

dimensionality given by its composition AxByX; in these perovskite semiconductor types.

For MAPDI; in all its phases (orthorhombic, tetragonal, cubic), it was found via molecular
dynamics simulations by the Lin et al. group that the thermal conductivity 1 is 0.31 W (m K)~!
at room temperature [105]. Such ultra-low thermal conductivity, indicated by a result of the
enhanced phonon-phonon scattering from highly overlapped phonon branches, hints to short
phonon lifetimes < 100 ps and consequently short phonon mean-free paths < 10 nm. The low
elastic stiffness of MAPDI; also predicts low group velocities [105]. Related to another work, a
very low thermal conductivity of 0.59 W (m K)~! was found in the tetragonal phase at room
temperature of MAPDbI3, attributed to the low group velocity of acoustic phonons due to the low
elastic stiffness of MAPbI3, whereas a much higher thermal conductivity was predicted for the

pseudo-cubic phase (1.80 W (m K)~1 at 57 °C)[106].

Caddeo et al. studied the influence of the A-site cation on thermal transport and attributed the
low thermal conductivity of the lead-based perovskites to the low sound velocity of the PbX
lattice [107]. It was found that the thermal conductivity value doubled when the organic A-site
cations retained only the translational motion. This contrasts with reports from the group of
Hata et al. using molecular dynamics simulations [103]. The study of the phonon band
structures indicates that coupled translational and rotational motions of the A-site cation interact
with the PbXe cages, suppressing phonon transport in MHPs. This was also shown by the
calculations from [108] and confirms that the scattering between the rotational modes of the
MA cation and the low frequency phonon modes is the reason for the low thermal conductivity

of hybrid perovskites.
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2. Fundamentals of heat dissipation in metal halide perovskite semiconductors

Coupled translational and rotational motions of MA were found to interact with the Pbl
octahedra and afford couplings between the isolated lattice vibrations, which hampers the

phonon transport in MAPbI;.

Further MDS shows that the A-site component of two-dimensional metal halide perovskites
induces a reduction of the stiffness and sound velocities along with giving rise to vibrational
modes in the 5—15 THz range that are absent in the three-dimensional counterparts [109]. The
measured MHP films with weak van der Waals interactions between the organic and inorganic
constituents (that confines the inorganic layers in 2D) posses ultra-low thermal conductivities

in the range 0f 0.10 to 0.19 W (m K)~! depending on the organic cation arrangement [109].

Thermal transport investigations of perovskite alloys, which have been successfully developed
to design various layered structures, [110,111] have been performed rarely [112—114]. The first
inspections described in the publications of heat accumulations and gradients in transparent
front electrode and back electrode materials are promising for the higher thermal stabilities of

these devices since they also take the heat dissipation in air into account.

Note that dynamical heat transport analyses for MHPs have not been carried out so far.
Accordingly, their experimental thermal property studies for reliable dynamic device operation

will be considered in addition in the following.
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2.4. Heat dissipation in metal halide perovskite semiconductors

2.4.3. Experimental determination of thermal properties in metal halide
perovskite semiconductors

The content and the corresponding results from the status of the field are briefly summarized
and the individual methods are explained. The measurement methods are fundamentally based
on Fourier's law (see equation (3)). In all these methods, the material under investigation is
exposed to a heat source either at the surface or in the volume. The heat flux within thin
polycrystalline films and single crystal bulk samples is classically described as diffusive
transport for a given temperature distribution. The applied measurement techniques used to
determine the heat transport of metal halide perovskites can be divided into two categories:

steady-state and transient techniques.

The first thermo-mechanical studies on inorganic CsPbCl3 and CsPbBr3; perovskites were
performed in the 1970s to understand the phase transitions of these materials [12,76,115,116].
But the corresponding specific heat ¢,y and thermal diffusivity a values of the different phases
were obtained in transient measurements on single crystals much later [117]. In addition,
thermal conductivity studies have been carried out for all-inorganic halide perovskite
nanowires, CsPblz and CsPbBr3 [118,119]. The authors generally concluded that nanostructures
or crystal grains with dimensions smaller than 100 nm significantly reduce the thermal
conductivity because phonons have a mean-free path on the same order. Thus, somewhat higher
thermal conductivities are reported for CsPbBrs single crystals (0.46 W (m K)™1) [95] in
comparison to nanowires (0.36 W (m K)~1) [119].

The specific heat capacities of MAPbX3 (X =1, Br, and CI) perovskites were studied by Onoda-
Yamamuro et al. in 1990 to be 19.0 ] (K mol)™?, 8.2 ] (K mol)~%, and 10.0 ] (K mol)~?! at
room temperature for X = I, Br, and CI, respectively [120]. Upon heating the MAPbI; samples
above room temperature, a tetragonal to pseudo-cubic polymorph transition (57 °C) was

observed that led to a reduction of ¢gpec 10 9.7 ] (K mol)™ L.

Pisoni et al. performed the first thermal conductivity measurements of MAPbI; for temperatures
below room temperature [121]. The analysis was performed by a steady state bar technique.
The room temperature thermal conductivity 2 was determined to be 0.5 W (m K)~! and 0.3
W (m K)~! for a single crystal and a polycrystalline sample, respectively. The schematic of a
thermal resistivity measurement setup in a standard four-point configuration is shown in Figure
8. An electrical heater, where the heat flux is equal to the electrical power, is connected to a

sample, represented by the red rectangle, using epoxy. The sample is connected to a calibrated
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2. Fundamentals of heat dissipation in metal halide perovskite semiconductors

reference material, which is glued to a heat sink for heat dissipation. The given temperature
distribution is obtained using differential thermocouples placed on the sample and reference.
This common technique was the very first one introduced to determine the thermal conductivity

of materials and has been improved successively [122].

Figure 8: Schematic of a thermal resistivity measurement setup in a standard four-point
configuration. Edited and based on [121].

The same thermal conductivity, as already published by Pisoni et al. for MAPbIz, was found
for a polycrystalline MAPbI3 sample when measuring the effect of the methylammonium ion
on phonon scattering by a longitudinal steady state technique in addition to calculations from a
Debye model [123]. The low thermal conductivity of the MAPDI3 single crystal was mainly
attributed to the rotational motion of the MA cations [103] and has attracted intense attention
due to its possible thermoelectric applications [124]. A high Seebeck coefficient S of 0.82
mV (K)~1, [125] a decent charge carrier mobility in the range of 5-10 cm? (V s)~1 for
electrons and 1-5 cm? (V s) ™! for holes, [126] and a high carrier diffusion length > 1 pm [127]
were reported. The thermal conductivity of a MAPbI3 perovskite was also evaluated using laser
flash systems. Values of around 0.30-0.42 W (m K)~! were observed for a single crystal in the
temperature range of room temperature to 150 °C [128]. Similar values were found for films
using the time-domain thermo-reflectance (TDTR) method [129]. In striking contrast to all
other reports, an unusually high thermal conductivity of densely packed MAPDbI3 films of 11.2
+0.8 W (m K) ™1 at room temperature was claimed by Chen et al. [130].
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2.4. Heat dissipation in metal halide perovskite semiconductors

A review of other commonly used differential scanning calorimetry techniques is given by Gill
et al [131]. A non-contact optical flash method was already established in 1961 [132] ,which is
widely used in commercial thermal conductivity measurement systems. Its application to the
study of microelectronic materials by the detection of thermal waves through changes in their
optical reflectance was primarily demonstrated in 1985 [133]. The initial thermal diffusivity
measurements of thin films by means of an AC calorimetric method were performed in the
same year [134]. Like these analyses, a modulated thermo-reflectance microscopy technique
(shown in Figure 9) has recently been successfully applied for measurements of the thermal

conductivity and the thermal diffusivity in mixed-cation perovskites [135].

Si photodiode
+ lock-in amplifier

fifin

Figure 9: Principle of a modulated photoreflectance setup. Edited and based on [135].
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A modulated pump beam (532 nm) is focused onto a sample’s surface to provide a modulated
local heat source in a metallic film deposited on top of the perovskite film. The heat diffuses
laterally on the surface (r direction) and perpendicularly to the sample’s surface (z direction).
A periodic modulation of the surface reflection coefficient AR because of the periodically
induced surface temperature modulation is sensed by a CW probe beam (488 nm) and a lock-
in amplifier. Theoretical thermal models [136] are used which describe the magnitude (AR) and
the phase (A®) of the modulated photoreflectance signal measured as a function of the distance
to the pump beam. To get access to the thermal conductivity and diffusivity of the perovskite
film in the r direction and the z direction (depending on the crystalline orientation of the film)
the different layer systems in this example underneath, as it is a device, must be analyzed
beforehand. Moreover, photo-induced degradation, [137] slight changes in the optical
properties of MAPDI3 perovskite across the tetragonal to cubic transition, [138] and possible

degradation under intense optical excitation [139] may affect the result of the experiment.
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2. Fundamentals of heat dissipation in metal halide perovskite semiconductors

Studies have been carried out on FAPbBr3, [95] on targeted thermo-electrics such as CsSnls,
[118,140—-142] and on lead-free solid-state organic — inorganic halide perovskite solar cells
using materials such as MASnl3[125,143] and (MA)3Bi2lo,[144,145] with which the influences
of A- and B-cation substitutions on thermal transports were examined. The obtained thermal
conductivity values of 0.28 - 0.74 W (m K) ! for CsSnls vary significantly for single crystals,
nanowires, and polycrystalline films due to the enhanced phonon scattering by
defects/vacancies and reduced crystal sizes. Polycrystalline MASnI; has a thermal conductivity
of 0.09 W (m K)™1, which is very different from the thermal conductivity of MAPbIs. The
broad peak observed around 220 K suggests the existence of small structural features that limit
phonon mean free path even at high temperatures, as opposed to MAPbI3 where this occurs at
30 K. It appears that thermal conductivity in MASnI3 exhibits a glassy behavior over a wider
temperature range, which may be attributed to an effective scattering [125]. Zero-dimensional
Bismuth (Bi) based perovskites, for instance, have a lower thermal conductivity of 0.21

W (m K)~? than Pb based systems, which is due to their soft phonon dispersion [146].

In the interest of completeness, it should be mentioned that, besides these modulated heating
techniques, thermal diffusivity measurements using a pulsed laser heating source for transient
picosecond time-domain thermal-reflectance (TDTR) were presented [147]. Although the
results of the first TDTR measurements of MAPDI; thin films [130] significantly differ from
other results (TDTR determines a thermal conductivity of MAPDI; films of 11.2 W (m K) ™1 at
room temperature), this method is interesting because a theoretical description for frequency
modulated time delay photo-thermal and photo-acoustic wave spectroscopies is given [148].
Note that the optical generation of excess carriers due to laser excitation may affect the thermal

conductivity measurements.

The previously only theoretically predicted structural anisotropies in perovskites correlated
with direction-dependent variations of the phonon vibrational density of states [105] could be
recorded by a differential photo-acoustic method to measure the thermal conductivity of thin
films [149]. Details of heat flow analysis in layered structures using a picosecond optical pump-
and-probe technique can be found elsewhere [150]. In addition to the space and time domains,
thermal properties have been measured in the frequency domain. Nowadays, frequency-domain
thermo-reflectance (FDTR) is used besides TDTR to simultaneously measure in-plane and
cross-plane thermal properties [151]. This technique can determine the thermal conductivity
and heat capacity of a sample at the same time, and it combines the advantages of TDTR with

the relative experimental simplicity of modulated photo-thermal methods. Using FDTR, the
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2.4. Heat dissipation in metal halide perovskite semiconductors

thermal conductivities of various single crystal lead halide perovskites were found to be
proportional to C,_cypic Us/3, where Cy_cypic 1S the volumetric heat capacity of acoustic
phonons based on a cubic unit cell and v is the speed of sound [95]. An average acoustic
phonon mean-free path l,;,r,_pronon = 4.3 nm was determined. Thus, it could be shown that

this technique is very promising for the determination of thermal properties.

In addition, the groups Liu et al. and Haque et al. [152,153] use the 3w-method to measure the
thermal conductivity of MHPs (see Table 3). Finally, this method will be explained in detail,
since the measurement technique used in this work is also based on the 3m-method, albeit in a

SThM.

A resistive strip mounted on the sample is heated with a sinusoidal current of the angular
frequency w. Thus, the heating power is composed according to the electrical power and the

heating current I(t) = I, - sin(wt):

P(t) = R- I,*- % ‘[1 = cosRwt)] )

Since the heating power is proportional to the square of current, the diffusive thermal wave
penetrating the sample has a periodicity of Zw. Since the heating generation occurs at 2w, the

electrical resistance also changes with the same frequency due to the temperature-coefficient of

the heater:
AT(t) < AR(t) (10)
drR . 1
= R(t) = Ry +R() = Ry — —=- AT+ = - [cos 2wt + ¢)] (11)

dR . . . : :
- s the temperature coefficient of the heater and R is the mean value of the wire resistance

considering self-heating. AT represents the amplitude of the periodic temperature change of the

heater and ¢ the phase angle between AT and the heater power P(t).
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2. Fundamentals of heat dissipation in metal halide perovskite semiconductors

The electrical voltage drop across the wire is given by the product of the electrical current and

the resistance of the probe by:

U)=R()-I(t) = 12)

=(Ry * Ip) - sin(wt) + I -3—};- A4—T sin(wt — @) — I -3—};- A4—T sin(3wt — @)
The 3w-component of the detected signal is independent of the mean value of the electrical
resistance of the strip and thus also independent of the temperature of the sample. This is
advantageous because thermal properties of the sample can thus be investigated as a function
of temperature. The amplitude of temperature changes AT within the sample with distance r

from the heat source is given by Carslaw and Jaeger [154] as:

AT(r) = — - Ko(qr), (13)

where ? is the amplitude of the injected heat power per length and K|, is the zeroth ordered

modified Bessel function. { is defined as a complex thermal wave number according to [155]:

T
A=l = o (14)

The magnitude of this quantity is the wavelength of the diffusive thermal wave, or according to
Cahill the thermal penetration depth. As shown by Cabhill [156], the equation (13) of Carslaw

and Jaeger can be approximated as follows:

AT = %- E In (i—?) _ 05772 — ]7" ~ In(w) (15)
As can be seen from this approximation (15), the last term depends on the modulation frequency
o. Please note that the logarithmic term is calculated without units and the values corresponds
to SI units. Consequently, if AT is inserted into the 3w—component of equation (12) and a

difference of the signal is measured at two frequencies, the thermal conductivity can be

determined from the slope:

U —-U
3“:1 3“)2* — 1.10 d_Ri (16)
In(w) —n(wy) 4 ° dT Imd
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2.4. Heat dissipation in metal halide perovskite semiconductors

2.4.4. Concluding remarks

Within this chapter, the current state of the field has been presented and both experimental
results and theoretical findings have been shown. In this regard, a table is provided below
(Table 2), which presents the results of individual research groups as an overview. The
following table shows mean values of heat dissipation quantities at room temperature obtained
from molecular dynamics calculations and experimental investigations for most common metal
halide perovskites in comparison to other solar cell materials. For this purpose, the results of
this work have already been inserted and included in the calculation of the mean values and

their summary Table 3 (highlighted in blue color).

In addition to the disadvantages of the far-field thermal measurement methods presented so far,
it is known that heat transport is strongly dependent on the dimensions of the materials and is
of increasing interest when the layer thickness is reduced [157,158]. Furthermore, high-
resolution measurement methods are required to investigate on thermal properties so that
dependencies of polymorphs and grain boundaries can be analyzed. In this work, the heat
transport, and the determination of the thermal properties of metal halide perovskite
semiconductors are investigated by using a scanning probe microscopy-based technique. The
development and operation of scanning thermal microscopy (SThM) is described in the
following chapter.

Table 2: Mean values of heat dissipation quantities at RT obtained from molecular dynamics

calculations and experimental investigations (see Table 3) for most common perovskites in
comparison to other solar cell materials.

Material A “ Copec Cvot Vs
W (mK)™] [mm? s71] U (gK)™ U (em® K)™'] [ms™]
MAPDbDI; 0.35+0.02 0.28 +0.07 0.31+0.08 1.28 1295 + 134.35
MAPbBrs 039+ 0.07 0.35+0.08 0.38 +0.09 1.45 1717473,
MAPbC:  0.51=0.11 0.45 % 0.09 0.51+0.13 1.62 219478
CsPbls 0.45+£0.05 - - - -
CsPbBr3 0.43 £0.06 0.40 £0.07 0.28 £0.04 1.29£0.14 1361154
CsPbCls 0.53 +£0.03 0.49 £0.01 0.27 £0.03 1.12+0.13 -

Si 156 [159] 78 0.7 [160] 1.6 8500
GaAs 45 [159] 26 0.33[161] 1.7 5300
CZTS 472 [162] 20[162] 0.05 [162] 0.24 )
CZTSe 426 [162] 20[162] 0.04 [162] 021 )

Organic 0.3 [163] 0.15 1.7 2 [164] )
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3. Simultaneous mapping of thermal properties of metal halide perovskites

3. Simultaneous mapping of thermal properties of metal
halide perovskites

Since stationary and dynamic heat transport is of interest in many interdisciplinary fields of
research, a variety of thermal measurement methods have been developed, which enable the
simultaneous detection of thermal conductivity and thermal diffusivity [165-167]. However,
these are all macroscopic methods, that are not suitable to measure thermal properties with a
high spatial resolution and on thin films. For layers with a thickness below 100 nm, ballistic
heat transport and phonon scattering at the interfaces significantly influence the diffusive heat
flow [168—170]. So, the scanning near-field thermal microscope (SThM) is particularly suited
to assess the thermal transport even in thin films [168]. In the following chapter, an introduction
into the near-field technique of scanning thermal microscopy (SThM) for the nanoscopic
determination of thermal properties is presented. In the second section, an extended SThM
technique is developed, which for the first time allows simultaneous mapping of thermal
conductivity, thermal diffusivity, and volumetric heat capacity. This technique is validated in

selected case studies that are demonstrated in the third paragraph of this chapter.

3.1. Introduction into scanning near-field thermal microscopy

By measuring the difference in contact potentials caused by heating the SThM tip or sample,
Nonnenmacher and Wickramasinghe invented the first method to determine the local thermal
conductivity [171]. By using resistive thermal probes, where the heat source and temperature
sensor are combined in one element, local heat transport within electronic materials and devices

was qualitatively mapped with high spatial resolution in 1994 [172,173].

The 3w- technique (see 2.4.3.) was applied 1999 by Fiege et al. [155] to SThM expanding
quantitative thermal conductivity measurements to atomic force microscopes (AFMs) by means
of a modulated heating source. The combination of SThM and the 3w-technique allows the
quantitative determination of the thermal conductivity with high spatial resolution. When using
the scanning thermal microscope, the measuring strip, that is commonly used for the 3o method
and which also serves as a heating element, is now replaced by a resistive thermal tip. The
measuring tip used in this thesis is the commercially available VITA-HE-GLA-1 tip from

Bruker [174]. This resistive measuring tip is heated with a sinusoidal current with angular
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3.1. Introduction into scanning near-field thermal microscopy

frequency w and it is brought into contact with the sample surface via the AFM distance control.
The contact force is kept constant. Thus, the 3w-technique can be applied (see Figure 10)
measuring the resulting amplitudes of the temperature oscillations AT of the thermal resistive
probe at 3®min and 3wmax, the lower frequency limit w,,;, and the upper frequency limit w4

given by the thermal probe.

The thermal probe of the SThM is always electrically dynamically powered by P, =

dR

128ulW + 3 uW. Knowing the differential thermal coefficient of the probe T

T probe can be

measured from the in-phase component of the voltage drop at the thermal resistive probe using

lock-in amplification with a sensitivity of 80 % + 8 % , limited by the internal resistance

of the probe. Since the temperature oscillation depends on the local heat flux Q (7)) into the
sample, on its local thermal conductivity A(7) and thermal diffusivity a(#), as well as the

applied frequency w one may approximate [155,156]:

L O (1 a® 1
Tprobe(T) = o) <§1n (W) - Eln(w) + In(2) — 0.5772) (17)

For samples with low thermal conductivity (<10 W/(m-K)), the heat dissipation into the supply
lines of the thermal probe must be considered in SThM [169,175,176]. Since the local heat flux
into the sample depends quadratically on A(7) for those samples with a low thermal
conductivity and only 13.5% + 3.5% of the heat flow dissipates from the used thermal probe

into a glass substrate (1g;qss = 1.2 W/(m'K)), the local heat flux into the perovskite sample is

13.5%

e
100nmnlglass

given by Q,(7) = - P, - A(#)? according to [177,178]. It is important to note, that

the SThM in the present work is installed in the analysis chamber of a scanning electron
microscope, thus our SThM measurements are carried out under vacuum (5 x 10°° mbar).

Effects of thermal transport due to convection and related to ambient gases can therefore be
excluded. A constant low force between SThM probe and sample was applied during these
measurements to guarantee a constant thermal contact resistance while at the same time
avoiding mechanical influences/damages to the perovskite films. It should be noted that when
analyzing the thermal properties of perovskites, the grain boundaries should not be disregarded.
Suppose the measuring tip moves over the grain boundary of two neighboring perovskite grains.
In that case, the measuring tip has more contact, and an increased heat flow is a consequence,

so an increase in thermal conductivity can be seen in the measurement result. Thus, topography
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3. Simultaneous mapping of thermal properties of metal halide perovskites

and the measurement of thermal conductivity must be compared to consider the influence of

the topography.

ere(] - AydeiSodo],

Electronic
Control Unit

~ Piezo - Control

Reference ]
Signal Wheatstone Lock-in
Generator Bridge ~ | Amplifier -

Figure 10: Schematic illustration of the setup of the scanning thermal microscope (SThM).

For example the average thermal conductivities of 0.36 + 0.08 W (m K)~! and 0.44 + 0.02
W (m K)™! in CsPbBr; perovskite films and single crystals, respectively, were determined
within an area of 10 x 10 pm? for signal to noise improvement using glass as a reference (see
Figure 11). While the thermal conductivity of single crystals can be determined quantitatively

with a low uncertainty, that of thin layers is greater, presumably due to inhomogeneities in this
film.

Thus, thermal properties should be recorded locally. It should be noted, local measurements at
two different frequencies cannot be done consecutively, because the design of the SThM tip

and its frequency dependent thermal form factor would lead to a shift in the recorded area.
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3.1. Introduction into scanning near-field thermal microscopy
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Figure 11: Thermal conductivity of a CsPbBr; single crystal by the 3w -technique using
glass as reference [179].
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3. Simultaneous mapping of thermal properties of metal halide perovskites

3.2. Development of a measurement technique for simultaneous
mapping of thermal conductivity, thermal diffusivity, and
volumetric heat capacity

In this work, we developed the SThM based measurement method in the frequency domain to
detect simultaneously a mapping of the thermal conductivity, thermal diffusivity, volumetric
heat capacity, and topography of perovskite thin films with a high spatial resolution for the first
time [179]. In the following the development of the 3w-technique in the SThM will be
presented. The idea of the development was to use an adder for the measurement of thermal
conductivity based on the 3w-technique. We detected simultaneously the local temperature
oscillations of the thermal SThM probe at the lower frequency limit ®min and the upper
frequency limit @max from the third harmonic Wheatstone bridge output signals, as shown in

shown in Figure 12.

™ Electronic
Control Unit
Piezo-electric
Reference Scanner
1 — 1
Signal O, Lock-in
Generator Amplifier A
Wheatstone
Bridge
Signal Lock-in
Generator o, Amplifier

| |
Reference

Figure 12: Schematic illustration of extended quantitative thermal conductivity
measurements by SThM applying the 3 - measuring technique in the frequency domain.
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3.2. Development of a measurement technique for simultaneous mapping of thermal conductivity, thermal
diffusivity, and volumetric heat capacity

The resistive thermal probe of the SThM is powered by a mixed signal of two sinusoidal
currents I ,sin(w4t) and Iy ,sin(w,t) with angular frequencies w; and w,. To improve the
signal to noise ratio, w; and w, are chosen as the lower frequency limit w,,;, (3kHz) and the
upper frequency limit w4, (7kHz) of the thermal probe[174], respectively. If, on the other
hand, a multiplier is used instead of an adder, w; and w, are chosen to fulfill the following
equations: w; — W1 = Wy, and W1 + Wy = Wpe- In this case the electrical coupling factor of
the mixer must be considered carefully since the maximum current, which may be applied to
the SThM probe, is limited. The resulting amplitudes of the temperature oscillations ’T‘pmbe of
the thermal probe at 3w,,;;, and 3w,,4,, Which according to Cahill and Fiege et al. are used for
quantitative thermal conductivity measurements [155,156], can be measured simultaneously.
Furthermore, Tpmbe is detectable independently of the ambient temperature by using the output
signals of a Wheatstone bridge resulting at (2wmin — ®Wmax)> COmin + Omax)> 2LOmax —

Wmin)> ANd 2wy + Wmay) 10 the frequency domain.

To determine the low thermal conductivity in perovskite thin films with high spatial resolution
using the 3w- technique, we subtracted the local temperature variations TprObe(F)lﬂcHZ from
Tprobe (77)|3kHZ according to equation (16). This technique allows the mapping of the thermal

conductivity of our perovskite films in the frequency domain.

A)
p(F)c(7)

Aside from the thermal conductivity, the local thermal diffusivity a(#) = is of great

importance. The thermal diffusivity is determined from ’IA‘pmbe @ |3kHZ and the corresponding

thermal conductivities using equation (17). In particular, the local heat capacity is of interest,
since it ultimately tells the ability to store the supplied heat and local variations can even lead
to discontinuous temperature gradients in dynamically operated devices [180]. Until today,
experimental data of specific heat for lead halide perovskite thin films are hardly available. So
far, the heat capacity was measured only once for methylammonium lead halide (MAPbX3,
X=I, Br, Cl) single crystals.[181] The local volumetric heat capacity of the corresponding film,
which is given by the product of the local density and the local specific heat, can be directly
determined from Equation (5) using our SThM data.
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3. Simultaneous mapping of thermal properties of metal halide perovskites

3.3. Validating the advanced nanoscopic thermal measurement
technique on a selected demonstrator

This section discusses the validation of the advanced measurement setup of the SThM in the
frequency domain. The functionality of the system is demonstrated by measurements on a
selected demonstrator. In this case, a 400 nm thick aluminum oxide (Al,O3) film is used, that
is deposited by atomic layer deposition (ALD) on a borofloat glass substrate and patterned by
a lift-off process [182].Thus, the thermal properties of both the Al,O3 and the glass are mapped

near the edge. The simultaneously recorded measured data is illustrated in Figure 13.

nductivity
- — aw == 15 W(mK)*l
}“1\1;0‘:08 W(mK)! ,T: -

(a) topography (b) thermal co

- . -
o -
——

I 10 um I
0.75
(C) ATPmbe ('omin (3kHZ)
— = 84K
10um 4
e o

1.1 mm?/s 1.6 J/(cm’K)

0.2

Figure 13: (a) Topography and resulting mapping of thermal conductivity (b) from the measured
corresponding differences in temperature oscillations at (c) lower frequency limit Wy (3kHz) and
(d) the upper frequency limit Wy g, (7kHZ) [183].(e) shows the measured thermal diffusivity and (f)
the calculated volumetric heat capacity from (b) and (e).
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3.3. Validating the advanced nanoscopic thermal measurement technique on a selected demonstrator

With the known thermal conductivity value of the glass of 1.2 W (m K)™1, the thermal
conductivity of AlOs is calculated to be 0.8 W (m K) ™1, which fits nicely to literature values
[168,184]. The AlO3 layer deposited by using ALD is homogeneous both in the topography
and in its thermal conductivity, only at the edge towards the glass, the thermal conductivity
seemingly varies. This variation is due to an increased contact area, which adds more thermal
energy to the sample and the resulting temperature oscillation. Thus, changes, the simultaneous

recording of the topography is also beneficial here.

In addition, the thermal diffusivity was measured and combined with the thermal conductivity,
the volumetric heat capacity was determined. Here, Table 4 gives an overview of the averaged
values from the image data in comparison to literature data. cyo from literature was calculated
from the reported cspec and the reported density.

Table 4: Overview of the measured thermal properties of Al>2O3 and glass in comparison with
literature values.

A a Cvol Cspec P
[W (nK)™] [mm?s~1] Jem™3K™1] Jg K] [gem™3]
calc. from calc. from
measured  literature measured literature calculated literature calculated literature literature
ALO3 084008 09[185] 0.58 +0.1 0.4 1.38 £ 0.3 2.03 0.53+03 0.784[186] 2.6[187,188]
glass 1.2[182] 0.84 +0.1 0.64 143 +£0.3 1.87 0.64 +£0.3 0.84[182] 2.23[182]

Finally, the application of this measurement technique allows the investigation of local heat
quantities in metal halide perovskites with a high spatial resolution. By using this scanning
probe microscope technique, in addition to the simultaneously recorded topography, it is also
possible to determine locally how the thermal properties of metal halide perovskites vary with
respect to crystal size, near grain boundaries or due to altered stoichiometry. To eliminate
topographic artifacts in SThM measurements, the following chapter deals with the preparation

of smooth metal halide perovskite thin films and single crystals.
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4. Fabrication of metal halide perovskite semiconductor thin films and single crystals

4. Fabrication of metal halide perovskite semiconductor
thin films and single crystals

In the following, the sample preparation of the investigated metal halide perovskite
semiconductors and their polymorphs is presented. Since thermal properties can depend on the
crystal size, nanocrystalline films, large crystalline thin layers, and single crystals were
investigated in this thesis. Thus, first, the conventional wet chemical deposition via spin coating
of nano-polycrystalline perovskite pristine thin films is shown. Spin coating is the most widely
used solution-based deposition method for thin films. Next, a planar hot pressing (PHP)
imprinting technique to improve the layers with respect to grain size, roughness, orientational
order, and their overall opto-electronic properties is summarized. Specifically, for poorly
soluble precursor materials, a deposition technique via an advanced thermal evaporation in
combination with PHP is developed and is explained in the third section of this chapter [189].

Finally, the preparation of perovskite single crystals is presented.

4.1. Solution based deposition of polycrystalline metal halide
perovskite semiconductor thin films

There are different approaches how exactly the spin-coating deposition of perovskites takes
place, whereby a crucial and at the same time critical aspect being the crystallization of the
perovskite. Without supporting crystallization methods, the crystallization mechanism 1is
determined by the evaporation rate of the solvent used [ 178] and thus indirectly by mixing ratio,
post annealing parameters and the environment. The following is a summary of the processes
used to prepare metal halide perovskite thin films by spin-coating. Since many developments
in the preparation and further processing of these samples have been empirically determined,

the reader is referred to the following publications for more specific details [26,190,191].
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4.1. Solution based deposition of polycrystalline metal halide perovskite semiconductor thin films

For the perovskite films deposited in this work, substrates were indium tin oxide (ITO) coated

glass, silicon, and glass [182].

MIXING INTERMEDIATE PEROVSKITE
PHASE THIN FILM

J) =

SPIN-COATING POST-ANNEALING

Figure 14: Schematic diagram of the spin coating procedure. For the liquid-processed
deposition method to produce a perovskite thin film, the solution is mixed in a first step and
then spun on. During the intermediate phase, while the perovskite layer is nucleating,
quenching methods can be used. After the post - annealing step, the pristine perovskite thin
film is obtained.

The solution for the liquid-processed deposition method to produce a perovskite thin film, is
mixed in a first step and then spun on the substrate, as illustrated in Figure 14. Two precursor
salts are dissolved in a solution and then spin coated in filtered form. The individual recipes for
the preparation of the metal halide perovskite thin films, which were spin coated, are published
in [14,26,189,190]. The ratio of the mixed salt solutions determines the extent to which both
three-dimensional perovskites as well as their two-dimensional and zero-dimensional
polymorphs and mixtures thereof occur. Note, that during the spin-coating process techniques
like solvent engineering or gas — quenching [175—177] can be used to introduce a supersaturated
state in order to improve the control over the crystallization of MHPs. In general, our perovskite
films are post-annealed (60 — 150 °C on a hotplate for 30 — 60 minutes) to remove residual

solvents from the intermediate adduct and to aid the crystallization process.
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4. Fabrication of metal halide perovskite semiconductor thin films and single crystals

4.2. Preparation of highly oriented large crystalline metal halide
perovskite semiconductor thin films by planar hot pressing

Using the method of thermal imprinting, Pourdavoud et al. succeeded in constructing
distributed feedback lasers based on MAPbI; and MAPbBr3 [26,190,192]. Lasing was also
achieved in the case of all-inorganic CsPbBr3 at room temperature with thresholds below 10
ul/cm? using PHP [190]. For a detailed description and the mechanisms behind thermal
imprinting, please refer to [189,192,193]. The following is a summary of the most important

aspects and is intended to illustrate the PHP process.

PHP experiments were performed in a parallel plate-based imprint system (press) [194]. During
heat up of the press to the recrystallization processing temperature (from RT up to 185°C, which
depends on the choice of the chosen MHP), the pressure of 100 bar was applied. When the
imprint recrystallization temperature is reached the pressure is kept constant for 30 minutes in
the case of hybrid MHPs and for 5 min in the case of all-inorganic MHPs. For this purpose, the
described press system is loaded with a stack to start the pressing process as shown in Figure
15. Typically, a sample to be pressed is placed on a stamp, which has been coated with an anti-
adhesion layer (fluorinated trichlorosilane, Sigma-Aldrich) [195]. This sample-stamp
combination is wrapped in heat conducting foil (KU-CG30/R, Kunze GmbH) and aluminum
foil (30 um thickness) as described in [193,196].
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4.2. Preparation of highly oriented large crystalline metal halide perovskite semiconductor thin films by planar
hot pressing

aluminum foil

250 nm

heatconducting foil

I stamp
0
I sample
heatconducting foil

pristine perovskite sample

aluminum foil
roughness: 46 nm (rms)
Planar Hot Pressing
PHP
pressure: 100 bar
20 nm temperature: 150°C
time: 30 min

< -

planar hot pressed perovskite sample
roughness: 0.6 nm (rms)

Figure 15: Schematically shown is the planar hot pressing (PHP) recrystallization process
for optimizing the pristine metal halide perovskite output layers in terms of roughness, larger
grains, and in terms of their opto-electronic properties. by merging a pristine perovskite
layer with an anti-adhesion coated stamp and then packaging with heat conducting foil and
aluminum foil. Using a press, 100 bar pressure and a perovskite layer specific temperature
is applied to this stack, resulting in a recrystallized highly oriented crystalline perovskite thin
layer after an empirically defined time. This PHP process also reduces the roughness from
several nm to less than 1 nm and is thus optimally suited for SThM. Here, within this
illustration, CsPbBr; is added as an example where a reduction in roughness from 46 nm to
<I nm (rms) has been determined.

In the case of the metal halide perovskites investigated in this work, the pressing parameters,
pressure, temperature, and time, are adapted to the respective perovskite composition. Here, the
MA-based perovskite thin films were pressed at 100 bar for 5 minutes. MAPbX3 (X=Br, Cl)
was recrystallized at a temperature of 150 °C. The MAPDbI3 perovskite thin films at 100 °C. The
Cs-based perovskite thin films were pressed at 100 bar for 30 min at 150 °C. All perovskite
films used for this work were loaded cold into the press and were heated to the target

temperature only after the pressure of 100 bar was reached. The target temperature is the
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4. Fabrication of metal halide perovskite semiconductor thin films and single crystals

temperature required for the recrystallization of the perovskite and differs with the composition
of the perovskite. Once the temperature was reached, the pressure was maintained for the
specified time and finally abruptly cooled while still maintaining the pressure. For further

information the reader is referred to [26,189-191].

PHP affords flattened thin films with a roughness typically below 1 nm and crystallites with
increased lateral extension compared to the pristine layer. At the same time, the optoelectronic
properties are improved, so that the recrystallization by thermal imprinting enabled lasing at
room temperature. Thus, the films produced for heat transport studies in metal halide perovskite
semiconductors were also used for research projects on the production of lasers.
[26,189,190,192]. For better understanding, only the results of the complementary electron
backscattering diffraction (EBSD) investigations are briefly presented below.

The presence of the two-dimensional and three-dimensional phases in the PHP pressed cesium

lead bromide-based layers was demonstrated by SEM studies and EBSD (see Figure 16) [190].

max = 7.845 max = 46.102
5.566 emm— 2434 cm—
3.948 w— 12.85 e
2.801 6.790
1.987 3.586
7 1.410 1.894
] 1,000 == 1.000 ==
0.528 e

Al

3D - CsPbBr, 2D - CsPb,Br,

Figure 16: Images obtained by scanning electron microscopy (SEM) by detecting
backscatter electrons, as well as electron backscattering diffraction (EBSD) of a
pressed/recrystallized cesium lead bromide-based layer [190]. Pole figures of the two relevant
phases, with the compression direction in the center of the pole figure. The directions Al and
A2 are randomly selected. The measurements were performed by Dr. Stefan Zaefferer (Max
Planck Institute for Iron Research GmbH).
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4.2. Preparation of highly oriented large crystalline metal halide perovskite semiconductor thin films by planar
hot pressing

The SEM image acquired with backscattered electrons shows a clear contrast between bright
and dark crystals, which cannot be explained by topography. Complementary EBSD shows that
the crystals appearing dark in the SEM are CsPbBr3 (3D), while the crystals appearing bright
are CsPboBrs (2D). In this case, the higher lead content in the two-dimensional phase of the
Cs2PbBrs perovskite leads to a stronger backscattering of electrons. Note, to reduce the
formation of CsPb;Brs, the CsBr concentration in the initial solution was increased, so that from
an original 1:1 molar ratio of CsBr:PbBr», a 2.75:1 solution has been empirically determined,
which leads to a pure three-dimensional CsPbBr3 perovskite thin film after. There were three
crystallographic phases used for pattern indexing: cubic CsPbBr3, ICSD-ID 29073, space group
221 with lattice constants 0.5874 nm, orthorhombic CsPbBr3;, ICSD-ID 97851, space group 62
with lattice constants a = 0.8207 nm, b = 0.8255 nm, and ¢ = 1.1759 nm, and the tetragonal
CsPb,Brs, space group 140, lattice constants a = 0.846 nm and ¢ = 1.595 nm. As a result of
pattern indexing, two fractions of grains were identified. The tetragonal phase CsPb:Brs is
indexed for one fraction. The SEM image shows these grains as bright grains. Both the
orthorhombic and cubic phases of CsPbBr3 can be indexed for the other fraction. However,
cubic phases fit the data significantly better: not only is the angular deviation between
experimental and theoretical recalculated patterns smaller for cubic phases, but cubic phases
also result in unique crystal orientations per grain, while orthorhombic phases result in many
pseudosymmetric solutions for many grains. As a consequence, it is impossible to determine
whether it is the cubic or orthorhombic phase with certainty, due to the low pattern quality. In
both cubic and orthorhombic structures, the plane normal points in the direction of compression
(CD). The left pole figure shows the (001) for the cubic phase. The right pole figure shows a
very strong (001) || CD fiber texture in the tetragonal phase.

Via the EBSD measurements and the simultancous SEM measurements, the thermal
measurements can be assigned to the individual polymorphs/dimensions via the contrast

difference of the grains present since the SThM is built into a SEM as a hybrid system.
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4. Fabrication of metal halide perovskite semiconductor thin films and single crystals

4.3. Thin film deposition of poorly soluble precursor materials by
thermal evaporation

Due to the limited concomitant solubility of some precursor salts, not all MHP semiconductors
can be produced using the previously described wet chemical deposition method. For example,
in the case of CsPbCls, attempts were made to dissolve CsCl and PbCl; in various solvents (see
Table 5). It turned out that CsCl is well soluble in formamide and PbCl, in DMF, but not vice

versa. NMF was found to provide at least some concomitant, albeit overall poor solubility.

Table 5: Demonstration of the non-existent/poor solubility of the two precursor salts CsCl and
PbClI; to form CsPbCl;3.

CsCl solubility PbCl: solubility
(20mg ml") (20mg ml")

solvent

Acetonitrile = -
Pyridine - -
Formamide + -
butanol, 2- - -
Dimethylformamide (DMF) - +
Dimethyl sulfoxide (DMSO) - -
propanol, 2- - -
Chloroform - -
Gamma-butyrolactone (GBL) - =
2-Pyrrolidinone - -
n-methylformamide (NMF)
n-methyl-2-pyrrolidone (NMP) - -
Dimethylacetamide (DMA) - c
Dichloromethane (DCM) - -
polypropylene carbonate (PPC) - -

Water + -
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4.3. Thin film deposition of poorly soluble precursor materials by thermal evaporation

As can be seen in Figure 17, the deposition from solution of CsCl and PbCl, in NMF affords
only highly discontinuous structures which are not useful for device applications. Therefore,

liquid processing has not been followed any further for this material.

Figure 17: SEM image capture of an attempt to liquid process CsPbCl; using the most
promising solution (NMF).

Instead, thermal evaporation, which is a physical vapor deposition (PVD) process, has been
resorted to. Thermal evaporation has previously been used for the deposition of halide

perovskites, e.g. for large-area solar cells [197].

For the deposition of CsPbCl3, CsCl and PbCl, were loaded into separately heated crucibles,
that are located in a high vacuum chamber (10 mbar). The deposition rates were monitored by
a quartz crystal microbalance (QCMs). However, since only one QCM is built in, it was decided
to deposit the precursor materials sequentially in a layer by layer fashion. Additionally, this
layered sample design results in the opportunity to gain a better understanding of perovskite
formation. To match the appropriate stoichiometry of the three-dimensional CsPbCls

perovskite, preliminary experiments were carried out.

First, a thick PbCl, layer of 50 nm was deposited, and then a varying layer thickness of CsCl
from 1 nm to 200 nm was added. This experimental setup was chosen to answer two questions:
whether a CsPbCl; perovskite layer can form at all and at what layer thickness of CsCl a self-
limitation occurs. The individual layers were examined for their PL intensity as illustrated in

Figure 18.

45



4. Fabrication of metal halide perovskite semiconductor thin films and single crystals
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Figure 18: Shown is the photoluminescence intensity versus a rising CsCI layer on 50 nm
PbCl;. Also shown is the photoluminescence spectrum of the fabricated CsPbCl; perovskite
thin films, which is comparable from its band gap to those reported in the literature [198].

As can be seen from the graph, the PL intensity saturates for a CsCl layer thickness > 9 nm.
Now, to determine how much PbCl> would be needed to form a 3D CsPbCl; perovskite from
9 nm CsCl, Rutherford backscattering (RBS) was used to determine the density of the vapor-
deposited films and to calibrate the QCMs using the RBS measurements.

Here samples are irradiated with helium ions from a particle accelerator. The backscattered ions
are recorded for their energy to obtain quantitative results with depth information [199]. For
this purpose, 100 nm of PbCl; and 100 nm of CsCl were evaporated separately for each of the

RBS measurements using thermal evaporation. The RBS results are shown below in Table 6.
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4.3. Thin film deposition of poorly soluble precursor materials by thermal evaporation

Table 6: RBS data obtained and calculated densities on 100 nm CsCl and 100 nm PbCl;
evaporated films. It should be noted that the measured density of the thermally deposited layers
deviates significantly from the values reported for the respective bulk materials [200,201].

[Cs] [Pb] [C]] density literature
[mol/cm?3) [mol/cm?3) [mol/cm?3) [g/cm3] density [g/cm?]
CsCl 0.0076 - 0.0079 1.32 3.99
PbCl, - 0.0136 0.0276 3.79 5.85

From the RBS data, evaporated PbCl has a density of 3.79 g/cm?, which is only ~ 65% of that
reported for bulk material [201]. For evaporated CsCl, the measured density was 1.32 g/cm?,
which represents a deviation from literature value of ~ 33% [200]. The reason for the reduced
density of our vapor-deposited coatings can be misordering, inclusions, and possible lattice
defects. Looking now at the ratio of [Pb] and [Cs], a factor of 1.79 results, which means that
for a 9 nm CsCl layer, 5 nm PbCl: are sufficient to stoichiometrically form a three-dimensional
CsPbCl; perovskite. Therefore, the PbCly layer thickness was reduced to 5 nm and the PL

experiment was repeated with a varied CsCl layer thickness (see Figure 19).
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Figure 19: Shown in blue are the measured PL intensities of the 5 nm PbCl> samples with
increasing CsCl layer thickness. For comparison, the PL intensities of the 50 nm PbCl;
samples are also shown (black dots).

Again, perovskite formation appears but, a deposition of slightly more than 10 nm CsCl results
in a sharp increase of the PL. This can be explained by passivating defects. According to Ye et

al. [202], treatment with metal halides significantly improved the photoluminescence quantum
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4. Fabrication of metal halide perovskite semiconductor thin films and single crystals

yield (PLQY) of weekly emissive CsPbCl; nanocrystals (NC). Because CsPbClz NCs form deep
traps and are highly intolerant of CI vacancies, which would render them weekly emissive. The
PLQY of CsPbClz NCs is significantly improved when the defective PbCle octahedral
coordination is recovered by metal chloride treatment. Thus, although the self-limiting
perovskite formation persists up to about 10 nm of CsCl, the further evaporated CsCl is used to
passivate the defects present deep in the bandgap of the CsPbCl; perovskite, which has also
been reported in various publications [203—205]. This effect is not seen in the layers evaporated
on the 50 nm PbCly, since here the excess PbCl> might lead to a higher amount of CI — vacancies

resulting in a possible path for non-radiative recombination [202,206].

Hence, complementary to the photoluminescence studies, Grazing-Incidence Wide-Angle X-
ray Scattering (GIWAXS) studies were conducted. Here, the beam of x-rays strikes the layer at
a very small angle probing essentially the surface for the sample. It is possible to control the
sampling depth by changing the angle of incidence so that the signal from the surface is
enhanced at very shallow angles (typically less than 1°). The GIWAXS results of different
bilayers from a fixed PbCl> layer of 5 nm and an increasing CsCl layer are summarized in the

following graph (see Figure 20).

GIWAXS CsPbCl, (three - dimensional)
Cs,PbCl, (zero - dimensional)
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Figure 20: GIWAXS measurement data of different bilayers from a fixed PbCl: layer of 5

nm and a rising CsCl layer to trace the formation or saturation or even transformation of a
perovskite layer.
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4.3. Thin film deposition of poorly soluble precursor materials by thermal evaporation

The GIWAXS measurement on the 5 nm PbCl, / 8 nm CsCl bilayer shows peaks that are
characteristic for a three-dimensional CsPbCls. To explore the strongly increased
photoluminescence intensity with increasing CsCl layer thickness and to track the possible
formation of a zero - dimensional Cs4PbClg perovskite, layers with increased CsCl thickness
were analyzed. Pure three - dimensional CsPbCl; peaks are still exclusively evident for the 5
nm PbClz / 12 nm CsCl layer and only a slight increase in intensity compared to the 5 nm PbCl
/ 8 nm CsCl can be seen. On the other hand, if the CsCl layer thickness is further increased to
22 nm and 40 nm, a zero-dimensional Cs4PbCle perovskite forms and ultimately consumes the
previously formed three-dimensional CsPbCl; perovskite, which explains the decrease in PL
intensity (Cs4PbCls is a wide-gap material with an indirect bandgap). Based on the GIWAXS
results, we can assume that the formation of the zero-dimensional Cs4PbCls perovskite may
already have started below 22 nm of CsCl, but its overall thickness was too low to give rise to
a notable signal. In any event the cap formed by the wide gap CssPbCls likely affords the
passivation of surface defects of the CsPbCl3 and substantially reduce non-radiative
recombination, which is then reflected in the dramatic increase of PL intensity for a CsCl

thickness > 10 nm.

Based on these results and the understanding of how different CsCI/PbCl: layer stacks interact
as a kind of self-limiting superlattice, the evaporated layers were pressed for recrystallization
using the described PHP technique to obtain large crystalline and as flat as possible samples
(see Figure 21). As in the case of the liquid-processed CsPbBr; perovskite thin films, low
dimensional polymorphs of the chloride-based perovskite were also formed. By varying the
thickness of the respective sub-layers, it was possible to produce both zero dimensional and
two-dimensional layers. Thus, different multilayer combinations were prepared by thermal

evaporation and subsequently recrystallized by planar hot pressing.
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Figure 21: XRD diffractograms and SEM images of two different multi stacks of thermally
evaporated PbCl; / CsCl combinations are shown. In the upper part of the figure, the multi
stack with the combination of 10x 5 nm PbCl> / 10 nm CsCl can be seen, which was
subsequently pressed by PHP process. The resulting layer consists of three-dimensional
(CsPbBr3) and zero-dimensional (Cs4PbCls) perovskite due to a CsCl excess. This is also
evident from the contrast of the SEM image. The lower combination of 8x 10nm PbCl; / 10
nm CsClI, on the other hand, shows both three-dimensional (CsPbBr3) and two-dimensional
(CsPb:Brs) perovskite due to the PbCl> excess, which can also be distinguished by SEM.
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4.4. Crystal growth of metal halide perovskite semiconductor single
crystals

Studies of perovskite single crystals enables to study these materials in a limiting case, which
is a step closer to classical semiconductors, which are typically used as single crystals (c.f.
Silicon, GaAs). Major activities in this field are focused on single-crystal-based x-ray-detectors
[207] and photodetectors [208,209], which show promising performance in terms of sensitivity,
response speed, and lowest detectable dose rate. In the future, large-area single crystalline
wafers with controlled thickness are expected to become available. Therefore, it is essential to

grow high-quality single crystals with the lowest structural and chemical defect densities.

In this regard, the following two fabrication methods are particularly important for the
preparation of metal halide perovskite single crystals within this work: the inverse temperature

crystallization (ITC) [210] and the antisolvent vapor-assistant crystallization (AVC) [211].

For inverse temperature crystallization (see Figure 22) a one-molar PbX> salt and AX salt
solution is prepared at room temperature, followed by filtering the perovskite solution through
a polytetrafluorethylene (PTFE) filter with 0.2 um pore size into a vial. Keeping the vial in an
oil bath, the temperature was slowly increased with 10°C/h from room temperature up to a
certain temperature, resulting in a decrease of the solubility of the mixture causing a
supersaturated solution and leading to the spontaneous precipitation of crystalline nuclei, that
act as seeds for the formation of larger single crystals. Using this ITC method mm-sized single
crystals ofMAPbCI3, MAPbBr3, and MAPDbI3, were produced. The single crystals grown in this
way can be harvested from the solution and can also be used as seeds to obtain even larger

single crystals.
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Figure 22: Single crystal growth process of hybrid metal halide perovskites. Figure
showing the crystallization vial immersed in a heating bath as part of the ITC setup. If the
solution is heated and held at an elevated temperature for a period of time, crystallization
will begin. Edited and based on [210].
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According to the reported antisolvent vapor-assisted crystallization (AVC) method, all-
inorganic perovskite single crystals CsPbBr; and CsPb,Brs were prepared (see Figure 23)
[212]. Here, the decreased solubility of perovskites in the solution mixture results from slow
diffusion of the antisolvent into the solution containing the precursor salts. Crystals of CsPbBr3
are grown in methyl alcohol (> 99.5%) and dimethyl sulfoxide (DMSO, > 99.5%) solvents,
using CsBr and PbBr» as precursors. These clear solutions were placed in the inner container,

and an antisolvent (MeOH) was placed in the outer container. To form pure CsPbBr3 crystals,

52



4.4. Crystal growth of metal halide perovskite semiconductor single crystals

the molar ratios of PbBr; and CsBr must be between 1 and 1.5. Afterwards the final single
crystals were washed with dimethylformamide (DMF) solution. To form pure two-dimensional
CsPb,Brs single crystals the three-dimensional single crystals are kept longer in the AVC vials.
The orange CsPbBr; perovskite single crystals slowly convert to transparent CsPb:Brs
perovskite single crystals. According to [50], the excessive amount of PbBr; results from the
low solubility of CsBr in DMSO, which decreases continuously during the MeOH antisolvent
diffusion.
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Figure 23: Shown is the schematic illustration of antisolvent vapor-assisted crystallization.
Directly adjacent are the respective products, with the upper transparent/white crystals
being the two-dimensional CsPb>Brs single crystals and the lower orange single crystals
being the three-dimensional CsPbBr3 perovskite crystals [50,213].
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S. Heat transport in metal halide perovskite semiconductors

This chapter deals with the heat transport of metal halide perovskite semiconductors, both in
the form of thin films and single crystals. First, the chemical components of 3D metal halide
perovskite semiconductors were varied to analyze their influence on the thermal conductivity
and to better understand heat transport in metal halide perovskites. In addition, the thermal
conductivity, the thermal diffusivity, and the volumetric heat capacity are mapped
simultaneously, as all these parameters are of considerable importance in dynamically operated
perovskite-based devices. Furthermore, the heat transport of different polymorphs of the
perovskite thin films is studied. At the end of the chapter, the results are summarized and

discussed.

5.1. Compositional dependence of the thermal conductivity in 3D-
polymorph metal halide perovskite semiconductors

At the beginning of this chapter, thermal conductivity measurements of hybrid halide
perovskites MAPbX; (X= 1, Br, and CI) single crystals and their thin-film analogues obtained
by the conventional 3w-SThM technique are presented. The thermal properties were determined
on freshly cleaved MAPDbX3 single crystals to prevent surface artifacts. The measurements are
averaged over a scan area of 5 um X 5 um. The investigated planar hot pressed films consist of
large crystallites with lateral dimensions on the order of up to 12 um and a thickness of
~200 nm. Performing SThM within a scan area similar to the area of the large crystallites in
the layers, the influence of grain boundaries is negligible. Since the SThM is builtin a SEM, the
SThM probe was placed on the cleaved single crystal surface or large single crystallites by
using the SEM with low electron beam irradiation doses < 1 uC/cm?. Measurements, showing
the influence of the SEM electron beam on the topography and the thermal conductivity, can

be found at the end of this section.

The thermal conductivity of MAPbI; single crystals was evaluated to be Aﬁj‘})’ﬁg =034 +

0.12 W (m K)~?! at room temperature. The measurement of the average thermal conductivity
on the freshly cleaved surface is in good agreement with experimental and theoretical data of
around 0.30 — 0.42 W (m K)™1, reported in [105,128]. On the contrary, the thermal
conductivity determined for MAPbBr3 single crystals Aﬁi‘},’g%drs =044W £0.08W (mK)™!
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is higher as that of MAPbI3 (Figure 24). The thermal conductivity of the MAPbCI3 single
crystal Aﬁi‘%ﬁs = 0.50 + 0.05W (m K)~? is higher compared to that of the Br- and I-based
analogues. In this context it should be noted that the determined standard deviations are not due
to a limited signal-to-noise ratio of the detecting system but rather due to inhomogeneities of

the samples morphology.
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Figure 24: Determination of the thermal conductivity of a freshly cleaved MAPbBr3 single
crystal using glass as reference material. The measured slope of the resulting 3w component
of the voltage drop across the SThM probe Us., versus the logarithm of the applied frequency
is proportional to the thermal conductivity [14].

Since most electrical devices are based on thin films, thermal studies were also performed on

thin PHP MAPbX films. The thermal conductivity of the thin films was found to be Ay appr, =
033 i 012 W (m K)_l, AMAPDBT3 = 039 i 005 W (m K)_l, and AMAPbCl3 = 050 +

0.12W (m K)~! [14]. Note, the thermal conductivity is similar to that found in the

corresponding freshly cleaved single crystals within its error bars.
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5. Heat transport in metal halide perovskite semiconductors

Aside from changing the halide anion, the A-site cation of 3D metal halide perovskite
semiconductors was varied to analyze their influence on the thermal conductivity and to
understand how the heat transport for metal halide perovskites works. Finally, the thermal
conductivities obtained for hybrid and all-inorganic perovskites at room temperature are

summarized in Figure 25.
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Figure 25: Thermal conductivities of metal halide perovskite thin films and single crystals
found within this work.

No significant influence of A-site cations on the thermal conductivity is seen, when switching
from the hybrid MA-based metal halide perovskites to all-inorganic Cs-based perovskites. On
the other hand, there is a dependence between the choice of the halide anion and the heat
conduction. The average thermal conductivity of APbX3 increases slightly with decreasing
atomic number of the halide. The extent to which the halide anion has an influence on the

thermal conductivity will be discussed in the following.
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It has already been described that the heat conduction in this material class of metal halide
perovskites occurs predominantly via phonons (see 2.4.1. Introduction into heat dissipation in
metal halide perovskite semiconductors). The heat capacity Cpponon. the mean free path
lmfp—phonon, and the group velocity (Vpponon) Of phonons are the key factors contributing to
thermal conductivity 4 according to the kinetic phonon gas model (see equation 8). Thus, the
individual quantities and their influence on the thermal conductivity of the metal halide

perovskites are discussed.
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Figure 26: Figure a) shows the thermal conductivity as a function of sound speed, with a
linear dependence for the MA-based metal halide perovskites. Figure b) also shows the
thermal conductivity but as a function of Cq_cypic * Vs/3. The plotted fit also shows a linear
dependence, and the slope indicates the mean free path length of the phonons with a length
of 4.3 £ 1.1 nm. Both figures and the caption are taken from [95] and have only been adapted
to the graphic design of this work. The stars outlined in red show the thermal conductivities
measured in this work and are plotted with in this graph and shows by the red dashed line a
mean free path length of phonons of 2.5 + 1.3 nm for the MHPs.

The group velocity of the acoustic phonons can be approximated by the speed of sound v,

which in turn depends on the density p and the compression modulus K according to
= \/g [88,95,214]. Elbaz et al. showed that the thermal conductivity A scales linearly with

vs(see Figure 26 a)). It is assumed that the increase of the sound velocity happens by an increase
of the compression modulus. A decrease in the halide's ionic radius leads to an increase in its
electronegativity, resulting in a higher packing density of the perovskite lattice, and stronger
Pb-X bonds. Sun et al. [215] examined the mechanical properties of MAPbX3 (X=CI, Br, I)
perovskites using nanoindentation. They found three chemical factors that influence the elastic
moduli of MAPDbXs: the strength of Pb—X bonds, the relative packing density, and the hydrogen

bond interactions. Since hydrogen bonding correlates with electronegativity, they found that
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5. Heat transport in metal halide perovskite semiconductors

Young's modulus E, which is connected to the stiffness K via the shear modulus, increases with
anion electronegativity in the sequence E; < Ep: < Eci. Therefore, a higher K indicates a stiffer
perovskite with stronger interatomic bonding, which results in a higher thermal conductivity.
The following Figure 27 is intended to illustrate the increasing stiffness by exchanging the
halide anion and should also show the lattice vibration and the associated increase in thermal

conductivity based on the ionic radii (see Table 7).

increasing stiffness

increasing thermal conductivity

MAPDX, I Br Cl

Figure 27: Schematic displacements of octahedras and associated thermal conductivity as a
function of halide anions stiffness.

Table 7: lonic, atomic, and van der Waals radii of I, Br, and CI [216].

halide atom name ionic radius atomic radius van der Waals radius
[A] [A] [A]
I 2.06 1.15 1.98
Br 1.82 0.94 1.85
Cl 1.67 0.79 1.75

The plot of the thermal conductivity versus the product Cphonon * Vphonon/3 shows a linear
relationship with a L, £ _pronon 0f 4.3 £ 1.1 nm (see Figure 26 b)). The group of Elbaz et al.
demonstrated by MDS and thermal conductivity analyses that the mean free path lengths of the
phonons in the investigated different metal halide perovskites barely differ [95]. Accordingly,
the difference in the measured thermal conductivities is mainly due to the different sound

velocities and heat capacities.
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A large portion of the phonons responsible for thermal conduction have a mean free path of less
than 100 nm, according to theoretical analysis [95,105]. The fact that the scattering at the grain
boundary does not affect the thermal conductivity of thin films and single crystals larger than
about 100 nm is also shown by the experimentally determined values of the thermal
conductivities in Figure 25. Introducing nanostructures or crystallites with lateral dimensions

below 100 nm is expected to give rise to substantial phonon scattering.

Methylammonium lead halide perovskites are frequently inspected by scanning electron
microscopy (SEM) and other techniques based on electron irradiation, e.g.
cathodoluminescence (CL) [217-219]. Thus, the thermal conductivity of the freshly cleaved
MAPDBBT3 single crystal was inspected after irradiating the sample with varied electron beam
irradiation doses. We have found that electron beam induced degradation leads to significantly

higher thermal conductivity than ambient degradation, where the perovskite decomposes [129].

In the first measurement, the sample was selectively exposed to an electron beam with a dose

of 15 uC/cm? at an acceleration voltage of 20 kV. An increase of the thermal conductivity to

All\fAicb/;? "=07 +0.3 W(mK)™! is found after electron beam irradiation. The thermal

conductivity further increased up to Aﬁjp‘;(gfsmz =76 +1.2 W(mK)™!, whichis >

17 times larger than that of the freshly cleaved sample, by increasing the irradiation dose

up to 144 nC/cm?. The resulting changes in the thermal conductivities of MAPbCl; and MAPDI;3

after electron beam irradiation were evaluated to be A};:I,‘ch/lzmz =83 +0.2 W(mK) ! and

2
Aﬁjp‘;% M =37 +0.2 WmK)™! of the same order of magnitude at room temperature.

Higher deviations due to inhomogeneities of the thermal conductivity of a electron beam
induced degraded sample are detected as can been seen in the following Figure 28. A similar

effect was found for samples stored in air for several hours [139].

To better understand the impact of electron irradiation, complementary energy dispersive x- ray
(EDX) analyses were carried out. In EDX measurements the atomic relation of Br:Pb decreased
exponentially during the measurement from 3:1 down to 2.1:1, leaving more Pb behind and
resulting in increased thermal conductivity. It has been shown that it is even possible to

evaporate part of the perovskite by electron beam bombardment [10].
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Figure 28: Increase of the thermal conductivity on a MAPbCl; single crystal before and after
electron beam irradiation. The thermal conductivity of glass is used here as a reference
measurement.
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5.2. Simultaneous mapping of thermal conductivity, thermal
diffusivity, and volumetric heat capacity in metal halide perovskite
semiconductors

Aside from the measurement of thermal conductivity studies of thermal diffusivity and heat
capacity on halide perovskite films were entirely missing, as can be seen in Table 3. Thus,
using the advanced SThM for this set of experiments (see 3.2. Development of a measurement
technique for simultaneous mapping of thermal conductivity, thermal diffusivity, and

volumetric heat capacity), the local temperature oscillations Tpmbe(?)|7kHZ and Tprobe(7)|3kHz

were detected simultaneously. This technique allows the mapping of the thermal conductivity

of our perovskite films in the frequency domain (Figure 29).

(a) Topography (b) Thermal Conductivity

; e 3V b 75nm : 0.6 W(mK)!
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2.5K 2.5K
1.9 1.9

Figure 29: (a) Topography, corresponding temperature oscillations (c, d) and resulting
mapping of the thermal conductivity (b) of recrystallized planar hot pressed CsxPbyBrz
perovskite thin film.
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From these measurements, which are independent of the local film temperature, the absolute

value of ’T‘pmbe is between 1.9 and 2.5 K, because only a small amount of heat is released to the
film. Slight variations of Tpmbe at 3 kHz and at 7 kHz result in a contrast between the different

grains in these images. Since P, is constant and the AFM control keeps the thermal contact
consistent, these variations are explainable either by a different thermal conductivity or by
changes in thermal diffusivity between the grains. To determine the low thermal conductivity
in perovskite thin films with high spatial resolution using the 3m- technique, we subtracted the

local temperature variations Tpmbe(?)|7kHZ from TPrObE(F)lskHz' This technique allows the

mapping of the thermal conductivity of our perovskite films in the frequency domain since the

resulting difference is independent of a (7).

Correlating our SThM data with the insights gained from SEM/EBSD, one can attribute thermal
conductivities of 0.43 £ 0.03 W (m K)™! and 0.33 £ 0.02 W (mK)™?! to the 3D phase

(CsPbBr3) and the 2D phase (CsPb2Brs), respectively. Aside from the thermal conductivity, the

local thermal diffusivity a = Cl =3 CA is of great importance. A thermal diffusivity of 0.3
vol *Lspec

mm?/s was determined as an average for the cesium lead bromide layers. The uncertainty in the
absolute value of about + 0.1 mm?/s is high, since a(#*) depends exponentially on Tpmbe as well
as on 1/A(7). Nevertheless, even slight differences in Aa(#) of 0.02 £ 0.01 mm?/s can be

detected from the differences in the temperature oscillation ATpmbe(F)| and the variations
3kHz

of the thermal conductivity AA(7), as illustrated in Figure 30.

(a) variation in thermal diffusivity (b) variation volumetric heat capacity
003 .
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Figure 30: (a) shows the variation of the thermal diffusivity over the measured area. In
average the thermal diffusivity of 0.3 = 0.1 mm?/s is detected for the CsxPbyBrz perovskite
thin film. Only slight differences are detected. (b) Local variations of the volumetric heat
capacity of the perovskite thin film.

In particular, the local heat capacity is of interest, since it ultimately tells the ability to store the

supplied heat, and local variations can even lead to discontinuous temperature gradients in
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dynamically operated electrical systems [175]. Since the crystal structure of CsPbBr;3 is
isotropic, the local volumetric heat capacity of the corresponding film, which is given by the
product of the local density pcspppr, and the local specific heat ccgpppr,, can be directly

CSPbBT3 =13 +

determined from the SThM data. An average volumetric heat capacity of ¢,

0.4 J(cm3 - K) " resulted for the 3D regions of the CsPbBr; perovskite film. Since only slight
differences are found in the local thermal diffusivity a(#) of 2D and 3D cesium lead bromide,
variations in p(#) - ¢(#) are mainly due to the local variation of the thermal conductivity A(7).

Accordingly, the volumetric heat capacity for the 2D regions of the perovskite film was

determined to be coo 2™ = 1.1 +0.3J(cm®-K)™!. The corresponding specific heat

capacities Ceper > =0.29 £0.9J(g-K)™" and coyee?”™® =0.18 +£0.6 /(g K)™! were

3

calculated by taking the mass densities pcspppr, = 4.55 g - cm™ and pespp,pr, = 5859 -

cm™3 into account [213,220]. The revealed ultralow heat capacities for Cs-based perovskites,
which are on the same level as those of typical metals, are of the same order of magnitude as
the previously reported values for MA-based single crystals determined by calorimetric

techniques [120].

Figure 31 shows the simultaneously measured thermal properties, thermal conductivity A(7),
thermal diffusivity a(#) and volumetric heat capacity c,o;(7) of a CsxPbyCl, perovskite thin
film. In addition, a secondary electron image from the scanning electron microscope is included
to map the 0D- and 3D-polymorphs Cs4PbCls and CsPbCls present here. Correlating our SThM
data with the insights gained from XRD/SEM, one can attribute the thermal conductivities of
Acspber; = 049 £0.04 W (m K)™' and A¢s,ppc, = 0.30 + 0.03 W (m K)~" to the 3D phase
(CsPbCl3) and the 0D phase (Cs4PbCls), respectively. The thermal conductivity of CsPbCls is
found to be very similar to that found for MAPbCl; (0.50 W (m K)~1) at room temperature
[14]. On the other hand, the significantly lower thermal conductivity found for Cs4PbCls agrees
well with the findings obtained from phonon band structure calculations on 0D perovskites

[221], which reveal low group velocities and localization of vibrational energy in these grains.

Aside from the thermal conductivity, an average thermal diffusivity of 0.5 + 0.1 mm?s~! was

determined for the cesium lead chloride layers using the measured AT‘pmbe (77)|3kHZ and the

determined thermal conductivity A(7) [179] for the whole film. This value for a(#) is in good
agreement to the results obtained for CsPbCls single crystals using transient methods [117].

Again, the uncertainty in the absolute value is relatively high because a(#) depends
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1

1oL Nevertheless, only minor local variations

exponentially on AT, ope (77)|3kHZ as well as on

of a(#) (i.e. Aa(#)) of about 0.05 + 0.01 mm?2s~1 occur. Note, the thermal diffusivity for
CsPbCls and large Cs4PbClg crystallites is also found to be very similar. Moreover, only a small
contrast appears at the grain boundaries as well as in smaller grains of Cs4PbCls perovskites,
which might be explained by a higher density of structural defects. In this context, it must be
noted that, experimental studies of thermal properties on 0D CssPbClg perovskites were not

reported in the literature before.
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5.2. Simultaneous mapping of thermal conductivity, thermal diffusivity, and volumetric heat capacity in metal
halide perovskite semiconductors

(b) Topography

(a) SEM - Image

75 nm
0
0.6 W(mK)! 0.06 mm?s™!
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0.9 J(cm’K)!
- = 03 0

Figure 31: Backscattered scanning electron microscope image (a) with corresponding
topography image (b), and thermal conductivity (c) distribution obtained on a CsxPbyClz
perovskite thin film. Microscopy images are 10 x 10 um?. Only slight differences in the
variation of the thermal diffusivity are detected for CsPbCl;and Cs«PbClsin (d). The image
(e) shows the local variations of the volumetric heat capacity. The deviation of the volumetric
heat capacity in (f) varies significantly within Cs«PbClsgrains and at their boundaries.
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5. Heat transport in metal halide perovskite semiconductors

Assuming isotropic heat transport as the most simple approximation, an average volumetric

heat capacity of cZF?% = 0.9 +0.1J(cm3 - K)™! and c£577%% = 0.5 + 0.2 J(cm® - K)™!

vol vol

results for the 3D and 0D regions of the perovskite film, respectively. The corresponding

specific heat capacities 056555613 =0.22 +0.07J(g-K) ! and cf,fgf”% =0.15 +0.08 /(g -

K)~1 were determined by taking the mass densities of Pcspoct; = 424 g - cm™3 [222] and

3

Pcs,pocly = 3-28 g -cm™> [223] into account. Note, earlier studies using a pulse transient

technique found significantly higher values of cfgﬁf% =0.27J(g-K)"1t0>0.35])(g-K)?
[117,224]. The specific heat capacity of CsPbCls in the monoclinic phase is smaller than that

of CsPbBr; thin films in the orthorhombic structure due to the increased stiffness, whose

thermal studies in terms of thermal diffusivity and heat capacity are presented in the chapter 6.

It is important to note, that both the density and the heat capacity may significantly differ due
to local internal stress. Hence, the local variation of the volumetric heat capacity Ac,,;(7) =
AA(7)/ Aa(7) is evaluated to clarify inhomogeneities within the grains. As can be seen from
Figure 31, Ac,,,;(7) is four orders of magnitude less than c¢,,;(7) in the films, indicating that
effects like stress etc. are negligible. However, the highest variations are found at the grain
boundaries as well as for small grains of 0D, while the contrast and thus Ac,,;(#) is low in the
larger OD regions. A possible explanation for the local deviation of the volumetric heat capacity

near the grain boundaries may be lattice defects.
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5.3. 0D- and 2D-polymorphs of all-inorganic metal halide perovskites

5.3. 0D- and 2D-polymorphs of all-inorganic metal halide
perovskites

As predicted in the review article by Cao et al., low-dimensional metal-halide perovskites may
be useful for a wide range of applications, such as LEDs, solar cells, lasers, photodetectors and
stimuli-responsive devices [41]. The incorporation of these low-dimensional perovskites has
been shown to improve the optical properties and stability of devices, such as all-inorganic
0D/3D mixed dimensional perovskite solar cells [39,40]. Although the thermal properties of
these 0D and 2D perovskites can differ significantly from their 3D analogues, as of yet, only a
few studies have been carried out to assess heat transport in low-dimensional perovskites
(including this work) [101,109,179,221]. An ultralow thermal conductivity of 0.15 W (m K)~!
was discovered in 0D hybrid lead-free [Mn(C2HeOS)s]L4 single crystals at room temperature; it
was further decreased by introducing disorder into the system [221]. Furthermore, the thermal
conductivities of 2D hybrid perovskites could be varied in a range from 0.10t0 0.19 W (m K) ™!
depending on the molecular structure of the bulky cation [109]. The extremely low thermal
conductivities can be attributed to the crystalline substructure of these perovskites. In a similar
sense, substantially reduced thermal conductivities have been discussed for layered, 2D
thermoelectric materials [225]. The reduced thermal conductivity has been explained by
increasingly glass-like properties, which hamper phonon propagation. It was found that the
thermal conductivities of these perovskite films, due to the anisotropy of the crystalline
structure, are significantly dictated by their relative orientation (see Figure 32). For our thermal
investigations, we assumed random oriented 2D perovskite with isotropic thermal
conductivities as approximation to get further insights into the heat transport in MHPs. The
results presented so far suggest that organic based low-dimensional perovskites provide a
unique opportunity to achieve ultralow thermal conductivity, which would be beneficial for

thermo-electric applications.
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Figure 32: Schematic illustrations of vertically and randomly oriented BA>MA;Pb I ; crystal
orientations that lead to different thermal conductivities [109].

For all-inorganic perovskites, such as cesium lead chloride, it was found that the thermal
conductivities as well as volumetric heat capacities become smaller with reduced
dimensionality [179,226]. Note, that the thermal diffusivities, which are responsible for the
dynamic heat transfer in devices, remain almost constant within the measurement uncertainties.
In another example, 2D phase CsPb,Brs films show a low thermal conductivity which are

drastically lower than those of their 3D counterparts, which is shown in Figure 33 with a high

resolution.
(a) Topography (b) Thermal conductivity
: 75 nm 0.6 W(mK)!
{\ 0.43 W(mK)*
i
= (D
pum
(= . 0 0.2

Figure 33: High laterally resolved thermal conductivity mapping on a flattend CsxPbyBrz

film indicating a higher thermal conductivity of 3D-polymorph (CsPbBr3) and lower thermal
conductivity of 2D-polymorph (CsPb:Brs).
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5.3. 0D- and 2D-polymorphs of all-inorganic metal halide perovskites

Importantly, as a result of correlating EBSD and scanning electron microscopy (SEM) (as
shown in Figure 16), we confirm that the 2D phase appears substantially brighter in SEM
compared to the 3D phase. And since the SThM is a hybrid system and is built into an SEM,
the tip and accompanying thermal measurements can be correlated with the contrast-rich SEM

images (Figure 34).

Figure 34: SEM Image of CsxPbyBrz and additional with the SThM tip.

In addition, via the fabrication method of the CsPbCl; thin films, the stoichometry was adjusted
so that the two-dimensional polymorphs of the inorganic Cl-based thin films could also be
fabricated and examined for their thermal properties. Thus, for the two-dimensional
polymorphic perovskite structure CsPbyCls, a value of A¢gpp,ci, = 0.40 = 0.02W (m K )t

for the thermal conductivity, a value of acspp,c1; = 0.6 + 0.1 mm?s~! for the thermal

CSsz C]s
vol

diffusivity and a value of ¢ = 0.7 £ 0.2 J(cm? - K)™1 for the volumetric heat capacity

were determined.
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5.4. Concluding remarks with strategies to enhance the thermal
properties in perovskite devices

The thermal conductivities as well as volumetric heat capacities become smaller, the lower the
dimensionality of the respective polymorph. The following table shows the measured MHPs as
an overview.

Table 8: Summary of the measured thermal properties of the metal halide perovskites in the
form of thin films and single crystals.

metal halide perovskite A a Cyol metal halide perovskite A
thin film WmK)™] [mm2s71] [J(ecm®-K)™1] single crystal W (mK)™1]
MAPbDI3 0.33£0.12 MAPbDI; 0.34+0.12
MAPbDbBr3 0.39+0.05 MAPbDbBTr3; 0.44 £0.08
MAPDHCI3 0.50£0.12 MAPDHCI3 0.50 £0.05
CSbeyClz

3D-polymorph CsPbCl3 0.49 +0.04 0.5+0.1 0.9+0.1

2D-polymorph CsPb2Cls  0.40 +0.04 0.6+0.1 0.7+0.1

OD-polymorph CssPbCls  0.30 +0.03 0.5+0.1 0.5+0.1

CsxPbyBr.

3D-polymorph CsPbBrs3 0.43 £0.03 0.3+£0.1 1.3+04 3D-polymorph CsPbBr; 0.44 £0.02
2D-polymorph CsPb2Brs  0.33 £0.02 0.3+0.1 1.1+0.3 2D-polymorph CsPb2Brs  0.32+0.01

In this thesis, only the influence of the A site cation and halide anion has been considered.
Changing the B-site metal has only been examined in a limited number of thermal conductivity
studies, so more work is needed to clarify its influence. However, MASnl; exhibits a very low
thermal conductivity at room temperature below 0.09 W (m K)~! in experimental work [125].
A first principle calculation of the double perovskites Cs2AgBiClg and Cs2AgBiBrs also yielded
very low A for these materials, 0.078 and 0.065 W (m K) ™1, respectively [227]. However, these
double perovskites have so far only been calculated and no experimental investigations have
been carried out [228]. Double perovskite materials are expected to have high total thermal
conductivity (50-70 W (m K)~1 at 300 K) due to their electronic contribution. They are also
predicted to have high electrical conductivity because of their high A value. However, recent
experiments have shown that Cs;AgBiBrs has unexpectedly low electrical conductivity and is
highly resistive [229]. Further computational and experimental investigations are needed to
clarify the nature of this large discrepancy. As a result of its high intrinsic anharmonicity and
low group velocity, the simulated thermal conductivity for double halide perovskites,

Cs2InAgClg, was 0.2 W (m K)~1 at room temperature [230].
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A dimensionality-controlled surface passivation for enhancing the performance and stability of
perovskite solar cells has been pointed out recently [231]. Note that in metal-halide perovskites
the thermal properties of 0D and 2D materials differ significantly from those of the bulk (3D).
To combine charge transport and chemical protection in one, great efforts have also been made
to produce functional layers with optimized optical, electrical and permeation barrier properties
[232]. Brinkmann et al. demonstrated that introducing a bi-layered electron-extraction
interlayer consisting of aluminum-doped zinc oxide nano-particles and tin oxide, grown by low
temperature atomic layer deposition (ALD), can significantly mitigate the decomposition of the
perovskite in inverted perovskite solar cells even at elevated temperatures [233,234]. It should
be noted that in this example the ALD-grown tin oxide formed an outstandingly dense
permeation barrier. The reduction of thermally induced stress and strain in films is also an
important issue that should be addressed for the reliability of perovskite devices. Unfortunately,
only a few studies have been carried out so far. Rolston et al. studied mechanical stresses that
develop during the fabrication of perovskite films and a direct relationship between film stress
and stability in both perovskite films and solar cells was determined [235]. They developed
simple strategies to reduce the stress and to improve the inherent moisture and thermal stability
of perovskite films, e.g., by using low process temperatures, using polymeric substrates with
thermal expansion coefficients that are closer to those of the perovskites, and pre-straining the
substrate during perovskite processing. Otherwise highly textured morphologies are created by
popular anti-solvent conversion methods due to in-plane compressive stress [236]. The energy
release leads to wrinkling during the intermediate phase of film formation, in which the
substrate constrains the film from expanding. Ultra- smooth films can be obtained by slowing
the rate of film formation since the extent of wrinkling is correlated with the rate of film
conversion. The regulation of strain in perovskite thin films by suitable selection of charge
transport layers (CTLs) was also reported (Figure 35) [237]. Tensile strains in perovskite films
were compensated for by transport layers with high thermal expansion coefficients and by
elevating the processing temperature. Note that thermal effects can also impact other functional

layers in perovskite devices, such as CTLs and electrodes.
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Figure 35: Energy level alignment of various materials used as ETLs and HTLs in perovskite
devices. Based on and edited from [238].

The extensive studies on their thermally enhanced chemical decompositions and strategies for
their stabilization are reviewed in the article by Ava et al. [51]. For example, metal electrodes,
which might contribute to thermal management, can be degraded by the corrosive
decomposition products of the perovskite. These layers must therefore also be protected. This
is even the more problematic for some semi-transparent solar cells, in which the semi-
transparent electrodes are based on ultrathin metal films. Thus, a self-encapsulating
thermostable and air-resilient electrically conductive permeation barrier was realized by
ultrathin Ag layer between SnOx grown by low-temperature atomic layer deposition [239].
These additional layers further complicate the design of components in terms of mechanical
stability. The efforts to increase the energy of fracture of perovskite solar cells were compiled

by Boyd et al. [240].

Although recent review articles discuss factors affecting the chemical and mechanical stability
of perovskite solar cells as well as current issues and new strategies to improve material and
device stability [241,242], concepts for improved heat management in perovskite devices are
still in their infancy. It must be ensured that the other important layers within the devices can
dissipate the heat because perovskites have a very low thermal conductivity. For example, in
addition to a low coefficient of thermal expansion of 5+ 107K 1, glass has likewise a very
low thermal conductivity of approximately 1 W - (m K) ™! and a very low specific heat capacity

in the range of 0.8] (g K)~!. Thus, in the case where glass is used as a substrate, heat
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dissipation into the substrate is hampered [243]. The commonly used transparent electrode
material indium tin oxide (ITO) is degenerately doped (carrier density > 1-1072%m™3) and
behaves like a metal [244]. Nevertheless, the resulting in-plane heat transport in the ITO layer
is strongly limited by its ;79 = 6 W - (m K) ™! and a typically small film thickness of around
150 nm. In addition, it must also be noted that organic-based ETLs and HTLs, which are
depicted in Fig. 11, have likewise ultra-low thermal conductivities (Apcgy = 0.031 W -
(mK)™'), and are highly anisotropic for the in-plane and out-of-plane directions
(Apgporpssy = 1W-(mK)™  and  Apgporpssy = 03 W -(mK)™!,  respectively)
[164,245,246]. Thus, instead of organic-based charge transport layers, metal-oxide-based
compounds, which have significantly higher thermal conductivities, could be used for improved
thermal management. Polycrystalline Al-doped ZnO films, for instance, have more than one
order higher thermal conductivities in the range of A;,0 = 6 W - (m K)™! at RT and are
therefore ideal for additional heat dissipation in ETLs [247]. The same applies to TiO layers
with Arp, = 12.6 W - (m K)™' and Arjp,, = 8.8 W - (m K)~* [248]. Metal-oxides have also
evolved as a powerful class of materials on the anode side [249]. Transition metal oxides like
MoOs, W03, and V205 have successfully been introduced in organic and perovskite solar cells,
which should enable enhanced thermal transport in HTLs [250]. Charge transport layers based
on graphene or silver nanowires are further potential candidates with respect to heat

management and have also been studied in recent years [251,252].

Note that, in general, many strategies, that have been proposed for the thermal management in
organic devices, can likewise be used in the field of perovskites [163]. In addition to the
absolute values of thermal conductivities for the respective materials, it must be considered that
heat transport in the perovskites is due to phonons, while in the electrodes it is mostly associated
with electrons. Therefore, it must be ensured that the heat transport at this interface is not limited
by its thermal impedance. To guarantee an optimized heat flux, an enhancement of the thermal
boundary conductance of such a system has recently been demonstrated by nm sized additional
adhesion layers, either titanium or nickel [253]. In this context it should likewise be mentioned
that very thin layers can be considered as thermally transparent depending on their mean-free
phonon and electron path lengths [168,169]. This means that additional thin functional layers
that do not impair the heat flow can be used in the design of metal-halide devices. Although the
effectiveness of heat spreading concepts is often directly related to the thermal conductivity of
the materials used, alternative passive means of cooling should be considered, as well [254].

One is to use CTLs with an elevated specific heat, which can absorb the heat generated during
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dynamic device operation. A different procedure is to effectively store heat dissipated from the
electronic components, which is periodic in nature or suddenly temporary, using high latent
heat materials (see chapter 6). The use of materials with solid and liquid organic phase changes
has previously been proposed regarding the thermal management of mobile phones [255] and
the practical applications of liquid-phase-exfoliated graphene as filler material in phase change
materials have been outlined [256]. A review of the thermal properties of graphene, few-layer
graphene and graphene nanoribbons has also been provided therein along with a discussion of

practical applications of graphene in thermal management and energy storage.
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6.1. Introduction to structural phases of metal halide perovskite semiconductors

6. Determination of the heat transport in metal halide
perovskite semiconductors at phase transitions

This chapter deals with the thermal properties of MHPs near and across their phase transitions.
For this purpose, initially an introduction to the phase transitions of perovskites is given. In this
context, the classification of the phase transitions according to their physical properties is also
explained. The determination of the thermal conductivity and the thermal expansion coefficient
of MAPbI3 at phase transitions is presented afterwards. Then studies on the thermal
conductivity, thermal diffusivity, and heat capacity characteristics in all-inorganic MHPs,
CsPbBr3 and CsPbCls, at phase transitions are given. The characteristics of phase transitions
are investigated on micro-crystalline films and single crystals. Highly oriented large crystalline

thin films are studied with respect to their film thickness.

6.1. Introduction to structural phases of metal halide perovskite
semiconductors

Even though phase transitions have a significant impact on various physical properties, only a
few studies have been carried out to assess the thermal properties of metal-halide perovskites
in the vicinity of phase transitions [101]. This information is of particular interest if devices are
operated in the respective temperature regime. Figure 36 provides an overview of the crystal
phase vs. temperature for some selected hybrid and all-inorganic perovskite representatives. In
addition to variations of the dielectric constant and the band structure, which consequently alter
the band gap, the optical absorption properties, the carrier dynamics (charge carrier mobilities),
etc., discontinuities in the thermo-mechanical properties were reported, as discussed above.
Besides, changes in thermal conductivity and heat capacity at first and second transitions are of
particular interest since they significantly influence the heat diffusivity and thus the heat

management of perovskite devices.
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Figure 36: Representation of the phase transitions of hybrid and all-inorganic perovskites.

6.2. Classification of phase transitions

Basically, phase transitions are divided into different orders according to the Ehrenfest
classification [88]. Therefore, in the following chapter, a basis for the experimental part will be
created by dealing with the thermal properties as a function of the structural phase. A short
introduction to the terminology as well as the physical basics of phase transitions and their
classification will be given. For this purpose, thermodynamic quantities such as volume,

enthalpy and entropy are considered as a function of temperature and pressure.

Briefly summarized from [88,257], the enthalpy H is a parameter for describing a
thermodynamic system. As a state variable, it describes how much energy is present in a closed
system. It is the sum of the internal energy U of the system and the product of the volume V'
and the pressure p of the described system, H = U + p - V. The entropy S as a state variable is
a measure for the degree of order of a system. A system always strives for the maximum degree
of disorder. A state of maximum disorder is the most probable of all states in a closed system.
In this context, the concept of order or disorder is not fully defined, so entropy is not a measure
of the symmetry of the system, but merely indicates the number of microscopically achievable
states. The entropy is a thermodynamic quantity with which the heat transfer and irreversible
processes in thermodynamic processes can be calculated and graphically represented (e.g. T-S
diagram to visualize changes to temperature and specific entropy during a thermodynamic

process).
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6.2. Classification of phase transitions

The cause of phase transitions lies in the minimization of the Gibbs free energy G according to
G =H—T-S by the second law of thermodynamics, in that a closed system reaches an
equilibrium state that has the highest entropy for a given internal energy. When the absolute
temperature is small, the entropy term is negligible and H determines the equilibrium state. At

a high temperature, the term of S dominates and thus determines the state.
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Figure 37: Behavior of the Gibbs free enthalpy G at the phase transition phase a - phase
P, as well as the illustration of the thermodynamic classification of phase transformations
according to Ehrenfest.

According to Ehrenfest's classification, the order of a phase transition is traced back to the
behavior of the Gibbs free enthalpy G and its derivatives according to their natural variables p
and T. The most commonly cited and distinguished classification is between first and second

order phase transitions.

The following conditions apply to define a first order phase transition from phase a to phase f:

The free enthalpy G (p,T) is continuous, whereas the first derivatives of the free enthalpy

G(T,p), the entropy S = — (Z—g)pand the volume V = — (Z—E)T are discontinuous. When phase

a and phase 8 coexist at the phase transition temperature T, with different entropy S, and Sg,
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the system must absorb or release energy inferentially according to the formula AQu¢ent =

T, (S[; - Sa), which is called latent heat and is an characteristic of a first order phase transition.
On the other hand, for the classification of a second order phase transition, the free enthalpy
T ap

G (p,T) is also continuous, as are the first derivatives § = — (a—G) and the volume V = — (aa) .
p T

However, the second derivatives of the free enthalpy G (p,T) are discontinuous, such as the
. aG 92%G . o . .
heat capacity C =T (5)p = -T (W)p' The heat capacity exhibits discontinuity at the

transition but does not become singular and does not exhibit latent heat.
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6.3. Determination of the heat transport in MAPDbI; at phase
transitions

In the case of MAPbDI3, elevated temperatures can give rise to a phase transition from the
tetragonal to the cubic phase. Thus, thermal conductivity measurements were carried out at
varied temperature on freshly cleaved I-based single crystals. For each temperature the
perovskite crystal has been cleaved freshly to avoid degradation of the surface during the very
time-consuming heating and cooling phase between each temperature step. The results are

shown in Figure 38.
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Figure 38: Temperature-dependent thermal conductivity of a cleaved MAPbI; single crystal.
The measurement sequence (1--11) is indicated by the respective numbers for each data
point.

Following the determination of the thermal conductivity at 32 °C (1), Aﬁ,}%’,’,‘i‘: (T) was measured

at T = 65 °C (2). Afterward the sample was cooled to 35 °C (steps 3 to 10). The last heat
transport investigation (11) was carried out at 67.5 °C. Only minor changes of the average
thermal conductivity appear for temperatures between room temperature and 45 °C, where the

crystal is in its tetragonal phase. On the contrary, an increase in lﬁi%’{,‘f (T) for T > 50 °C could
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transitions

be clearly detected. This behavior has been predicted theoretically [106], but it has not been
evidenced experimentally, so far. Moreover, it should be noted that the error bars (£40%) are
maximum at 55 °C, indicating higher local thermal conductivity variations within the
investigated area at this temperature. However, these variations are attributed to local
fluctuations as a result of a second order phase transition from the tetragonal to the cubic phase,
where no abrupt changes in entropy are present. Finally, the thermal conductivity saturates at
(1.1 £ 0.1) W-(mK)™! for T > 57 °C attributed to higher group velocities of acoustic
phonons in the pseudocubic phase compared to the tetragonal phase, as previously predicted

[106].

In addition, the thermal expansion coefficient has been measured simultaneously by AFM
within the same range of temperatures (see Figure 39). The resulting negative linear thermal
expansion coefficients are d,_tor = (—5.1 + 0.4) - 107*K "1(c-axis) and ay_yp = (4.6 +

0.4) - 10~*K 1 (a-axis) for the tetragonal and pseudocubic phase, respectively.
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Figure 39: Determination of linear thermal expansion coefficients and the temperature-
induced phase transition from a 2 mm thick MAPbI3 single crystal.

While a._ter, determined for T < 42 °C, is on the same order as previously reported values
[64], however, a,_,p, determined for T > 60 °C, is one order of magnitude higher in our single
crystals compared to numbers determined for thin films. The phase transition occurs at (52 +
1) °C and agrees well with previous reports of (54 + 1) °C [64]. A somewhat higher temperature
for the phase transition of (57 + 1) °C has been determined from calorimetric and IR analysis
[120] as well as from using equilibrium molecular dynamics simulations [106]. In addition to
the phase transition, thermal expansion reveals another aspect of the MAPbI; perovskite that

requires thermal management for MHP-based devices.
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6.4. Determination of the heat transport in all-inorganic metal
halide perovskite semiconductors at phase transitions

The thermal properties of CsPbX3 perovskites at phase transitions have rarely been studied.
Early on, Hirotsu et al. also described the phase transitions in CsPbCls and CsPbBr3 single
crystals using the neutron diffraction method. The following table shows the results, that were
reported in their study. They also categorized the phase transitions according to Ehrenfest [115].

Table 9: Transition temperatures and order of transitions of CsPbCls; and CsPbBrs by the
group of Hirotsu et al. [115].

perovskite phase ! order
[°C]
cubic
47 first
tetragonal
CsPbCls 42 second
orthorhombic
37 first
monoclinic
cubic
130 first
CsPbBr3 tetragonal
88 second
orthorhombic

For CsPbBr3 and CsPbCls single crystals and powders a pulse transient method has also been
used to evaluate their phase transitions [117,224]. This method provides access to the specific
heat cpe. and thermal diffusivity a, while the thermal conductivity 4 is determined indirectly
via the relation A = a - pc. However, these techniques did not confirm the expected behavior
of c¢(T) when going from the monoclinic to the orthorhombic to the tetragonal phase of CsPbCl3
[117]: specifically, at the first order transitions one would expect a divergence of ¢(T) due to
the latent heat involved. Note, in case of CsPbCl3 the measurement may be complicated as all
these transitions occur within a narrow temperature range of AT =~ 10 K. On the contrary, for
CsPbBr3 the two phase transitions (orthorhombic-tetragonal-cubic) are separated by a AT =

42 K [224].
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6.4.1. Determination of the thermal conductivity, thermal diffusivity, and
heat capacity characteristics in 3D-polymorph CsPbCl; at phase transitions

In the case of CsPbCls elevated moderate temperatures can give rise to phase transitions from
a monoclinic to orthorhombic to tetragonal to cubic phase. Here, we analyze the thermal
properties, A(7), a(#), and c,,;(7), of CsPbCls perovskite thin films as a function of
temperature, upon increasing the temperature of the perovskite samples starting at RT. As can
be seen from our direct measurements shown in Figure 40 a), only minor changes of the average
thermal conductivity in CsPbCls perovskite thin films appear for temperatures between room
temperature and 36 °C, where the crystal is in its monoclinic phase. A very slight decrease of 4
occurs between 37 °C and 41 °C (orthorhombic phase) due to a slight change in phonon
dispersion. In the tetragonal phase, between 42 °C and 46 °C, the thermal conductivity of the
CsPbCl; thin film shows a slight increase back to values found in the monoclinic phase below

36 °C. While these variations are only marginal, a significant increase of A¢sppci, (T) by a factor

of three to a level of 1.60 + 0.08 W (m K)~! is clearly detected at T > 46 °C, where the
material assumes its cubic phase. This behavior has been predicted theoretically, due to a
significantly higher group velocity of acoustic phonons in the cubic structure compared to that
in the tetragonal or orthorhombic phase [106]. In a next step, the average thermal diffusivity,
and the average volumetric heat capacity of the CsPbCls perovskites thin films will be
discussed. Importantly for perovskite devices, the thermal diffusivity varies notably for the
different crystal phases (see Figure 40 b)). As discussed above, the variations of the average
a(T), and c,,;(T) can be measured with better accuracy than the respective absolute values.
Thus, in contrast to earlier transient measurements on a single crystal [117,224], our technique
allows us to unambiguously separate the thermal properties of the different phases. In the
orthorhombic structure, the highest thermal diffusivity of 0.7 + 0.1 mm?s~1 is found, even
though the thermal conductivity is minimum there and a considerable acoustic phonon
attenuation was observed by neutron scattering experiments in this temperature range [116].
The experimentally determined increase of a(T) in dependence of the structural phases results
in a concomitant decrease of ¢,,;(T), as €,,;(T) is derived by A(T)/a(T) (see Figure 40 c)

(please note the log scale on the ordinate)).
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Figure 40: Simultaneously measured thermal conductivity (a) and thermal diffusivity (b) of
CsPbCls perovskite thin films as function of temperature at the phase transitions. The
temperature ranges of the corresponding phases are labeled according to earlier studies
[11,76]. The volumetric heat capacity calculated from the thermal conductivity and thermal
diffusivity is shown below.
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However, apart from the minor changes in thermal properties during the transitions from
monoclinic to the tetragonal structural phase at low temperatures, only the latent heat in the
average volumetric heat capacity of the CsPbClz perovskite thin film is determined at the first-
order transition to the cubic phase at 47°C. In the transition from the monoclinic to the
orthorhombic phase, no latent heat was measured as an indication of a first-order phase
transition. Finally, ¢,,;(T) = 4.1 + 0.4 J(cm3 - K)™1, is more than 4 times higher in the cubic
structure compared to the other phases. This increase can be understood due to the highest
degree of freedom for the rotational modes of PbCls octahedra around the three principal axes
in the cubic phase [116]. Thus, considering the variation in A(T) and c,,;(T), the thermal

T at

diffusivity a(T) in the cubic phase, after going through a minimum of 0.2 + 0.1 mm?2s~
around 47 °C due to latent heat, saturates at 0.4 + 0.1 mm?s~! and is smaller than that of the
other phases at lower temperature. Finally, it must be mentioned, in contrast to our
investigations and theoretical predictions, the transient measurements by the research group of
Kubicar et al on single crystals carried out so far showed a lowered specific heat capacity in the
cubic structure compared to the monoclinic phase [117,224]. An abnormal characteristic of the
thermal diffusivity was also observed and the thermal diffusivity at room temperature is less

than that at higher temperatures in the cubic phase.

6.4.2. Determination of heat transport characteristics in 3D-polymorph
CsPbBr; at phase transitions

In a similar way, micro-crystalline CsPbBr; perovskite thin films and single crystals were
measured in terms of thermal conductivity, thermal diffusivity, and volumetric heat capacity as
a function of phase (orthorhombic-tetragonal-cubic) (see Figure 41). The measurements were
performed from RT up to about 150°C since the phase transitions appear at T,_; = 88°C and
T;_. = 130°C [115].The average thermal properties of CsPbBr3; perovskites micro-crystalline
thin films and single crystals were determined across their phase transitions to be same in their
values of thermal conductivity, thermal diffusivity, and volumetric heat capacity. Only minor
changes of the average thermal conductivity are found for temperatures between RT and 88 °C,
where the material is in its orthorhombic phase. A slight decrease of A occurs between 88 °C

and 130 °C (within the tetragonal phase).
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A significant increase of A¢spppr, (T) by a factor of approximately two to a value of 0.85 +
0.05W (m K)~ ! is observed at T > 130 °C. Thus, the thermal conductivity behaves similarly
to that CsPbCl; at the transition to its cubic phase. The orthorhombic-tetragonal phase transition
occurs at 88°C, as described in the theoretical literature, and represents an abrupt transition in

the thermal conductivity.
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Figure 41: Thermal conductivity, thermal diffusivity, and volumetric heat capacity vs.
temperature pristine micro-crystalline CsPbBr3 perovskite thin films and single crystal. The
temperature ranges of the corresponding crystalline phases are labelled according to earlier
structural studies [115].
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Since the behavior of the thermal conductivity of the CsPbBr3 films was comparable to that of
the CsPbCls films in terms of the absolute values, the thermal diffusivity and the heat capacity
also behave in the same way. The decisive difference, which is evident here in the case of the
CsPbBr3 thin films, is that no diverging increase in the volumetric heat capacity was detected
at the tetragonal-cubic transition and thus there is no indication of latent heat. This behaviour
would point to second order phase transition, which deviates from the literature reports of a
first-order phase transition [115]. The question of why this behavior is observed here will be
taken up in the next section of this chapter. Note that however second order phase transitions,
which are quite often associated with substructure properties of crystals [88,258], can depend
on the size of perovskite crystals. In the following section the substructure properties of

perovskites are described in more detail and will be discussed.

In this regard, the thermal properties were studied for layers with thickness varied between 110-
200 nm (see Figure 42). Most strikingly, the onset for the increase of the thermal conductivity
shifts to lower temperatures with decreasing the layer thickness. Similar to the case of pristine
films and single crystals, the thermal conductivity does not change abruptly for the transition
from the tetragonal to the cubic crystal phase. In this context, the next section discusses what
this behavior might be due to and and offers possible reasons for the shifted transition

temperature.
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Figure 42: Thermal conductivity, thermal diffusivity, and volumetric heat capacity vs.
temperature for large crystalline CsPbBr3 perovskite thin films. The temperature ranges of
the corresponding crystalline phases are labelled according to earlier structural studies
[115].
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6.4.3. Discussion of abnormal heat transport characteristics in tetragonal to
cubic phase transitions of halide perovskite semiconductors

First-order phase transitions from tetragonal to cubic crystal structures are usually predicted
from MLS simulations as well as early neutron scattering experiments for halide perovskite
semiconductors. This prediction is confirmed for the CsPbCls phase transitions, where latent
heat as an indicator for first-order transitions was measured for the first time within this thesis.
This transition additionally indicates an abrupt change in thermal conductivity, due to an abrupt
change in the entropy. Note, although the same behavior of A was also shown for CsPbBr3
perovskites micro-crystalline thin films and single crystals, no latent heat has been detected
there. In addition, both the corresponding highly ordered large crystalline films and MAPbI3
single crystals show a continuous increase in thermal conductivity. It is presented that the
CsPbBr3 pressed thin films also show a shift in the transition temperature as a function of the
film thickness. Latent heat was only detected at the phase transition from the tetragonal to the
cubic phase in CsPbCls. No latent heat could be detected for the predicted first order phase
transition from the monoclinic to the orthorhombic phase of CsPbCls. Note, no latent heats
could be detected for the phase transitions of CsPbBr3 at all, even where a first-order phase
transition was expected. To what extent the used SThM thermal measurement techniques can
provide insights into the order of the phase transitions is not yet clarified and represents a

baseline for further research.

88



7. Summary

7. Summary

Aside from photovoltaics, metal-halide perovskite (MHP) semiconductors have also emerged
as an attractive platform for LEDs and lasers. For all of them, performance and operational
stability are strongly influenced by thermally activated processes. As a result, studying the heat
transport of halide perovskite semiconductors has become increasingly important. In addition
to thermal conductivity measurements, thermal diffusivity and heat capacity studies are

relevant.

MHPs are a special class of materials with a thermal conductivity typically below
1 W (m K)~! and likewise low thermal diffusivity and volumetric heat capacity, which renders
thermal studies particularly challenging. Within this thesis, the scanning thermal microscopy
(SThM), which uses the 3w measurement methodology, was further developed to address these
challenges. For the first time, local thermal conductivity, thermal diffusivity, and volumetric
heat capacity could be measured simultaneously with a high spatial resolution of less than 100
nm independent of the temperature. With SThM operated in the frequency domain, it was
possible to measure the thermal properties and to determine the influences of

polymorphs/dimensionalities (3D, 2D, 0D) of individual grains in films of MHPs.

Single crystals have also been investigated as reference materials in addition to the thin films.
Furthermore, as deposited microcrystalline MHP thin films were improved in terms of their
morphology and optoelectronic properties by a thermal imprint using a flat stamp (i.e. planar
hot pressing (PHP)). The process enabled an optimal basis for thermal scanning probe
microscopy due to the smooth topography with a roughness below 1 nm. The pristine layers of
MAPbBX3 (X = Cl, Br, I) and CsPbBr3 / CsPbaBrs films were prepared by liquid processing,
whereas CsPbCls thin films were prepared by thermal evaporation, due to limited solubility of

the precursors. The PHP method prepared highly oriented, large crystalline thin films.

The thermal conductivity of MAPbX3 single crystals with X= I, Br, and Cl is found to be
0.34 + 0.12 W(mK)™1,0.44 + 0.08 W(mK)™1, and 0.50 + 0.05 W (m K)~! at room
temperature, respectively. Strikingly, similar thermal conductivities are determined for the
corresponding thin-film samples. We could experimentally verify that perovskites with
decreasing atomic number of the halide possess a slightly higher average thermal conductivity,
due to and increased elastic modulus, which infers an increased speed of sound when going

from X =1to X = Cl. By a similar token, the thermal conductivity of CsPbCl3 was found to be
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0.49 + 0.04 W (m K)™1, higher than that of CsPbBr3 (A1 = 0.43 + 0.03 W (m K)™1). These
results also reveal that the change of the A-site cation from MA+ to Cs+ did not notably alter
the thermal conductivity. A study of the thermal properties of the inorganic MHP polymorphs
revealed that the thermal conductivity as well as volumetric heat capacities decrease with

decreasing dimensionality.

In this work, first studies on the temperature-dependent thermal conductivity as well as the
change of the thermal expansion coefficients of a cleaved MAPDI; single crystal across the
tetragonal-cubic phase transition were obtained. The thermal conductivity of MAPDI;3 single
crystals in the cubic structure increases to 1.1 + 0.1 W (m K)~1. This is due to a significantly
higher group velocity of phonons in the cubic structure compared to that in the tetragonal or
orthorhombic phase. The temperature-dependent thermal conductivity characteristics of the
cleaved MAPDbI; single crystal was determined as a continuous curve. The absolute value of the
negative linear thermal expansion coefficients in the tetragonal structure is determined to be

Olc_tet = (_5.1 i 0.4) * 10_4K_1.

In addition, the thermal properties across the phase transitions were analyzed in detail for
CsPbCls and CsPbBrs. In both cases significant increase of the thermal conductivity was found

when going from the tetragonal to the cubic phase due to the phonon behaviour.

On the other hand, only slight variations in the thermal conductivity were found for the other
phase transitions. Notably, for the transition to the cubic phase of CsPbCl; thin films, a first-
order phase transition was found associated with latent heat and a diverging volumetric heat
capacity. In contrast to the findings for CsPbCls, no latent heat at the phase transition from the
tetragonal to the cubic phase was detected for CsPbBr3, which also contrasts with the literature,

that reports a first order transition.

On the one hand, instead of abrupt changes in A¢spppr, (T) at the phase transition temperature,
a continuous increase was found. The onset of the increase of Acspppr, (T) shifts slightly to

lower temperatures with decreasing the layer thickness. On the other hand, c¢,,;(T), of the thin
films exhibit no typical signature of latent heat. However, these results require further

experiments and complementing theoretical studies to gain a consistent understanding.
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In summary, this thesis demonstrates that the SThM is well suited for thermal conductivity
measurements of ultra-low thermal conducting perovskite semiconductors. The fabrication of
single crystals and methods for highly oriented large crystalline films are presented to compare
the heat transport of bulk material with that of thin films. Moreover, thermal expansion studies
at the phase transition, the temperature dependence of the thermal conductivities, thermal
diffusivities, and volumetric heat capacities above room temperature was evaluated
experimentally for the first time. The findings of the thermal microscopy are of great general
importance for the thermal design and reliability of thin-film devices based on metal halide
perovskites, while the measurement technique itself is generally applicable for other thin-film

optoelectronic materials.
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