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Zusammenfassung

In der vorliegenden Dissertation wird ein korrelativer Ansatz zur Untersuchung des Einflusses
der Phasenmischung auf die optischen Eigenschaften von Cs—Pb—Br-Verbindungen vorgestellt.
Dieses Materialsystem weist drei terndre Phasen, CsPbBrs, CssPbBrg und CsPbsBrs auf,
die in Cs—Pb—Br Materialien vorkommen, wenn sie mit verschiedenen Methoden hergestellt
werden. Die Koexistenz beeinflusst die Lichtemission und kann somit die Leistung der auf
diesen Verbindungen basierenden optoelektronischen Bauelemente beeinflussen.

Motiviert durch die offenen Debatten tber die griine Emission von Cs—Pb-Br unter-
suchte ich die Struktur, Zusammensetzung und optischen Eigenschaften von Materialien
mit gemischten Phasen mittels Rontgenbeugung, energiedispersiver Rontgenspektroskopie,
Kathodolumineszenz (CL) und Photolumineszenz (PL) Spektroskopie. Mit diesen Techniken
wurde die rdumliche Phasenverteilung von Cs—Pb—-Br-Diinnschichten mit einer Auflésung von
unter 50 nm untersucht. Es wurde festgestellt, dass bei drei verschiedenen Depositionsmethoden
mindestens zwei der terndren Phasen koexistieren Dieses Ergebnis stimmte sehr gut mit ab-
initio-Berechnungen {iberein, die sehr dhnliche Bildungsenthalpien fiir die drei Phasen zeigten.

Zundchst wurde der Einfluss der Phasenumwandlung auf die Lumineszenz von
CsPbBr3/CsPbyBrs-Diinnschichten untersucht. In-situ-Experimente zeigten, dass der
Phasenumwandlung Kristallstrukturiibergéinge von CsPbBrs vorausgehen und dass sie
nur bei erhohten Temperaturen von iiber 583 K auftreten. PL und mikroskopische, korrelative
Analysen zeigten, dass das Tempern die Defektdichte an der Grenzfliche CsPbBrs/CsPbyBrs
erhoht, was zur Verringerung der griinen Lumineszenz beitragt.

Schliefflich wurden griin lumineszierende Cs4sPbBrg und CsPboBrs mittels PL und CL
untersucht, wobei eingebettete, griin emittierende CsPbBrs Nanokristalle mit erhohter
Emissionsausbeute entdeckt wurden. Fiir Cs4PbBrg und CsPbsBrs wurden spektrale Blau- und
Rotverschiebungen gemessen. Diese Emissionsverschiebungen wurden durch ein Effektive-Masse
Anndherungsmodell erklart, das die unterschiedlichen Bandliickenenergien und Dielektrizitats-
konstnaten zwischen den eingebetteten Nanokristallen und dem Wirtsmaterial beriicksichtigt.
Der experimentell-theoretische Ansatz in der vorliegenden Arbeit erwies sich als wertvolles
Werkzeug zur Untersuchung des Cs—Pb—Br-Materialsystems und trug zum besseren Verstédndnis

ihrer optoelektronischen Eigenschaften bei.






Abstract

The current dissertation presents a correlative approach to investigate the influence of phase
mixture on the optical properties of Cs—Pb—Br compounds. This material system exhibits three
ternary phases, CsPbBr3, Cs4PbBrg and CsPbyBrs, which coexist in Cs—Pb—Br materials
when deposited by various methods. The coexistence influences the light emission and by
extension can affect the performance of the optoelectronic devices based on these compounds.

Motivated by the open debates regarding the green emission from Cs—Pb—Br, I investigated
the structure, composition, and optical properties of mixed-phase materials by means of
X-ray diffraction, energy-dispersive X-ray spectroscopy, cathodoluminescence (CL) and
photoluminescence (PL) spectroscopy. Using these techniques, the spatial phase distribution
of Cs—Pb-Br thin films was investigated, with a resolution of below 50 nm. It was found that
for three different deposition methods, at least two of the ternary phases coexist. This result
agreed very well with ab-initio calculations showing very similar formation enthalpies for the
three phases.

Secondly, the influence of the phase transformation on the luminescence of
CsPbBr3/CsPbyBrs thin films was investigated. In-situ experiments revealed that phase
transformation is preceded by crystal structure transitions of CsPbBrs and that it only occurs
at elevated temperatures of above 583 K. PL and microscopic, correlative analyses showed that
annealing increases the defect density at the CsPbBrs/CsPbeBrs interface, which contributes
to the quenching of the green luminescence.

Finally, green luminescent CsyPbBrg and CsPbyBrs were investigated by means of PL and
CL, which revealed embedded green-emitting CsPbBrs nanocrystals with enhanced emission
yield. Spectral blue and red shifts were measured for Cs;PbBrg and CsPbeBrs. These
emission shifts were explained by an effective mass approximation model, which considers
band-gap energy differences and dielectric mismatch between the embedded nanocrystals and
the host material. The experimental-theoretical approach in the present thesis was found to
be a valuable tool to investigate the Cs—Pb—Br material system and helped improving the

understanding of their optoelectronic properties.
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Introduction

The international goals to stabilize the global mean temperature and to limit the increase of
this temperature to below 2 °C require that the net antropogenic CO2 emissions are decreased
to zero by the year 2050 [1, 2]. However, this goal is already under threat due to the projected
emissions of existing and commited fossil-fuel energy infrastructure [1]. Thus, renewable
energy production is of vital importance in the efforts to ensure the future of the planet. The
importance of photovoltaic (PV) technology is major. It accounted for ~ 27 % of Germany’s
energy production in 2019 [3] and it is fundamental in the scenarios proposed to achieved
the energy goals [2]. Together with energy production, more efficient electrical and electronic
devices are also fundamental to achieve this goal.

Halide perovskite materials are very attractive candidates for PV, light-emission, and
photodetection applications [4-6]. Despite the outstanding progress on efficiency, fundamental
understanding of the origins of the outstanding optoelectronic properties that make halide
perovskites so attractive is still far from being complete [7] and advanced macro- and microscopic
characterization, coupled with theoretical modeling, are necessary to investigate the properties
of these materials.

Among the halide perovskites, CsPbBrj is a stable compound. It has been shown to exhibit
remarkable thermal and long-term stability in ambient air [5, 8-10], while performing similarly
as the hybrid organic-inorganic perovskites. [5, 11], with power conversion efficiencies of above
10% [12]. Most promising is the application of CsPbBrs as active layer in light emitting
diodes (LED) [5, 13-15]. In the past years, extensive research in this application has lead to
an increase in the external quantum efficiency of perovskite LED from below 1% to above
20 %[13, 15] for thin-film based devices. Finally, stimulated emission in CsPbBrs has also been
investigated for potential applications in lasers. This material is very attractive to cover the
spectral green gap from 530 to 610nm [16, 17] and to replace diode-pumped, solid state green
lasers in many applications [18].

However, this halide perovskite also exhibit two additional, thermodynamically-stable
ternary phases: the PbBro-rich CsPbeBrs and the CsBr-rich CsyPbBrg. These phases
exhibit a higher band-gap energy and a different crystal structures than that of CsPbBrs.

These two phases have been shown to coexist in single crystals, thin films, powders and
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nanocrystals.[19-26]. The influence of this coexistence of the different phases as well as their
phase transformations on the optical properties in Cs—Pb—Br materials is still unclear.

In the present thesis, a combination of photoluminescence (PL) spectroscopy, X-ray
diffraction (XRD) and correlative scanning electron microscopy (SEM) techniques — energy-
dispersive X-ray spectroscopy (EDX) and cathodoluminescence (CL) — is used to investigate
the phase distribution, the phase transformation and the influence on the optical properties
of perovskite-related Cs—Pb—Br materials. Experimental evidence and theoretical modeling
are presented to contribute to answer the following questions: Does CsPbyBrs passivate the
surface of CsPbBrs in thin films and does it reduce nonradiative recombination? At what
temperature does the phase transformation CsPbsBrs; —— CsPbBrs + PbBry take place?
What is the origin of the detected green luminescence in Cs4PbBrg and CsPbsBrs, and how
does the phase mixture influence the emission wavelength?

The present thesis is organized as follows:

o Chapter 2 gives a brief overview of the structure and the most attractive properties of
halide perovskites for optoelectronic devices, focusing on the Cs—Pb-Br material system.
The structures of the different ternary phases are presented and the implications of the
dimensionality of each phase on the electronic structure are discussed briefly. Some of
the open questions regarding the material system, which serve as starting point for the

research presented here, are also presented.

o Chapter 3 introduces the experimental techniques and the theoretical basis for the model
used throughout the thesis. The basic physics of XRD, PL spectroscopy, SEM, EDX and
CL are explained and some important considerations and limitations of the experiments
described in Chapters 4 to 6 are described. The effective mass approximation (EMA)
and the concept of dielectric confinement — the basis of the model presented in Chapter

6 are explained.

e In Chapter 4 the coexistence of the different ternary phases is studied theoretically
and experimentally measured by means of XRD and PL in thin films deposited by
different methods. The spatial phase distribution is investigated by means of microscopic,

correlative compositional (EDX) and optoelectronic (CL) mapping.

e In Chapter 5 the phase transformation CsPbyBrs; —— CsPbBr3 + PbBry at elevated
temperatures is investigated by means of in-situ XRD. The effect of the phase
transformation on the luminescence is investigated by means of PL and time-resolved
PL. Finally, the distribution of the recombination centers prior and after annealing is

investigated by microscopic CL-EDX correlative analysis.

e Chapter 6 presents the results of temperature- and intensity-dependent PL on CsPbBrs,
and green-luminescent CsPbsoBrs and CsyPbBrg. The origin of the green luminescence
of the latter phases is revealed by CL-EDX microscopy. Finally, a theoretical EMA
model is implemented, which aims to explain the differences in emission intensity and

wavelength among the different phases.

e Chapter 7 summarizes the conclusions obtained from the experimental and theoretical

investigations and presents the possible future work that can be derived from the research
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presented in this thesis. The relevance of the correlative macro- and microscopic approach
used during the development of the present thesis, for the Cs—Pb-Br and other perovskite
materials system is highlighted.






The Cs-Pb-Br material system

A perovskite is a mineral of calcium titanate, with chemical formula CaTiO3 that was first
discovered by the German mineralogist Gustav Rose in 1839, and named after the Russian
mineralogist Lev Perovski [27] . Various compound materials — such as oxides, like SrTiO3
and BaTiOs — may exhibit perovskite-type structure, with stoichiometry ABX3 and a crystal
structure that consists of BXg corner-sharing octahedra in three dimensions, with the A site,
within the cuboctahedral cavity of each unit cell, as shown in Figure 2.1 [28]. Depending
on their compositions, perovskite-like materials can be insulating or semiconductive. These
materials usually exhibit a cubic or tetragonal crystal structure [27], but orthorhombic, trigonal
and monoclinic polymorphs are also accesible, depending on the tilting and rotation of the
BX¢ octahedra [28].

2.1 Lead-halide perovskites for optoelectronics

Of special interest are the so called lead-halide perovskites (Pb-HaPs). In these materials,
the X site corresponds to a monovalent halide anion, the B site is a divalent metal cation i.e.,
Pb?*, and the A site can be a monovalent metal or organic cation, as illustrated in Figure 2.1.
The unusual chemistry and physics of Pb-HaP have been studied since the 1980s [28-30]. The
potential of Pb-HaP in photovoltaics (PV) started gaining interest since the appearance of the
first solar cell, based on hybrid organic-inorganic (organic A cation) Pb-HaP [31]. Research on
Pb-HaP materials and PV applications boomed during the last decade because of the rapid
increase in power conversion efficiency of solar cells, from 3.8 % in 2009 [31] to over 25 % for
single-junction solar cells and up to 28 % for multi-junction cells in 2019 [32], and the low-cost
processing of the solar cells, involving mostly low-temperature solution chemistry.

In spite of this huge progress in power conversion efficiency and of the outstanding
optoelectronic properties that Pb-HaP exhibit, such as high photoluminescence quantum
yields, large diffusion lengths and lifetimes, there is still lack of understanding of many
structure-property relationship in halide perovskites, such as the long order range in a material
synthesized by relative low temperature solution chemistry, which produces a material with

sharp absorption edges, the apparent less detrimental effect of defects and grain boundaries,
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Figure 2.1: (a) General perovskite-type crystal structure with ABX3 stoichiometry. The A site
is represented with purple spheres, the B sites with yellow ones (inside the cages) and the X site
in red. (b) The BXg octahedrally coordination around the center A site. (¢) The cuboctahedral
coordination around the A site. The elements or molecules for the A site in a Pb-HaP (Pb as the
B site) are shown. Figure adapted from Correa-Baena et al. [6]

which results in low nonradiative recombination rates, the ion migration which leads to ionic
conductance and phase separation, and the coexistence of different phases within one material
[7].

Therefore, investigations of the microscopic properties of Pb-HaPs are of fundamental
importance, in order to understand the structure-property relationships of these materials,
which in turn can lead to optimized material synthesis and device design. In the present thesis,
I investigated the correlation of microscopic optoelectronic properties and composition using
scanning electron microscopy techniques, with macroscopic structural and optical properties,
using X-ray diffraction and photoluminescence spectroscopy on the inorganic halide perovskite
CsPbBrs, and related secondary phases.

Although the hybrid organic-inorganic Pb-HaP are the materials most investigated of
this kind, on account of their widely spread use as absorber material in solar cells [33, 34],
inorganic CsPbBrs has also gained interest in the community because of its high moisture
and thermal stability, compared with the organic-inorganic counterparts [8-10], having similar
performances in optoelectronic devices [11]. This high band gap (~2.4eV) Pb-HaP has been
used as active material in light emitting diodes (LEDs) [13-15], photodetectors [35-37], solar
cells [12, 38-42], and recently also in lasers [16]. CsPbBrj also offers higher stability under
the electron beam than hybrid perovskites. This phenomenon has been observed by means of
electron beam current (EBIC) by Klein-Kedem, Cahen, and Hodes [43]. Xiao et al. [44] studied
the mechanisms by which the electron beam can damage the perovskite material by means
of cathodoluminescence (CL, see Section 3.3.3). These authors found that both, knock-on
defects and localized heating, contribute most to the damage. Both effects were less damaging
in CsPblg than in the organic-inorganic material (see Figure 2.2).

Inorganic Pb-HaPs share some of the very interesting properties that make hybrid
perovskites so unique, and many phenomena have been studied on the inorganic materials
as a model system. These include phase separation [45], polaron formation [46], anharmonic
local polar fluctuations of the lattice [47], defect energetics [48], among others. Therefore, in
the present thesis I focused on studying the properties of the CsPbBr3 perovskite and related

materials.
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Figure 2.2: CL spectra of (a) FAPbI3 (hybrid) and (b) CsPbls measured upon electron beam
exposure using an acceleration voltage of 5kV and beam current of 12nA within different exposure
times. The rapid change and quenching of the CL spectrum of the hybrid perovskite contrasts
with the more stable CL spectrum of the inorganic counterpart. Reproduced from Xiao et al.
[44]. (c) SEM images if pristine and after-exposure (3kV, 8nA) hybrid (MAPbBr3) and inorganic
(CsPbBrs) perovskites. The damage is evidently less in the inorganic material. Reproduced from
Klein-Kedem, Cahen, and Hodes [43]

2.2 The Cs—Pb—Br material system

The CsPbBr3 perovskite is particular within the inorganic Pb-HaPs since it belongs to a
material system, together with two other thermodynamically stable ternary phases — the
two-dimensional (2D) CsPbsBrs and the zero-dimensional (0D) CsyPbBrg. These phases can
coexist in the different forms of the material: thin films, nanocrystals, powder and single
crystals.[19, 20, 22-26, 49|

The atomic structure of the various ternary phases in the Cs-Pb-Br material system are
shown in Figure 2.3. The CsBr-rich phase, also known as the 0D perovskite-related phase [20,
22, 50, 51], exhibits isolated PbBrg octahedra separated by Cs atoms. This phase crystallizes
at room temperature in the trigonal crystal system with space group R3¢[50] and is a direct
band gap semiconductor with a band-gap energy of ~4.0eV[30, 52-55]. The PbBra-rich
phase, CsPbsBrs, is sometimes referred to as a 2D perovskite-related phase. It is consists
of edge-sharing PbBrg bicapped trigonal prisms, [56] separated by planes of Cs atoms in a
tetragonal crystal system with space group I4/mem|[57, 58]. This phase exhibits an indirect
band-gap energy in the ultraviolet (UV) spectral region, with values reported between ~3.35
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and 3.87eV [19, 56, 58] (this range is appropriate considering the phonon absorption at room
temperature has not been reported).

Finally, the CsPbBr3 phase consists of corner-sharing PbBrg octahedra with a Cs atom
caged inside the lead-halide framework. This phase exhibits various crystal structures depending
on the temperature. Strictly speaking, only the high-temperature (>130°C), cubic structure
can be considered a perovskite: ABX3 stoichiometry, aristotype structure with space group
Pm3m, octahedral coordination of the B-cation (Pb) and corner-sharing octahedra [59,
60]. This phase also exhibits a distorted perovskite form at lower temperatures; a tetragonal
structure (space group P4/mbm) between 80 and 130 °C, and an orthorhombic structure (space
group Pbnm) at temperatures below 80 °C, which is the one relevant at room temperature.
For simplicity, these three crystal systems of the CsPbBrs will be further on referred to as
perovskites indistinctly. The perovskite phase is a direct band gap semiconductor with a
band-gap energy of ~2.4¢eV[5, 11, 29, 38, 61].

a) CsPbBr3

T < 80°C 80°C <T<130°C T >130°C

Orthorhombic (Pbnm) Tetragonal (P4/mbm) Cubic (Pm3m)

b) Cs4PbBrg c)  CsPbyBrs

Trigonal (R3c¢) Tetragonal (I4/mcm)

Figure 2.3: Ternary phases in the Cs—Pb—Br material system: (a) the perovskite CsPbBrj in all its
different crystal structures, (b) the "zero-dimensional" and (c) "two-dimensional" perovskite-related
structures (non-perovskites)
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2.2.1 The "zero dimensional" Cs,PbBrg

In spite of its large band-gap energy, CsyPbBrg many times exhibits a strong green luminescence
[30, 62-66]. The origins of such luminescence is still unclear and a matter of debate with two
main opinions prevailing: (1) the green luminescence is intrinsic to the CsyPbBrg, generated
by defect-mediated radiative recombination, and (2) the green luminescence originates from
confined CsPbBr3 nanoscale domains embedded in the Cs4PbBrg bulk [51] (see Figure 2.4).
A very elegant summary of this issue was provided by Akkerman, Abdelhady, and Manna
[51]. Here, I reproduce some of the most important aspects reported in the literature. It is
important then to discuss some fundamental aspects of the electronic structure and the optical

characterization in this material.
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Figure 2.4: Recombination mechanisms proposed in the literature to explain the green
luminescence in CsyPbBrg. (a) Embedded CsPbBrs nanoinclusions with high PLQY due to
quantum confinement, and (b) defect mediated radiative recombination via mid-gap levels, created
by Br vacancies (Vp;). Figure adapted from ref. [51]

The crystal structure described at the beginning of this Section implicates some changes
in the electronic structure of Cs4PbBrg, compared with that of CsPbBrs. Perhaps the most
important one is that, owing to the separation between PbBrg octahedra, the p orbitals of
the Br — which mostly form the valence band — overlap with the s and p orbitals of only
one Pb ion — mostly conduction band. This is in strong contrast to the orbital overlap in
CsPbBrs, where p orbitals of Br exhibit a good overlap with 2 adjacent Pb ions (see Figure
2.5). The low coupling between PbBrg means that the band-gap energy is larger due to low
hybridization, there is low band dispersion (i.e., large carrier effective masses), and also that
the electronic transitions (excitons) are confined to isolated octahedra [51, 67].

The electronic structure of defects in Cs4PbBrg has also been studied. Yin et al. [68]
calculated the defect formation energies and charge transition levels of defects in CssPbBrg,
and found that the Br vacancy (Vp;) level can be positioned about 2.25eV above the valence
band maximum. However, the defect formation energy for Vg, is high in moderate and Br-rich
conditions, which are usually the case to synthesize the material [51, 63, 64, 69]. Additionally,
Han et al. [67] calculated the excitation and emission energies of excitons bound to Vg, as well
as the exciton binding energy and Stokes shift. They found very large Stokes shift (~ 0.8eV)
and exciton binding energy (~ 0.6eV), — consistent with the confinement of the wavefunction
in the individual octahedra — with emission energies in the range of the green luminescence
(~2.5¢eV).

Regarding the optical characterization of this particular material, the photoluminescence

(PL) spectrum observed in green luminescent CsyPbBrg closely resembles that of CsPbBrs
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Figure 2.5: (a) Schematic representation of the overlap of p orbitals of Br (p;, with i=x, y or z
shown, depending on the orientation of the relevant overlapping orbital) with s an p orbitals of Pb,
for CsPbBr3 and CsyPbBrg. (b) Density of state (DOS) and DOS projected on the Pb and Br
orbitals, showing the contributions to the conduction and valence bands. Figure adapted from
Akkerman, Abdelhady, and Manna [51]

nanocrystals: it exhibits a sharp peak, with full width at half maximum (FWHM) usually
between 15-25nm [51, 63, 70, 71], short lifetimes in the ns range, a small stokes shift of about
30meV [51, 62, 71] (see Figure 2.6).

The small stokes shift, the absorption edge in the visible range and the very sharp transition
point to the conclusion that the green luminescence in fact stems from CsPbBrs nanoinclusions.
The theoretical evidence, further supports this conclusion, since the emission of the exciton
bound to the Vg, should exhibit a very large Stokes shift. Additionally, the sharp emission
contrasts with the known defect emission in layered Ruddlesden-Popper layered materials,
which exhibit a very broad emission, and again, a large Stokes shift, and similar confinement
of the exciton to their layers [51, 72, 73]. Furthermore, the nature of defects in CssPbBrg is
still unclear. Cohen et al. [48] have shown that the nature of defects in CsPbBrj is dynamic,
and that the charge transition level of the Vg, can change due to the anharmonic vibration
of the lattice. If defect dynamics in Cs4sPbBrg would resemble those in CsPbBrs this would
change the interpretation given by Yin et al. [68]. More recently, Ma et al. [74] studied the PL
of Cs4PbBrg as a function of pressure, comparing it with that of CsPbBr3 nanocrystals, and
the calculated defect position as a function of pressure. Their results show an incongruence

between change defect level and PL energy positions, but a good agreement of the trend
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Figure 2.6: Absorption and PL spectra of (a) CsyPbBrg single crystal and (b) CsPbBrs
nanocrystals. Notice the remarkable resemblence between PL width and Stokes shift of both
spectra. Adapted from refs. [22, 51, 71]
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with that of CsPbBr3 nanocrystals, supporting again that the green luminescence stems from
CsPbBr3 nanocrystals embedded in CsyPbBrg.

2.2.2 The "two-dimensional" CsPb;Brs

Another phase in the Cs—Pb—Br material system is the so-called 2D CsPbyBrs. Similar
to the Cs4PbBrg, the atomic structure of this phase also imposes some confinement of the
wavefunction to the PbBrg planes, as shown by the very low dispersion of the A—M, I'-Z and
R-X paths in the Brilloin zone — parallel to ¢ direction [56] (see Figure 2.7). Also, in spite the
large, indirect band gap, Wang et al. [75] first reported green luminescence from allegedly pure
CsPbyBrs nanoplatelets with high photoluminescence quantum yield (PLQY). Similar findings
were published in References [23, 76, 77|, who attribute the green luminescence to defects,
similar to the claim made for Cs4PbBrg. Li and coworkers have used CsPboBrs nanoparticles
embedded in borosilicate glasses to study their temperature stability, and noticed that the
green luminescence decreases with temperature and at the same time the PL spectra red shifts

[78, 79]. However, no clear explanation was given for these results.
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Figure 2.7: (a) Band structure of CsPbyBr; showing the low dispersion caused by the reduced
dimensionality of the atomic structure. (b) DOS and PDOS of CsPbyBrs, showing the contributions
of p orbitals of Pb to the conduction band and of the p orbitals of Br to the valence band. Figure
adapted from ref. [56]

Li et al. [80] investigated how luminescent CsPbBr3 nanocubes can be transformed into
CsPbseBrs nanosheets by reacting in excess of PbBra. They measured the evolution of the
PL at different reaction times, and found that at long reaction times the PL and absorption
edge corresponding to the CsPbBrs vanished. However, they also measured an unexplained
initial increase in the green PL peak. These results support the hypothesis that the green
luminescence in CsPbsBry is not intrinsic to the material, but it rather stems from inclusions of
CsPbBrs, which have been supported by other works on CsPbyBrs and on CsPbBr3/CsPbyBrs

core-shell nanostructures with very similar optical properties [81, 82].
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Figure 2.8: PL and absorption spectra of a (a) luminescent and (b) non-luminescent CsPbyBrs.
The non-luminescent CsPbyBr; does not exhibit an absorption edge in the visible range, and
also no sharp green emission, but rather a broad one characteristic of defect transitions. Figure
reproduced from Refs. [56, 76)

Comparing the PL and absorption spectra of luminescent and non-luminescent CsPboBrs
(see Figure 2.8) leads to the assumption that the luminescence is due to CsPbBrj inclusions.
The PL and absorption spectra of luminescent CsPbyBrs are almost identical to that of
luminescent Cs4PbBrg, discussed in Section 2.2.1, and exhibit an absorption edge around
500 nm, and a sharp emission peak at the same range, with a small Stokes shift. This optical
properties have been reported by different authors in luminescent CsPbyBrs [23, 75, 76, 79].
By contrast, non-luminescent CsPbyBrs exhibits no absorption edge in the visible range, and
two well defined radiative transitions around 300 and 400 nm, which can be assigned to band-
to-band and exciton recombination. Defect-related transitions can also be detected around 500
and 600nm (and towards the yellow and red spectral region at 170 K) as broad transitions
with lower intensity [56]. Thus, the experimental evidence gives rise to the assumption that

the green luminescence in CsPbyBrs, just as in Cs4PbBrg, is caused by embedded CsPbBrjs.

2.2.3 Some open questions on the optical properties in Cs—Pb—Br

Although it can be concluded that the green luminescence in CsyPbBrg and CsPboBrjs is
originated from confined CsPbBrs nanocrystals, which explains the high PLQY, the origin of
some of the observed properties remains unknown. As pointed out by Akkerman, Abdelhady,
and Manna [51], the PL peak position in CsPbBr3/CssPbBrg composites always lies between
515 and 524 nm, which would imply a narrow range of sizes. Smaller sizes would imply a
blue shift which is not observed in most of the cases, and when observed it is unstable and
shifts towards green, as shown by Chen et al. [55]. On the other hand, the luminescence of
CsPbBrs/CsPbeBrs composites — when prepared from CsPbBrs nanocrystals — can exhibit
a red shift, which is counterintuitive from an expected size reduction [23]. Additionally, a red
shift (together with lost in PLQY) can also be observed when annealing luminescent CsPbgBrs
[79]. These phenomena need a comprehensive explanation.

Furthermore, there is still uncertainty whether the high PLQY is only due to the quantum
confinement in the nanocrystals, or there is an influence of the secondary phases on the optical
properties of CsPbBrs. For instance, Quan et al. [54] suggested that the lattice match between
CsPbBr3 and Cs4PbBrg aids the passivation of defects at the surface of CsPbBrs, enhancing
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Figure 2.9: Shematic representation of the water- and temperature-induced phase transformations
among the Cs—Pb-Br ternary phases. Figure adapted from ref. [49]

the luminescence. In contrast, Ling et al. [83] suggested that shallow traps at the interface
between the materials can enhance the PL. Similar passivation hypotheses have been proposed
for CsPbyBrs, due to the enhanced luminescence, and the enhanced solar cell efficiency in the
presence of this secondary phase [39, 82, 84]. However, it is still unclear whether the passivation
effect is in fact responsible for the enhanced luminescence. Other possible mechanisms for the
high PLQY have been proposed. For instance, [85] proposed that the difference in dielectric
constants between CsyPbBrg and CsPbBrs could result in dielectric confinement (see Section
3.4.3), which in turn enhances the oscillator strength and increases radiative recombination.
Tan et al. [86] proposed a similar mechanisms for CsPbBr3/CsPbaBrs systems. However, an
in-depth study of this effect on these materials is not available.

Another important aspect that can affect the optical properties in Cs—Pb—Br materials is the
transformation between phases. Liu et al. [49] showed the influence of the solvent in the phase
transformation among the Cs—Pb—Br ternary phases. They found that the solvent can influence
the coordination of Pb?*
for instance, favors 6-fold coordination of Pb?T and the formation of Cs;PbBrg and CsPbBrs.

Water, on the other hand, favors 8-fold coordination and the formation of CsPbsBrs. Water can

ions, influencing the resulting phase. Dimethyl sulfoxide (DMSO),

also precipitate CsBr and induce the transformation Cs4PbBrg —— CsPbBrg —— CsPbyBrs,
as shown in Figure 2.9. More recently, Maity and Pradhan [25] have also reported that the
transformation from CsPbBr3 to CsPbsBrjy is reversible under heat treatment. These phase
transformatios help explaining some of the effects observed in the literature when Cs—Pb—Br
systems are subject to humidity or annealing [23, 79, 86, 87].

In the present thesis, I focus on studying three main topics, related to the Cs—Pb—Br
system: (1) the phase coexistence and microscopic phase distribution in thin films deposited
with different methods in Chapter 4, (2) the temperature-induced phase transformation in thin
films and its implication in the optical properties in Chapter 5. The passivation hypothesis
was investigated by a series of macro- and microscopic characterization methods. (3) Finally,
in Chapter 6 the issues of the peak position and enhanced PLQY in CsPbBr3/CssPbBrg and
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CsPbBr3/CsPbyBrs mixed-phase materials are investigated by comparing PL spectroscopy, and
microscopy results with a theoretical model that considers quantum and dielectric confinement
in CsPbBrj.
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Experimental and simulation methods

In order to study the physical properties of the Cs—Pb—Br material system, in the present thesis
a set of different experimental techniques that allow to investigate the structure, composition
and optoelectronic properties of thin film materials were combined. In the first three sections
of the present chapter, the basic principles of the experimental techniques used throughout
the thesis are presented. The specifics of the setup — equipment, parameters, etc.— for each
experiment are presented together with the results in Chapters 4 to 6. In the final section
the theoretical framework used to model the optical properties of the mixed-phase Cs—Pb-Br
materials, in Chapter 6, is presented.

It is important to mention that the description of the techniques and theory given in this
chapter is far from being complete or exhaustive. However, it describes the basic physical
principles of the experiments and theory necessary to understand the results described in this

thesis.

3.1 X-ray diffraction

X-rays can be elastically and coherently scattered — i.e., diffracted — when they interact
with a solid, crystalline material. This elastic scattering process can be explained in terms of
classical electromagnetic theory. The oscillating electromagnetic field of the X-rays interacts
with the electrons in the material and makes them oscillate with the same frequency. In turn,
electrons in an atom become a source of electromagnetic radiation with the same frequency and
wavelength. The contribution of the radiation of all the atoms in a plane generates constructive
and destructive interference of the scattered radiation, which limits the scattered x-rays to
specific scattering angles with respect to the impinging beam.

For a family of planes with hkl Miller’s indexes, the intensity of the diffracted X-rays
also depends on the geometry of the crystal and the wavelength. As shown in Figure 3.1,
two parallel beams — 1 and 2 — incident at an angle 6§ with respect to two parallel planes,
separated by an interplanar distance of djy;, are diffracted in the beams 1’ and 2’. Constructive

interference only takes place when the path length difference between 12 and 12’ is an integer
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Figure 3.1: Schematic of the reflection of X-rays on lattice planes. The interplanar distance is
d = dpg; and the Bragg or diffraction angle is 6.

multiple of the incident X-ray wavelength, A. This condition is summarized in Bragg’s law of

diffraction:

An = 2dhkl sin (31)

where n is a positive integer that ensures Bragg condition for diffraction. The family of planes
with interplanar distance dpp; reflect the X-rays at the same angle 20 with respect to the
incident beam.

If the material exhibits crystallites with random orientation (e.g. a powder), the diffracted
intensities are uniform and depend on the atomic positions within the crystal. If the crystallites
are not randomly distributed, some Bragg peaks (also called Bragg reflections, or Bragg peaks
from here on) can exhibit low intensity. This is indicative of preferred orientation or texture.
This can be observed in polycrystalline thin films and is a consequence of the crystallization
or recrystallization process.

In most of the X-ray diffraction (XRD) experiments presented throughout this thesis, a
Bragg-Brentano, or 8 — 26 configuration was used, in which the 6 angle of both the X-ray
source and the detector is changed, so that the 26 angle can be swept during the measurement

(see Figure 3.2a).

3.1.1 Grazing incidence XRD

For very thin films measured in Bragg-Brentano configuration, the path length of the X-rays
in the sample is short, which can lead to low peak intensity and bad signal-to-background
ratio. To address this issue, grazing-incidence X-ray diffraction (GIXRD) is a good option.
This is a low angle geometry, in which the X-ray source is kept at a shallow angle (~ 1°) and
the detector is scanned over the 26 range of interest. Since the angle of the incident X-rays is
kept fixed, the planes that are not parallel to the surface also contribute to the diffraction,
which increases the peak intensity.

Since the path length is increased, the interaction volume with the thin film also increases.

The surface sensitivity is also increased by the large projection length of the X-rays over the
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(b) »

sample

Figure 3.2: Schematic of the geometries used in the present thesis: (a) Bragg-Brentano, in which
both the X-ray source and detector move, and (b) GIXRD, in which the X-ray source is fixed at a
shallow angle w, and the detector is scanned over 26.

surface of the sample, achieved by the shallow angle. A graphical summary of both geometries
is presented in Figure 3.2.

The measured XRD patterns can be used to identify the different phases present in a
material by comparing the peak positions with those of reference materials, since it is related
to the interplanar spacing of a family of hkl planes. In the case of the different phases in the
Cs—Pb—Br material system, crystallographic information is available in the literature [88].

XRD offers a lot of additional information — depending on the quality of the measurement,
of course. In this thesis, the Le Bail method is used for fitting of peak intensities and extraction
of cell parameters. Methods based in the integral intensity and width analysis are used to

extract volume fractions and domain sizes. The methods are shortly described in the following:

e The Le Bail method uses an iterative 2 step process to extract the cell parameters
using least-squares methods. For each diffraction peak, an initial to-fit peak with arbitrary
intensity I(calc) is set. The intensity is taken as the sum of the intensity values at points
along the peak profile after partitioning (y;(calc) = >~, vi(n)). This intensity and can
include several overlapping peaks (accounting for different phases, for instance). The

values of the observed profiles for each individual peaks can be calculated as:

yi(n)
I = E ;(0b 3.2
obs (1) i yi(o s)yi(calc) (3.2)
These values can be used for least-squares fitting of the profile, and the estimation of

the cell parameters a, b, ¢, «, § and v using the model of a reference system.

o Integral intensities and breadths can be used to estimate the volume fraction of
a phase and the domain size and micro strain. It is straightforward that the intensity
of the peaks associated to a specific phase is higher if the volume of that phase is
larger. However, the width of a peak can change due to instrumental factors or changes
in the sample. The instrumental broadening arise from several sources, like the X-
ray source not being perfectly monochromatic, divergence of the incident or diffracted

beams, among several others (see references [89, 90] for further details). The broadening
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produced by the sample can be caused by changes in the coherently diffracting domain
size (sometimes referred to as crystallite size), lattice distortions (microstrain) due to
dislocations, concentration gradients and stackig faults. There are different approaches
to separate the instrumental, domain size and strain contributions from the breadth of
the peak profile. These are discussed in more detail in section 5.2.2, where they are used

to evaluate the measured data.

3.2 Photoluminescence spectroscopy

When light with sufficient energy excites a material and brings it out of thermal equilibrium,
electrons can move to higher energy states, creating an electron-hole pair. When electrons
transition from a higher occupied states to lower unoccupied states, i.e. recombine with holes,
spontaneous light emission can occur. This phenomenon of light emission upon light excitation

is known as photoluminescence (PL).

3.2.1 Radiative transitions

PL emission can occur in different ways. Figure 3.3 shows a simplified summary of the radiative
transitions (the ones leading to luminescence) in semiconductors. Here the ones considered

during the thesis are briefly described:

1. Band-to-band recombination, in which an electron in the conduction band recombines
with a hole in the valence band. This process usually occur with carriers at the edge of

the bands, but thermal distribution leads to broadening of the luminescence.

2. Exciton recombination. Excitons are electron-hole pairs bound to each other by their
Coulomb interaction. A hydrogenic model can be used to estimate the binding energy of

electron and hole and is described in Section B.3.

The processes 3 to 6 involve recombination from or to defect levels. Depending on the energy

depth within the band gap of these levels, they can also lead to nonradiative recombination.

A

Energy

Figure 3.3: Schematic of the different transitions between the conduction (E¢) and valence (Ey )
bands, the exciton (FEe,.) and trap levels. The various recombination pathways are shown. See
text for discussion.

18



3.2 Photoluminescence spectroscopy

3.2.2 Injection conditions and dominant recombination

In a PL experiment, the spontaneous emission rate can be written as [91]: R = B(An(ng +
o) + AnQ), where An is the generated excess carrier density, ng and pg are the equilibrium
carrier densities and B is the material-specific radiative recombination coefficient. From these

equations two different conditions can be identified:

e Low injection: When the number of electron-hole pairs generated by the excitation
is much lower than the equilibrium carrier density: ng > An for an n-type material,
and py > An for a p-type material. Under these conditions — and assuming a p-type
material the recombination rate can be approximated as R ~ BAnpq (for an n-type

material replace pg with ng).

« High injection: When the number of generated pairs is much larger than the
equilibrium carrier density, po < An (ng < An), the radiative recombination rate

can be approximated to R ~ An?.

Note that under high injection conditions, the radiative lifetime (which is determines by
minority carriers) is much lower than in low injection conditions. The injection conditions
depend lastly on the pump fluence, i.e., the power of the excitation light. Since the radiation rate
depends on the excitation power, it can be used to identify the different types of recombination
in a PL experiment. A model by Vietmeyer et al. [92] describes how the different recombination
paths depend on the pump fluence. Vietmeyer et al. [92] describe the solutions to the rate
equations (see details of this equations in e.g., Refs [92-94]) for different pump fluences. In

the sake of brevity, only the results relevant to the analysis in this thesis are described:

o Under low excitation power, carrier trapping (paths 3 and 4 in Figure 3.3), and trap-
assisted, nonradiative recombination (path 5) dominate. The steady state solutions
then yield n,p o< G, where G is the generation rate. Since the emission intensity is
proportional to the radiative rate, I, « k.np, we have that the PL intensity depends

on the excitation intensity as Io,, o< I2,,.

o For higher pump fluences, monomolecular recombination through paths 2 and 6 (e.g.,
free and bound excitons) dominate the recombination. The solutions are then p o G

and n o< /G, and the emission intensity behaves like I, oc I12

exc:

In general, using the the relation:
Tep, < I, (3.3)

the type of recombination can be identified, using intensity-dependent PL measurements. By
plotting the PL intensity as a function of the excitation intensity — both in logarithmic scale
— the value of m can be fitted. When 1 < m < 2, emission by recombination of localized
states (e.g., donor-assisted, or exciton) is dominant. When m ~ 2, trap-assisted recombination
is dominant. This method has been widely used in the literature for classic semiconductor

materials[95, 96], nanostructures [92], and halide perovskites[94].
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3.2.3 Experimental setup for photoluminescence

A typical experimental setup for PL. measurements is shown in Figure 3.4. The excitation
source can be any light source with suitable wavelength range. However, the most common
excitation sources are lasers, for instance gas lasers like a helium-neon laser (633 nm) or argon
laser (514 nm), or solid-state laser diodes. The light is focused onto the sample by a flat mirror,
a lens or parabolic mirror. Light emitted from the sample is collected by a lens or off-axis
parabolic mirror, filtered to prevent unwanted higher orders and focused into a monochromator
through an entrance slit (not depicted in the figure). Light exits the monochromator through
an exit slit (not depicted) and hits the detector, which can be a photodiode, photomultilier
tube (PMT), avalanche photodiode (APD), a two-dimensional (2D) array — such as an InGaAs
or charge-coupled device (CCD) array — or a camera — e.g., complementary metal-oxide
semiconductor (CMOS) or CCD. The latter allow the collection of full spectra or full images
at once.

To determine the PL quantum efficiency, the setup must be calibrated to account for
absolute photon numbers. The most common setup uses an integration sphere (see Kirchartz
et al. [94]), but the setup used in the measurements of Chapter 5, a hyperspectral imaging setup
was used. The sample is illuminated with a homogeneous, broad beam, and the luminescence
recorded as a complete image, using a CCD camera. A filter — tunable band-pass liquid
crystal — is used for spectral resolution.

The setup for time-resolved photoluminescence (TRPL) is similar to the one for steady
state. In a typical configuration, a single photon sensitive detector (PMT or APD) is used
in combination with time-measurement electronics, which measure the time passed between
the pulse excitation and the first photon recorded. The measurement is repeated at a high
rate (kHz-MHz), and a histogram of photon emission times is recorded, which resembles the
photoluminescence decay. Typical time resolutions are ~ 50 ps. It is important to ensure that

the repetition rate is well below the inverse of the longest decay time of the sample to avoid

(Pulsed) laser

artifacts.

Parabolic Parabolic
mirror y mirror

Dichroic mirror Filter

Registering
(counting)
electronics

Array Grating/Filter

Sample detector spectral selection

Figure 3.4: Typical experimental setup for (TR)PL measurements. The laser light is focused on
the sample and the emission is then collected into the spectrograph. Time counting electronics
and high-repetition pulsed lasers are used in TRPL, while array detectors are used for steady-state
measurements.
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3.3 Scanning electron microscopy

Most of this thesis concerns itself with microscopic properties of the Cs—Pb—Br material system,
and how they correlate with a macroscopic property of the material, i.e., the luminescence.
In order to do that, the composition and optoelectronic properties of the material, using
high spatial resolution techniques based on the scanning electron microscope (SEM) was the
focus of investigation. In this section, an overview of the physics behind the two techniques
used for this purpose is given: Energy-dispersive X-ray spectroscopy (EDX, or EDS) and
cathodoluminescence (CL) microscopy and spectroscopy. The interested reader is referred to
the books by Goldstein et al. [97] and Yacobi and Holt [98] for in-depth descriptions of the
techniques, physics and instrumentation. Here a brief description of the SEM generalities, and
then the specific techniques is given.

The light diffraction limit, first introduced by Abbe in 1873 [99] limits the spatial resolution
of optical microscopes. Described by d = \/(2nsin«), the diffraction limit is determined
by the wavelength of light, A, and the numerical aperture nsin o, where n is the refractive
index of the medium, and « is the aperture angle of the objective lens. Maximizing n sin «, or
minimizing X\ increases the spatial resolution, which is why some commercial microscopes use
high n oil as imaging medium. However, due to the relatively large wavelength of visible light,
there is few room for improvement below resolution of about 250 nm.

In an SEM, a beam of high energy — and thus low wavelength — electrons is focused on
the sample’s surface and scanned across it. The electrons generated, or scattered by the sample
are collected by a variety of detectors. The signal of the detectors is then used to generate
an image of the sample’s surface pixel by pixel. The interaction of the electron beam with
the sample involves a variety of scattering processes. Elastic scattering — without the loss of
energy — is the process by which an impinging electron deviates from it’s original trajectory.
This deviation increases the narrow angular range of the interaction considerably within
the sample. On the other hand, electrons impinging in the sample lose energy by inelastic
scattering. The lost energy is transferred to the atoms in the material of the sample, by means
of interactions with the inner- and outer-shell electrons. For instance, when a beam electron
ejects a weakly bound, outer-shell electron, a secondary electron is formed. By contrast,
when a tightly bound, inner-shell electron is ejected, subsequent electronic transitions lead to
emission of characteristic X-rays. Additionally, the deceleration of electrons in the electric field
produced by the arrangement of ions (atomic nuclei screened by orbital electrons), produces
X-ray emission in a continuum energy range from a couple of eV up to the beam energy, known
as Bremsstrahlung, or "braking radiation". In a semiconductor, the impinging electrons can
also excite electrons from the valence to the conduction band, generating electron-hole pairs,
which can either diffuse and be extracted, generating electrical current, or recombine, emitting
light. Incident electrons can also excite phonon modes, leading to heating of the samples.

Inelastic scattering is the one responsible of limiting how far does the electron beam travel
inside the sample. The Gruen range of electron penetration in the material is given by [98]
R. = (k/p)E}', where p is the material density, Ej is the electron beam energy, and k and «
depend on the atomic number and the beam energy. Although different approaches exist to

estimate R, for low acceleration voltages, the one proposed by Everhart and Hoff [100] is
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commonly used:

R = (0.0398/p) B} [um] (3.4)

where p is given in g/cm?, and Ej, is given in keV.

The interaction of the electron beam leads to a variety of physical phenomena, and output
signals, many of which can be measured in order to extract not only morphological, but also
compositional, crystallographic, optoelectronic, and electrical information from the sample

under study.

3.3.1 Electron imaging and electron detectors

When imaging in an SEM, two main types of electrons emitted from the sample are used:
secondary electrons (SE) and backscattered electrons (BSE). They can be identified by their
energies. While SE electrons exhibit rather small energies — between a few to 50eV — BSEs
cover the higher energy range, from about 50 eV up to the energy of the primary beam [97,
101].

This difference between SEs and BSEs make them sensitive to different material properties,
such as topography, surface potential, atomic number, crystallographic orientation, among
others. In the following some of these properties and the detectors used to image them are
described.

3.3.1.1 Secondary-electron detection

As stated above, SE electrons are generated by means of inelastic scattering, when primary
beam electrons eject outer shell electrons. They exhibit low kinetic energy and a sharp energy
distribution that depends on the material. However, it is considered that no secondary electron
is produced for kinetic energies above 50¢eV.

SEs are produced along the complete path of the incident electron until it completely loses
energy and is absorbed by the material. However, due to the low energy of SEs, they rapidly
lose energy while traveling through the material and only a fraction of them reach the surface
with enough kinetic energy to escape the material. This implies that only SEs generated very
close to the surface (a couple of nm) can escape and be detected. This is the reason why
SE detectors are used to image the topography and surface of the material. Additionally,
potentials on the surface — either sample surface potential, bias- or doping-induced — can
affect the imaging, since a positive potential on the surface will retard the ejected SE, while
a negative potential will repel it. Negatively charged regions will then appear brighter than
positively charged ones. Voltage contrast, doping, or surface potential contrast can be then
obtained from SE detectors [102]. Two types of SE detectors were used in the experiments

described in this thesis: Everharth-Thornley detector and in-column, or in-lens detector.

e Everhart-Thornley detector: In this type of detector, the low-energy SEs are
accelerated away from the microscope column, towards a scintillator coated with a
thin metal film positively-biased (~ 10kV) in front of a photomultiplier. To prevent
deflection of the primary beam, the scintillator is surrounded by a Faraday cage with

a positive bias (much lower than that of the film on the scintillator). The design of

22



3.3 Scanning electron microscopy

the detector does not avoid the collection of BSEs. The mixed BSE and SE complex

information, creates an apparent "illumination" of the SE image [97].

e In-lens detector: The magnetic field of the objective lens in an SEM also projects into
the specimen chamber. SEs and BSEs electrons can be captured by the magnetic field
and spiral through the lens. However, due to their different energies, their trajectories are
also different. Thus, they can be detected by different detectors inside the SEM column,
allowing efficient separation of BSE and SE electrons. Therefore, in-lens detectors are

much more sensitive to the sample surface (topography and potential).

3.3.1.2 Backscattered electron detection

A significant part of the electrons in the impinging primary beam, can undergo a series of
scattering events that reverse their direction of travel, returning towards the surface and exiting
the sample. These electrons are the backscattered electrons, BSE. They carry important
information and are one of the main signals in SEM imaging.

The scattering cross-section model proposed by Rutherford [103] can be used to represent
the multiple elastic scattering, responsible of the trajectory deviations giving rise to the narrow
angle (or Rutherford) BSEs. Within this model, the scattering cross-section is proportional
to the squared of atomic number of the material, i.e. o o< Z?. The relativistic corrections
the model includes can be ignored for Ej < 50keV, and the Rutherford model is accurate for
beam energies between 20 and 50 keV[98]. This implies that Rutherford electrons are scattered
as oc Z2, which makes them a useful tool for Z-contrast imaging [97, 98, 101].

By contrast, for lower Fjp, and high Z, the more complex Mott scattering model must be
used, which will not be discussed here. It is sufficient to state that this model is appropriate
for single elastically scattered BSEs. This electrons "bounce" back from the surface at very
large angles. They are however more sensitive to the crystal orientation of the surface, and
can be used for so-called channeling-contrast imaging, as shown in Figure 3.5 [101]. Different
detectors can be used for each of these types of BSEs. In the following the energy-selective,

in-column detector (EsB) and the angle-dispersive (AsB) detector are briefly described.

(a) Primary electrons (beam) (b) Primary electrons (beam)

BSEs BSEs

Figure 3.5: Schematic representation of the channeling contrast mechanism. Mott-type BSEs are
less efficiently scattered by a crystal aligned to the primary electron beam and the region appears
darker (a). In the case that the crystal is not aligned to the beam, BSEs are mmore effitiently
scattered and the region appears brighter (b).
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¢« EsB detector: This detector is positioned in the column, similarly to the SE in-
lens detector. However it is located above the in-lens detector and it is selective for
Rutherford-type BSEs.

e AsB detector: This detector is positioned just beneath the end of the pole piece. it is
capable of detecting Mott-type BSEs scattered at large angles (> 60°), thus identifying
them from the Rutherford-type ones [104]. This detector offers crystallographic, or

channeling contrast, as already explained (see Figure 3.5).

3.3.2 Energy-dispersive X-ray spectroscopy

As already stated in section 3.3, inelastic scattering of beam electrons can lead to the ejection
of an inner-shell electron in an atom of the sample. This leaves the atom in a higher energy
state that can be relaxed by filling the gap in the inner-shell by an electron from an elevated
state. This process produces the emission of a photon with energy equal to the difference in the
ionization energies for electrons in the involved shells. This energy difference is characteristic
of each specific element, and measuring it gives us information about the chemical composition
of the sample (see figure 3.6).

One of the ways with which the characteristic X-rays from the sample can be detected
is by means of the charge pulses generated on a semiconductor detector. The Silicon drift
detector, is based on the absorption of the X-ray quantum by an inner-shell atom of the Si,
generating a photoelectron. This is then scattered inelastically inside the Si crystal, generating
electron-hole pairs, which under an applied potential can drift towards the electrodes and
generate a measurable charge pulse. The number of generated charges is proportional to the
energy of the incident X-ray photon, thus, the detector can respond to any photon energy
within given limits (typically from 50eV to 30keV) the process has been named "energy-
dispersive", although no actual photon dispersion occurs [97]. An X-ray spectrum can then be
reconstructed by assigning the pulse information to specific energy slots. This is the principle
for energy-dispersive X-ray spectroscopy (EDX).

Based on this principle, compositional analysis based on single spectrum, or elemental
maps, can be acquired, by scanning the electron beam several times over the sample in order
to collect good statistically significant data (rule of thumb, 10000 counts per X-ray line). The
spatial resolution of EDX measurements is determined by two important factors: (1) the
electron beam acceleration voltage, which — as described by Equation 3.4 — determines the
penetration depth and interaction volume of the beam with the sample. This will determine
how big is the excitation volume, from which the measured X-rays stem; and (2) the mean
free path of the X-ray photon selected for analysis. Photons with lower energies have shorter
mean free paths and can be scattered or reabsorbed inside the sample. This implies that the
photons measured at these lower energies are originated closer to the surface, in a smaller

excitation volume, thus improving the spatial resolution.

3.3.3 Cathodoluminescence mapping and spectroscopy

As mentioned in Section 3.3, the impinging electrons in an SEM can generate electron-

hole pairs, which can recombine in similar manners as those described in Section 3.2.1.
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Figure 3.6: Schematic of the working principle of EDX in an SEM. Note that no actual photon
dispersion occurs, rather an energy slot assignment according to counted charge pulses. Figure
adapted from Abou-Ras, Kirchartz, and Rau [101].

Measuring the emitted light can give us similar information to that in PL spectroscopy, with
the added advantage of a high spatial resolution of the SEM. Cathodoluminescence (CL) is

the microscopy /spectroscopy technique used for this purpose.

3.3.3.1 Details of emission in CL

Although CL and PL are fairly similar techniques, exciting the sample with the electron
beam implicates some crucial differences in the generated radiative transitions, which are
worth discussing, in order to properly interpret CL results. First, exciting the sample with
a high-energy electron beam results in much higher generation rates and injection condition
(see section 3.2.2) than in PL. While a photon with energy higher than the band gap is
expected to generate one electron-hole pair, each impinging electron can generate between 102
to 10% electron-hole pairs [91]. The generation rate of electron-hole pairs per second and unit
volume can be estimated using an empirical model that takes into account the electron beam

parameters and the composition of the material (see details in Appendix A) [91, 98, 105, 106]:

By 1 (RN

6= gy [?f () ] (3.5)

where Ej is the primary beam energy, I the beam current, E, the material band gap, e

the electron charge, n the backscattering coefficient, which depends on the composition of

the material (see Appendix A, Equation A.3), and R, the Gruen penetration depth, as per
Equation 3.4.

This relation is important for halide perovskite materials, owing their relatively low carrier

density. The work presented here on CsPbBrs — and other work carried out on mixed-cation,

mixed-halide materials [107] — has shown that the generation rate at beam conditions limit to

3571 which some orders of magnitude higher

the setup used, can go as high as 10%*-10%% cm ™~
than low injection conditions in PL (~ 102! cm™3s~! [85]). Therefore, the measurements
reported here are dominated by bimolecular recombination, exhibit very short lifetimes and
should be considered as excitation maps, rather than as emission maps i.e., the measured CL

emission stems from the area excited by the electron beam.
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Finally, CL resolution depends on the beam energy and the excitation volume, and on the
carrier diffusion length inside the material [108]. However, injection conditions can influence
the spatial resolution as well. The reduced lifetime and diffusion length at high injection can
improve the effective spatial resolution at the expense of not being able to capture other types
of recombination. This is specially useful when trying to identify emitting domains or phases

inside the material, as reported in the present thesis and related published works [107, 109].

3.3.3.2 CL modes and experimental setup

A typical CL setup is shown in Figure 3.7. Typically, a parabolic mirror is positioned above the
sample. A hole in the mirror allows the electron beam to excite the surface of the sample. The
mirror focuses the light emitted from the sample through quartz window into an optical system
outside the SEM chamber. From this point, the system resembles the optical path described
for a PL system: Lenses focus the light through a set of filters (for monochromatic maps,
no filter for panchromatic maps) into a PMT, or through an input slit to a monochromator,
which disperses the light onto an array detector (InGaAs array, CCD or CMOS camera) for
hyperspectral mapping.

Depending on the configuration, intensity maps, either monochromatic or panchromatic,
can be measured. This type of measurements is quick, and allow to reduce the intensity of
the interaction of the beam, and avoid beam-induced damage. It is specially useful for phase
identification, and the study of the luminescence in relation to the microstructure, composition
or other properties [101][109][107][110]. A spectrum can be also collected pixel-by-pixel,
acquiring hyperspectral maps. These are specially useful for studying the different types of

recombination, peak positions, peak shifts etc. with high spatial resolution.
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Figure 3.7: Typical CL setup in an SEM. A parabolic mirror colects and focuses the light emitted
from the sample into an optical system outside the SEM chamber. Both intensity maps (PMT)
and hyperspectral maps (spectrometer) are possible.

3.4 Theoretical considerations

As described in Section 2.2, Cs—Pb—Br materials can form composites with CsPbBrs embedded
in either Cs4PbBrg or CsPbyoBrs. The quantum confinement of CsPbBrs nanocrystals partially
explains the enhanced luminescence, but other phenomena, such as the emission energy and

other possible mechanisms for the enhancement of the PLQY remain unexplained.
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Since one of the aims of the present thesis is to model the effects that dielectric effects can
have in the luminescence of Cs—Pb—Br composites, this section overviews the most important

theoretical aspects and limitations of the models described in Section 6.4.

3.4.1 The Brus approximation to exciton emission

Brus [111] generalized the expression for excitons in the effective mass approximation (EMA)
and envelope function approximation (EFA) (see Appendix B.3, Equation B.11) to include the
confinement effects and electron-hole correlation in a simplified form for the exciton emission

energy:

N h2 B #*6’4
8u*r?  8e2elh?

Eem ~ E, (3.6)

where only the first bound state is considered.
Another important result of the effective mass approximation in confined systems, and of

the Wannier-Mott exciton model is the exciton Bohr radius:

B h2e
- M*e2

ap (3.7)

The size of the nanocrystal, relative to ap determines the confinement regime: strong
confinement when the size of the nanocrystal is much smaller than ap, and the motion of both
electron and hole are quantized, and the weak confinement, when the size of the nanocrystal is
larger than ap and the confinement effects do not interfere with the relative motion of electron
and hole, leading to the quantization of the center of mass only. An intermediate confinement
regime can be defined when the size of the nanocrystal is comparable to ap in semiconductors
with very different electron and hole effective masses. Thus, the effect of quantum confinement
in each particle is different. The electronic structure and approximations for these different
regimes are described in detail by Efros and Rosen [112] and in the book by Béanyai and Koch
[113].

3.4.2 Many-particle systems

A more exact description of the exciton can be done by solving the many particle system that
includes the electron, hole and their correlation explicitly in the Hamiltonian, instead of an
approximation from their relative position, as the Hamiltonian in Equation B.7b. To this end,

the Hamiltonian and wave equation of the electron-hole system can be expressed as:

h2 h2
S v v (e) (h)
H(re,rp) Ve S Ve— V3 o Vi + V¥ (re) + VYW (rp) + Ve(re,rp) (3.8a)
H(re,vp)¥(re,vp) = Eerc¥(re, rp) (3.8b)

where the first two terms in Equation 3.8a are the kinetic operators of the electron and hole,
r./p is the electron (hole) position, W(r,, ry) is the two-particle wavefunction, and the potentials

V(e/h) include not only the confinement potential, but other single particle interactions that
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will be described in Section 3.4.3. Finally the last term include the Coulomb interaction
between electron and hole, which usually contains a term of the form 1/|r. —r; | (as in
Equation B.6), but in a more complete sense, should also include the effect of the mismatch of
the dielectric constant of the nanocrystal and its surrounding medium.

The details of how Equation 3.8b is solved can be found in Section 6.4.2 and references
therein. Here it is more important to define the exciton energy and exciton binding energy. If
the top of the valence band is taken as reference, the total energy of the exciton in, e.g. the
bulk crystal is simply the sum of the energies of the free electron and hole, i.e. the electronic
band gap, minus the Coulomb attraction. This can be approximated as in Equation B.10,
where the second term was defined as the exciton binding energy. However, in the confined
nanocrystal, quantum confinement shifts the single particle states from their positions at the

band edges, as shown in Figure 3.8. Therefore, the exciton energy is defined as:

Ecze = Eqg+ Ec + Ep — Eep, = (V|H(xe, )W) (3.9)

where E, and Ej, are the electron and hole single-particle energies, and E.p is the two-particle
interaction energy. The exciton energy can be obtained as the expectation value of the energy
of Equation 3.8b.

The exciton binding energy for the two-particle system can be defined by:

Eb =F. + Ehl — Feye (3.10)

where E.1 and Ep; are the eigenvalues of the lowest single-particle bound states — i.e. the

confinement energies, not to be confused with E, j, which include self-interaction corrections.
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Figure 3.8: (a) Band diagram schematic showing the shifts of the electron and hole energies as a
result of quantum confinement in region R; embedded in Rs with larger band gap. (b) Schematic
of the PL spectra showing the shift in the emission energy, as a result of the confinement.

3.4.3 Dielectric confinement

When the nanocrystal is embedded in a matrix material, as it is necessary to be useful in
many technnological applications, and as it is the case in Cs—Pb-Br systems, and such matrix
material has a smaller dielectric constant, the dielectric mismatch between the nanocrystal
and the environment is responsible for the dielectric confinement effect. Dielectric confinement
was first described by Keldysh [114] and then confirmed experimentally [115, 116] and it can

influence the exciton binding energy, as well as the optical properties of confined semiconductors
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3.4 Theoretical considerations

In the context of classical electrodynamics, a charge near to a dielectric interface induce
the appearance of polarization charges at said interface [117, 118]. Depending on the relative
magnitude of the dielectric constants, the induced charges can have the same sign as the
original charge, if the dielectric constant of the material hosting the carrier (1) is larger than
that of the adjacent material (¢2). This constitutes the phenomenon of dielectric confinement.
In contrast, if the dielectric constant of the host material is smaller than that of the adjacent
material (g1 < e2), the induced charges have the opposite sign. This phenomenon is illustrated
in Figure 3.9.

The charges induced at the interface generate two new contributions to the energy of carriers,
that must be taken into account in the Hamiltonian (Equation 3.8a): the self-polarization
interaction, which is a single-particle contribution that arises from the interaction of the source
charge with its own induced charges, and the polarization of the Coulomb interaction, which
is a many-particle contribution that arises from the interaction of a carrier with the charges
induced by the other. The details of how these interactions are described in the Hamiltonian

and considered in the model are given in Section 6.4.2.

(a) £ <¢g

Net positive charge

(b) £ > &

Net negative charge

Figure 3.9: Schematic showing how a negative charge embedded in a dielectric medium with
relative dielectric constant £; induces a polarization charge when it is near an dielectric interface
with a material with dielectric constant 5. (a) When 1 < 5 the net charge induced at the
interface is positive (in general, it has the opposite site), but (b) when €; > &3, the net charge
induced at the interface has the same sign as the source charge. The ovals represent the polarization
of the dielectric and their size represent the polarizability of the material.

29






Spatial phase distribution in Cs-Pb-Br
thin films

Reproduced in part with permission from Caicedo-Davila, Funk, et al. Spatial Phase Distributions in

Solution-Based and Evaporated Cs-Pb-Br Thin Films. J. Phys. Chem. C 2019 123, 29, 17666 - 17677.
Copyright 2019 American Chemical Society [109].

In this Chapter the results of investigation of the phase distribution of Cs—Pb—Br thin films
deposited on a glass substrate using different common deposition techniques are presented.
First, density functional theory (DFT) is used to calculate the formation enthalpies of the
different phases, showing that the different ternary phases can coexist, owing to their close
formation energies. The question of how one phase can transform into another and how
this can affect the material properties is formulated. Then, a set of experiments — and
results thereof — used to deposit and investigate the structural and optical properties (at a
macroscopic level) of Cs—Pb—Br thin films are described. Finally, a correlative microscopy
characterization approach was used to investigate the spatial phase distribution in said thin
films, based on their optoelectronic properties and composition, using cathodoluminescence

(CL) and energy-dispersive X-ray spectroscopy (EDX) experiments.
4.1 Formation enthalpies and phase coexistence in Cs-Pb-Br
system

Ab-initio calculation of formation enthalpies in Cs—Pb—Br

Using the crystal structures described in Section 2.2 as a starting point, Ayala Cohen, from

the Weizmann Institute of Science (WIS), Israel, calculated the formation enthalpies of the
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4. Spatial phase distribution in Cs-Pb-Br thin films

different phases. These are computed simply by subtracting the energies per formula unit

(Etot) of reactants from that of the products:

AH = Z Eyot(products) — Z Eyot(reactants) (4.1)

It is important to note that for the perovskite phase, only the formation enthalpy of
the room-temperature, orthorhombic structure was calculated, since it is the one relevant to
compare with the experimental results. Now, considering the formation of the different phases
from the elements that compose them, the formation enthalpies summarized in Table 4.1 are
obtained. The large negative values indicate that all the three phases, as products of the
reaction of the composing elements, are enthalpically stable.

Table 4.1: Formation enthalpies per formula unit of the Cs—Pb-Br ternanry phases from the
reaction of the composing elements

Reaction Formation enthalpy AH (eV)
Cs 4+ Pb + 3Br — CsPbBr3 —-3.92
Cs + 2Pb + 5Br —— CsPbyBrj —7.08
4Cs+ Pb+ 6 Br — Cs4PbBrg —-5.91

However, these reaction do not reflect the experimental synthesis properly. The materials
in the Cs—Pb-Br system are synthesized from binary precursors CsBr and PbBry. Table
4.2 summarizes the formation enthalpies calculated for the reaction of the binary precursors.
Note that the formation enthalpies decrease for all of the phases (a simple consequence of
the stability of the binary precursors), but they preserve the negative sign, meaning that the
ternary phases formed from the binary precursors are enthalpically stable as well. This result
can be compared with the formation enthalpy calculated for the hybrid halide Perovskite (HaP)
CH3NH3Pbls (MAPDI for breivity). For the reaction MAI+ Pbly —— MAPDI3 the formation
enthalpy is only —0.02 eV — value provided by Ayala Cohen, WIS (unpublished data). This
value suggests that this HaP is only marginally stable, as reported in the literature [119, 120],
and agrees with experimental data which shows that MAPDbI3 exhibits serious stability issues
[10, 119].

Table 4.2: Formation enthalpies per formula unit of the Cs—Pb—Br ternanry phases from the
reaction of binary precursors

Reaction Formation enthalpy AH (eV)
CsBr + PbBry —— CsPbBrg —0.24
CsBr 4+ 2 PbBro —— CsPbyBrjs —0.31
4 CsBr + PbBry —— Cs,PbBrg —0.51

An interesting result of these calculations is how the formation enthalpies of the different
ternary phases compare with each other. From the values in Table 4.2, a straightforward
conclusion is that CsyPbBrg is the most stable of all the ternary phases, followed by the
CsPbyBrs. The perovskite follows the CsPbyBrs closely (~50meV difference). The implications
of the similar formation enthalpies of the CsPbBr3 and CsPbyBrs phases are discussed in more
detail in Chapter 5.

It is worth noting that the formation enthalpies obtained from DFT calculations cannot

be regarded as exact. They depend on the use of pseudopotentials which replace the charge
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density of the core electrons for a smooth density. The different nature of the reactants and
the use of the same pseudopotential for all the compounds in the reaction increases the error.
However, this approach offers a coarse semiquantitative estimation of the formation enthalpies
and the stability of the different phases. The results presented here are in good agreement
with those published by Yin et al. [68], — who used a higher level of theory — which supports
the validity of our approach.

The calculation of the enthalpies, as described above, were performed using the Vienna
Ab-initio Simulation Package (VASP) [121]. using the Perdew-Burke-Ernzerhof (PBE) form of
the generalized gradient approximation to describe the exchange-correlation interactions [122].
Dispersion interactions were included within the Tkatchenko-Scheffler scheme[123] using an
iterative Hirshfeld partitioning of the charge-density [124, 125]. Core electrons are described by
the projector augmented waves method[126, 127]. For the ternary phases, PbBry and CsPbr,
plain wave basis sets with cutoff energies of 600, 800 and 300eV were used. The k-space
integration was performed on a 3 x 3 x 3 grid for CsyPbBrg, a 4 x 4 x 4 grid for CsPbyBrs,
a 5 x b5 x5 grid for CsPbBrs and CsBr, and a 6 x 7 x 6 grid for PbBry. Relaxation of the
ternary phases was performed using the GADGET optimizer[128] until all forces acting on the
atoms were below 0.01eV/ A. The energy convergence criterion for each ionic step was set to
107 %eV.

The theoretical results described above confirm that the ternary phases of the Cs—Pb—Br
material system can coexist, as it has been shown in experimental reports for single crystals [19,
49], powders [25, 129], nanocrystals [20, 22, 24, 26] and thin films [23, 24, 109, 110]. The latter
form is the most attractive form of CsPbBrg for applications in optoelectronic devices such as
solar cells[12, 38-42], light emitting diodes (LEDs)[13-15], lasers[16] and photodetectors[35-37].
Since the phase coexistence can affect the optical and electrical properties of the material
— and by extension the performance of devices — in the remainder of the present Chapter
the phase coexistence and spatial distribution in Cs—Pb—Br thin films deposited by different

methods are investigated experimentally.

4.2 Thin film deposition and macroscopic characterization

In order study the coexistence and distribution of phases, Cs—Pb—Br thin films were
characterized by means of photoluminescence (PL) and UV-vis spectroscopies, and X-ray
diffraction (XRD). The films were provided by Dr. Robert Lovriné¢i¢, Dr. Christian Miiller
and Dr. Michael Sendner from the InnovationLab GmbH and Heidelberg University. Details
of the synthesis are provided in the following subsection. A reference CsPbBr3 powder sample,

used as structural reference, was synthesized in house by Dr. Frederike Lehmann.
4.2.1 Sample preparation

4.2.1.1 Synthesis of the thin films

The Cs—Pb—Br thin films were deposited on a glass substrate using three different synthesis
methods, commonly used to deposit HaP-based materials and devices [5]: Two solution-
processed methods e.g., single- and two-step spin coating, and a physical deposition method

i.e., coevaporation of CsBr and PbBrs, as shown in Figure 4.1.
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Solution-based Coevaporated

@ .U. (b) ©
A
B .U

CsPbBr3 Solution
# - 4 v

PbBry Solution PbBrp CsBr

-

2-propanol drop _P\' - AR, {;{{

{{{{ CsBr Solutioﬁ dipping

= Amealing

Annealing

Figure 4.1: Schematics of the different methods used to deposit the thin films studied in this
Chapter. Two solution-based methods: (a) single- and (b) two-step spin-coating, and (c¢) a physical
vapor coevaporation method.

1. Single-step spin-coated film (SC1). A 0.8M solution of 1:1 PbBrs and CsBr in
dymethyl sulfoxide was spin-coated on a glass substrate, preheated at 75°C. During the
third spin step, 2-propanol was dropped on the spinning substrate. The resulting film
was dried on a hot plate at 70 °C for 15 min.

2. Two-step spin-coated film (SC2). A 1.0M solution of PbBrs in dimethylformamide
(DMF) was spin-coated on a glass substrate, preheated at 75°C. The resulting PbBro
film was dipped in a solution of CsBr in methanol. The procedure is based on the one
reported by Kulbak, Cahen, and Hodes [11].

Both the processing of SC1 and SC2 were carried out in inert (Ng) atmosphere.

3. Coevaporated film (CE1). PbBrs and CsBr were thermally coevaporated onto a glass
substrate in a high-vacuum chamber with a base pressure in the order of 10~7 mbar. The
deposition rates were monitored using two calibrated quartz microbalances. The film
was then annealed at 100 °C in an inert (Ng) atmosphere for 15 min. A similar sample
(CE2) was simultaneously deposited on a Si substrate. This sample was used for APT
analysis and phase transformation studies as described in Chapter 5.

It was inevitable to have an excess of PbBry towards the end of the coevaporation process,

which influenced the secondary phase obtained with this deposition technique.

4.2.1.2 Synthesis of the powder sample

The CsPbBrs powder was obtained from an equimolar solution of CsBr and PbBry in DMF.
The solution was stirred overnight at 60°C and then the solvent was evaporated at 85°C,

followed by annealing at 140°C for 1h. The powder, as well as the films were synthesized
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4.2 Thin film deposition and macroscopic characterization

and stored in an inert (Ng) atmosphere to avoid potential degradation due to exposure to the

environment.

4.2.2 Macroscopic characterization
4.2.2.1 Phase identification using XRD

As a first characterization step, all the phases present in the films were identified using XRD.
The diffractograms in Figure 4.2 were acquired in a PANalytical X'Pert MPD Pro X-Ray
diffractometer in Bragg-Brentano (6-26) configuration. A Cu cathode was used as radiation
source (Cu Ko radiation A = 0.154nm) and the 26 angle was measured between 10° and 70°.
Special thanks are due to René Gunder for the XRD measurements.

All of the diffractograms exhibit peaks that can be assigned to the orthorhombic, Pbnm
phase of CsPbBr3 [130]. However, additional peaks that can be indexed to additional phases
were detected; SC1 contains trigonal, R3¢ CsyPbBrg [50], SC2 contains the tetragonal, I4/mem
CsPbgBr5 [57] and the cubic, Pm3m CsBr [131, 132], and CE1 contains CsPbsBrs.
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Figure 4.2: X-ray diffractograms of the (a) single- and (b) two-step solution-processed films
(SC1 and SC2), the (c) coevaporated film on glass (CE1, orange) and on Si (CE2, red), and
(d) reference CsPbBrs powder. The patterns were indexed according to: CsyPbBrg PDF 01-077-
8224 [50], CsPbBr3s PDF 01-072-7929 [130] and CsPbsBrs PDF 00-025-0211 [57]. Adapted from
Caicedo-Davila et al. [109].
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When the diffractograms of the thin films (Figues 4.2a to c¢) were compared with the one
of the CsPbBrs powder it was found that the peak around 20 =(21.55 + 0.09)°, characteristic
of a lattice spacing of 0.41 nm is not present in the pattern of the CE films and it is shallow in
those of the SC1 and SC2 films. Similar diffractograms were reported in the literature[133] and
they are characteristic of textured films, i.e. films with a preferential orientation. The XRD
results suggest that coevaporated films exhibit much stronger (110) texture of the CsPbBrj

phase than the solution-processed ones.

4.2.2.2 Optical characterization with PL and UV-vis

After having identified the phases by means of XRD, the optoelectronic properties of the
films were investigated with aim of identifying possible differences among them. Emission
was measured by means of photoluminescence (PL) spectroscopy, and absorption by means
ultraviolet—visible (UV-vis) spectroscopy in transmission mode. The PL spectra in Figure
4.3 were measured using a CCD detector coupled to a 1/2m grating monochromator. The
films were excited with a 409 nm diode laser with a spot radius of ~100 pm and an excitation
density in the range from 0.3 to 0.9 W/cm?. Light in the spectral range from 1.7 to 2.8eV
was detected with a resolution of 0.002¢eV. Special thanks are due to Dr. Sergei Levcenco for
performing the PL measurements.

The absorption spectra in Figure 4.3 were estimated as a = 1 — T, being T the
measured transmission (therefore, CE2 cannot be measured). The latter was acquired using a
LAMBDA 950 UV-vis spectrometer from Perkin Elmer, equiped with a halogen lamp, a prism
monochromator and a Peltier-controlled photomultiplier tube (PMT). The spectral resolution
of the measurement was set to 2nm (~ 0.13eV), in the range from 300 to 700 nm. However,
due to problems in the instrument, the transmission below 380 nm (~ 3.3eV) could not be
measured accurately. Since the transmission spectra was measured, and reflection was not
taken into account, a quantitative analysis of the absorption, nor obtain an accurate value
for the optical band gap are possible. Nevertheless, these measurements are enough for the
purpose of comparing the optical properties of the films deposited by different methods.

From the PL spectra only one emission peak (in the probed visible spectral range) was

detected at ~2.35eV. This transition can be assigned to the free exciton recombination in
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Figure 4.3: Absorption and normalized PL Spectra of the Cs—Pb-Br films on glass substrate: (a)
single- and (b) two-step solution-processed films (SC1 and SC2), and (c) coevaporated film (CE1).
Absorption and emission dominated by the CsPbBrs phase, present in all the synthesized films.
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bulkCsPbBrs [5, 11, 29, 38]. All the films exhibit a Stokes shift of ~ 57 meV and a full width at
half maximum (FWHM) of ~ 80 meV (18 nm), consistent with values reported in the literature
[30, 69, 129, 134, 135] Since the secondary phases detected by XRD have been reported
to have large band-gap energies [19, 30, 52-55], it is reasonable to assume that the 409 nm
laser cannot excite these other phases, rendering them invisible in the PL experiments. The
absorption spectra also exhibit a characteristic exciton peak, similar to experiments reported
in the literature at room temperature [136], but no absorption edge for the secondary phases
is detected.

4.3 Microscopic characterization and phase distribution

After identifying the phases in the films and measuring their optical properties in the visible
spectrum, the microscopic phase distribution was investigated using a correlative microscopy
approach. Additional to the topography and morphology, investigated using atomic force
microscopy (AFM) and scanning electron microscopy (SEM) imaging, EDX and CL mapping
were combined to identify the spatial distribution of the phases present in the films by
correlating the composition and optical properties.

EDX maps were measured using an Oxford Instruments XMax80 X-ray detector in a Zeiss
UltraPlus SEM, at an acceleration voltage of 10kV and a beam current of ~1nA. The Cs-L,
Pb-M and Br-L X-ray characteristic line series were used to analyze the composition of the
samples. CL hyperspectral maps were measured using a SPARC system from Delmic in a Zeiss
MERLIN SEM. The light was focused using a parabolic aluminum mirror through a quartz
window outside the SEM and dispersed by a monochromator grating of 300 lines/mm blazed
at 500nm. A Kymera 193i spectrometer equipped with a Zyla 5.5 sCMOS camera from Andor
was used to measure the spectra. The exposure time was varied during the acquisition between
20 and 100 ms to ensure good signal-to-noise ratio while avoiding detector saturation. CL
measurements were performed at an acceleration voltage of 8 kV and a current of 200 pA for
SC1 and 900 pA for SC2 and CE1. All the hyperspectral maps were treated by subtracting the
background (acquisition with the same CL parameters, but with the electron beam blanked)
and compensated with the system spectral transfer function. The energy position and intensity
maps were obtained by fitting the spectrum at each pixel of the hyperspectral map to a sum
of Lorentz functions, centered at the emission peaks (which were automatically detected).

The AFM topography maps were acquired in a Smart SPM-1000 from AIST-NT in tapping
(AC) mode. We used a poly-silicon cantilever (HA FM/WC from TipsNano) with a nominal
resonance frequency of 380 kHz and spring constant of 34 N/m for all measurements. All
topography maps were flattened by subtracting an average plane. The roughness and thickness

values were extracted from the AFM data using the Gwyddion software[137].

4.3.1 Single-step, spin-coated film

The SC1 film exhibits a porous matrix film with precipitate islands embedded in it, as shown
in the surface topography maps in Figure 4.4. SEM of the cross section reveals that the
precipitates are thicker than the matrix film. The thickness of the precipitates, measured with
the AFM, is between 700 and 750 nm, ~ 3 times thicker than the matrix film, which thickness
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Figure 4.4: Morphology and topography of the single-step, solution-processed film, spin-coated
on a glass substrate, SC1. SEM images of (a) the surface and (b) the cross section, and AFM (c)
image and (d) 3D topography. Note that the precipitates are about three times thicker than the
matrix film. All scale bars are 5 micron. Figure taken from Caicedo-Dévila et al. [109]

was measured between 250 and 300 nm. It is important to point out here that the SEM and
AFM maps in Figure 4.4 are only sample maps, representative of the overall topography. The
measurement of the thickness was averaged over a larger area of 100 x 100 pm?.

The composition of the film and the different regions — islands and matrix film — was
investigated using EDX mapping. Figure 4.5 shows the elemental maps for Cs, Pb and Br
over a region that includes both matrix film and precipitates. No difference was measured
between the precipitate and the matrix region in the Br map. In contrast, the Cs map exhibits
stronger signal in the precipitate region, while the Pb signal in the same region is weaker.
A line scan was extracted across the precipitate (including a region of matrix film around
it), in which the enhancement in Cs signal and the depletion in Pb is measurable. Table 4.3
summarizes the net counts averaged on the different regions — precipitates and matrix — and
their count ratio. Since the quantitative analysis is sensitive to the choice of k ratio, and
requires a well calibrated standard[97], the average counts are used for EDX analysis, instead
of giving absolute values. This serves as a measure of the changes in composition of one phase,
relative to the other. The EDX atomic percentage — calculated with k ratios provided in the
Oxford Instruments library — is also included as a reference.

Table 4.3: Average EDX net counts measured on the various regions of the SC1 film. The

elemental concentrations in at% on each region are given in parentheses. The corresponding ratios
between regions R1 and R2 are also provided

Region Cs-L counts Pb-M counts Br-L counts
R1. Precipitates 29 (37) 40 (9) 195 (54)
R2. Matrix film 15 (20) 78 (20) 196 (60)
R1/R2 ratio 1.9 (1.8) 0.5 (0.5) 1.0 (0.9)
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Figure 4.5: Composition of the single-step, solution-processed film, spin-coated on a glass
substrate (SC1) shown in Figure 4.4 (a) SEM image showing the path used to obtain the EDX line
scan in (e), and the corresponding composition maps, showing the distribution of (b) Cs, (c) Pb,
and (d) Br. The precipitates exhibit an increase in Cs and depletion of Pb counts, compared with
the matrix film, while Br remains constant, as confirmed by the line scan in (e). All scale bars are
5um. Figure taken from Caicedo-Dévila et al. [109]

The change in the Br-L counts between regions is negligible, Pb counts reduce to the half
on the precipitates and Cs counts almost double. Considering the three ternary phases in
the Cs—Pb—Br material system and calculating the ratios of atomic percentage for each of the
phases, as summarized in Table 4.4, it was possible to assign CsPbBr3 to the matrix film and
Cs4PbBrg to the precipitates. The elemental concentrations calculated using the k ratio from
the Oxford Instruments library also agree well with those theoretical ones when assuming
CsPbBrs and CsyPbBrg phases, as listed in the first section of Table 4.4. These results agree
well with the phases detected by means of XRD.

Table 4.4: Elemental concentrations (at.%) in the ternary phases of the Cs—Pb—Br material
system. The ratios of atomic percent for the different combination of ternary phases are also given

Phase Cs (at.%) Pb (at.%) Br (at.%)
CsPbBrs 20.0 20.0 60.0
Cs4PbBrg 36.4 9.1 54.5
CsPbyBrs 12.5 25.0 62.5

Cs4PbBrg/CsPbBrs 1.82 0.45 0.91
CsPbBrs/CsPbeBrs 1.6 0.8 1.04
Cs4PbBrg/CsPbyBrs 2.95 0.36 0.87

In addition to the composition, the microscopic emission properties of the films were
investigated by means of CL on the exact same area where the EDX maps were acquired. CL
maps in Figures 4.6a, and b show that the matrix film is luminescent and the precipitates dark
in the probed spectral region — between 1.7 and 2.6 eV. The accumulated CL spectrum over
the measured region, shown in Figure 4.6¢, exhibits a narrow emission peak at 2.35¢eV with a
FWHM of 82meV, consistent with the measured PL spectrum in Figure 4.3a. CL intensity
maps were also acquired using the PMT, in order to be able to detect weak signals that may

not be recorded by the CL hyperspectral map, owing to the optical losses of the system. The
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Figure 4.6: CL maps of the spin-coated film on glass (SC1): (a) map of the energy position of
the CL emission peak, (b) hyperspectral CL intensity map, (c¢) accumulated CL spectrum, and (d)
CL intensity maps at different emission wavelengths, showing the difference of emission between
precipitates and matrix film. The precipitates show no measurable CL response in the green region
of the visible spectrum, whereas the matrix film exhibits a strong luminescence at 2.35eV with no
significant changes of peak position. Figure adapted from Caicedo-Dévila et al. [109]

CL intensity maps in Figure 4.6d were acquired using band-pass filters with a bandwidth of
50 nm, centered at wavelengths of 450, 550 and 650 nm. These maps show that the precipitates
exhibit emission at energies both higher and lower than the matrix film, but are completely
dark in the green spectral region (550 nm). Considering that Cs;PbBrg has been reported to
be a direct semiconductor with band-gap energy of ~4.1eV, the emission of the precipitates
cannot be attributed to the band-to-band transition of Cs4PbBrg. However, recent theoretical
work by Yin et al. [68] showed that CssPbBrg can exhibit deep transition levels that could
give rise to emission at energies comparable to the ones detected in the CL intensity maps. A

quantification of exact energy positions is not possible in the CL experiments.

4.3.2 Two-step, spin-coated film

In contrast to SC1, the SC2 film features a small-grain, closed film with islands precipitated on
top of it, as shown in Figure 4.7. These "cauliflower" shaped precipitates are micrometer-sized

and exhibit a high contrast ratio with the underlying film, when measured using the in-lens
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Figure 4.7: SEM images of the two-step, solution-processed film on a glass substrate (SC2). (a)
and (b) show the film and the cauliflower precipitates on top; (c¢) and (d) show magnified images
and the small-grain underlying matrix film. The images acquired with the in-lens detector — (b)
and (d) — show the high contrast in the precipitates region, associated with a different surface
potential. Figure reproduced with permission from Caicedo-Déavila, Funk, et al. J. Phys. Chem. C
2019 123, 29, 17666 - 17677. Copyright 2019 American Chemical Society.[109]

secondary electron detector. Low-energy electron images acquired by this detector provide
information on surface properties, such as the surface potential of the material. Thus, the
SEM images in Figures 4.7b and d suggest that the precipitates are of a different material
than the matrix film.

The composition maps of the film measured by EDX (Figure 4.8) exhibit a similar behavior
to those of the SC1 film. However, the Cs enrichment and the Pb depletion on the islands is
much stronger than for the SC1 film. Table 4.5 shows the average counts for the composing
elements and the precipitate-to-matrix ratio, and the estimated atomic concentrations (in
at.%) as reference.

Table 4.5: Average EDX net counts measured on the various regions R1 and R2 of the SC2 film.

The elemental concentration in at.% on each region is written in bold font and parentheses. The
corresponding ratios between regions are also given

Region Cs-L counts Pb-M counts Br-L counts
R1. Precipitates 136 (41) 93 (8) 410 (51)
R2. Matrix film 47 (20) 195 (20) 393 (60)
R1/R2 ratio 2.9 (2.0) 0.5 (0.4) 1.0 (0.9)

The relative composition of matrix/precipitates cannot be assigned to any of the ternary
phases (see Table 4.4). Since the elemental concentration estimated from EDX suggests that
the matrix film is the CsPbBr3 phase, the composition of the precipitates can be attributed to
phase mixtures, most likely CsPbBrs + CsBr. This is confirmed by the XRD patter (Figure
4.2b), which indicates that the film contains the binary precursor CsBr.
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Figure 4.8: (a) SEM image of the Cs—Pb—Br film deposited with the two-step solution process.
(b) Section of the SEM image showing the path of the line scan in (f), The corresponding elemental
maps showing the distribution of (c) Cs, (d) Pb, and (e) Br are also shown. Note the secondary
phase islands deposited on top of the film, which exhibit strong enhancement of Cs and depletion
of Pb. All scale bars are 10 pm. Figure reproduced with permission from Caicedo-Dévila, Funk, et
al. J. Phys. Chem. C 2019 123, 29, 17666 - 17677. Copyright 2019 American Chemical Society
[109].
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Figure 4.9: CL emission maps of the two-step, solution processed film deposited on glass shown
in Figure 4.7. (a) Energy position map of the CL peak and (b) CL intensity. The islands on top of
the film are dark in the visible range. All scale bars are 10 pm. Figure adapted from Caicedo-Davila
et al. [109]

CL measurements in Figure 4.9 of the exact same position reveal that the matrix film
exhibits uniform luminescence at 2.35 eV, —characteristic of the CsPbBr3 phase — confirming
the EDX results. Similar to the SC1 film, the emission is quenched on the Cs-enriched,
Pb-depleted precipitates.

Finally, EDX and CL correlative analysis of the cross-section of the film — shown in Figure

4.10 — reveals that the CsPbBrj phase is homogeneously distributed throughout the whole
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Figure 4.10: (a) SEM image of the cross section of the two-step, solution-processed film on glass,
and its corresponding composition maps showing the distribution of (b) Cs, (c) Pb, and (d) Br.
No composition changes were detected along the cross section of the film. The CL emission maps
showing the (e) peak energy position and (f) intensity, exhibit a rather uniform transition energy
and intensity distributions. All scale bars are 1 pnm and the exposure time for the CL measurements
was 20ms. Figure adapted from Caicedo-Dévila et al. [109]

film thickness. This deposition method produced the most uniform closed film among the ones
studied in the present thesis.

The microscopy analysis does not reveal the presence of CsPboBrs. It is possible that the
PbBrs film spin-coated during the first step has a nonuniform distribution over the substrate,
leading to nonuniform reaction during the dipping step. Since the microscopic analysis was
carried out only on the center of the sample — usually used as active device area — it might
have missed the CsPbyBr; towards die edges of the substrate.

4.3.3 Coevaporated films

The surfaces of CE1 and CE2 — in Figure 4.11 — exhibit closed films with apparent grain
sizes of about few 10 to few 100 nm. The surface covered by the film exhibits height variations
of tens of nanometers, which implies that the film thickness might change slightly over the
film. Embedded within the film, micron-sized porous structures were found, which are between
200 and 230nm higher than the film surrounding them, as revealed by AFM topography
measurements shown in Figure 4.11. From AFM analysis the thickness (~720nm) and
roughness (~14nm) of the film were also measured.

The SEM images acquired using the in-lens detector exhibit high contrast in the regions
between the grains in the porous structures and in the regions of the closed film with smaller
grains, as shown in Figures 4.11f and h. The contrast is more pronounced for the film
coevaporated on Si (Figure 4.11f) than for that on glass (Figure 4.11f). Again, these results
suggest a difference in surface potential and can imply a different composition of the high
contrast regions regions. However, the EDX maps, shown in Figure 4.12, exhibit no difference
in composition over a large area of the film, and the elemental concentrations (in at.%) — as in

Table 4.6 — suggest a composition corresponding to the CsPbyBrs phase, in good agreement
with the XRD results.
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Figure 4.11: Morphology and topography of the coevaporated Cs—Pb—Br films. (a) AFM
topography map of the film on a glass substrate, and (b) an enlarged topography map showing the
structures embedded in the film and the surrounding closed film areas. (c¢) AFM topography of a
section of the film and the glass substrate used to measure the film thickness, and (d) the line scan
extracted from the profile shown in red. The thickness is in average 720 nm but slight variation
along the film can be expected, as it is shown in the topography maps. SEM images measured
using an Everhart-Thornley (e and g) and in-lens (f and h) secondary electron detectors of the
film coevaporated on glass (e and f) and on Si (g and h). The morphology of the films is almost
identical, with differences in the in-lens images, indicating a difference of the surface potential of
the films.
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Si substrate

Figure 4.12: SEM images (a,b) and EDX elemental distribution maps using the (b,f) Cs-M, (c,g)
Pb-M, and (d,h) Br-L lines of the films coevaporated on glass (a-d) and on Si (e-h). No change in
the composition of the surface of the films was detected for either sample.

Table 4.6: Elemental concentrations in at.%, estimated from EDX on the surfaces of the
coevaporated films

Film Cs (at.%) Pb (at.%) Br (at.%)
CEl: glass substrate 13 25 62
CE2: Si substrate 13 25 62

CL maps were acquired on the same surface region (Figure 4.13) in order to investigate
the optical properties and verify the uniformity of the composition. However, the surface
exhibits a nonuniform distribution of the luminescence in the visible range, which contrasts to
the uniform composition measured by EDX. The high-intensity luminescence regions (Figures
4.13a and d) correlate well with the the high-contrast areas measured with the in-lens detector
(Figures 4.11f and h). This indicates that the surface potential difference measured with the
in-lens detector is related to the luminescence. Additionally, hyperspectral CL mapping reveals
that the intensity and the emission energy position measured on the surface are also correlated:
The regions of high-intensity luminescence are characterized by sharp (130 meV) transitions at
2.35 and 2.38 eV for CE1 and CE2, while the regions of low-intensity luminescence exhibit a
broad (620 meV) emission at ~ 1.7¢eV.

Notice that, in contrast with the solution-processed samples, the PL and CL spectra of
the surface of the coevaporated films exhibit some important differences: First, a low-energy
peak appears in the CL spectrum, which was absent in the PL spectrum; second, the energy
position of the emission peak in the green spectral region in the film coevaporated on glass
exhibits a blue shift with respect to the PL peak; and third, the width of the green emission
peak (2.35 to 2.38¢eV) of the CL spectrum is considerably larger than that of the PL spectrum.
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Figure 4.13: CL emission maps of the Cs—Pb—Br films coevaporated on (a,b) glass and (c—h) Si
substrates: (a) CL emission intensity map showing the distribution of the integrated luminescence
on the surface (same area as in Figure 4.11e). (b) The CL peak energy position map. (¢) SEM
image of the surface of the film coevaporated on Si, (e) CL intensity and (d) CL peak energy
position over the surface. (f) SEM image of a magnified region (shown in the blue rectangle), the
corresponding (g) CL intensity and (h) CL peak position. The green emission dominates in the
small- grain areas and between the cracks of the structures. (i) Accumulated CL spectra of both
films (on glass and Si), showing the blue shift and broadening of the green band for the film on
glass. Scale bars in (a—e) are 10 and 2 pm (f-h). Figure taken from Caicedo-Déavila et al. [109]

These differences are discussed in detail later in Section 4.3.4, but first the origin of these
emission peaks was identified.

The high-energy, green emission can be assigned to the characteristic emission of CsPbBrs
and the low, broad energy is similar to defect emission[93, 138], which origin we will discuss in
detail in Chapter 5. Having established the existence of the CsPbBr3 by means of XRD and CL,
and having found no correlation with the composition measured by EDX, opens the question
of how the phases are spatially distributed. To further investigate this question, cross-sectional
correlative analysis was performed. In the CL maps in Figure 4.14 two layers with different
emission maxima were identified. These emissions are similar to the ones measured on the
surface of the film and allow identifying two different layers: a highly luminescent bottom
layer, with a sharp (82meV) emission peak at 2.35¢eV and a low luminescent top layer with a
broad (470 meV) emission at 1.8eV. The EDX cross-sectional maps and line scans in Figure
4.15 reveal a difference in composition between the layers. The bottom layer exhibits Cs
enrichment and a slight Pb depletion with respect to the EDX net counts measured on the

surface layer. The EDX results are summarized in Table 4.7. The Cs trend agrees well with the
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Figure 4.14: CL emission maps of a cross section of the Cs—Pb—Br films coevaporated on glass
(a—c) and Si (d-11g): (a and d) SEM images, (b and e) corresponding CL intensity, and (¢ and
f) CL peak energy position maps. Both films exhibit a highly emissive —green region of the
spectrum— bottom layer. Low-intensity (red) luminescence characterizes the surface layer, as
shown in the (h) normalized CL spectra of points 1 and 2 in (c). (g) Representation of the same
map as in (f) in a different energy scale. This map also shows the red-luminescent surface layer,
where as the map in (g) shows the thickness and variation of the green-luminescent bottom layer.
All scale bars are 1 pm. Figure taken from Caicedo-Dévila et al. [109]

CL intensity extracted from the cross section, plotted in Figures 4.15¢ and d, together with the
EDX line scans. Assuming the CsPbBr3 composition for the bottom layer — since it exhibits
the characteristic green emission and it has a notable correlation with the luminescence — the
composition of the surface layer was estimated as that of the CsPbyBrs phase. Additionally,
the elemental concentrations estimated from EDX (also in Table 4.7) agree with this phase
distribution as well.

This finding was confirmed by atom-probe tomography (APT) measurements kindly
performed by Dr. Oana Cojocaru-Mirédin, at RWTH-Aachen. The APT measurements were
performed on the CE2 film, by preparing the specimen using focused ion beam (FIB) milling
as described in reference [139], taking care of minimizing the damage by using a low energy —
2keV — Ga beam in the final milling stage. The measurement was performed by a CAMECA
LEAP 4000X Si instrument with UV laser pulses of 355 nm wavelength, 10 ps pulse length and
2pJ pulse energy, at a temperature of 50 K.

The APT results, shown in Figure 4.16, reveal three distinctive regions with different
elemental concentrations for Cs, Pb and Br, as reported in Table 4.8. The composition of
the Br-rich surface — region (i) — approaches to that of the CsPbaBrs, in good agreement
with the EDX analysis of the surface of the film. The composition of region (ii) is in excellent

agreement with that of the CsPbBr3 phase. Finally, the composition of the Cs-rich region
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4. Spatial phase distribution in Cs-Pb-Br thin films

Table 4.7: Average EDX net counts measured on the different layers of the CE1 and CE2 films.
The elemental concentration in at% of each layer are written in bold font and parentheses. The
corresponding ratios between layers L1 and L2 are also given

Layer Cs-L counts Pb-M counts Br-L counts
Glass substrate (CE1)
L1. Bottom 4352 (16) 25336 (22) 54295 (62)
L2. Surface 3097 (11) 29855 (21) 57111 (68)
L1/L2 ratio 1.0 (0.9) 0.8 (1.0) 1.4 (1.4)
Si substrate (CE2)
L1. Bottom 1983 (16) 12314 (22) 27137 (62)
L2. Surface 1523 (11) 15108 (21) 28147 (68)
L1/12 ratio 1.0 (0.9) 0.8 (1.0) 1.3 (1.4)
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Figure 4.15: EDX elemental maps of a cross section of the Cs—Pb-Br films coevaporated on (a)
glass and on (b) Si substrates. Each subfigure shows the SEM image of the cross section (showing
the path used to obtain the EDX line scans in ¢ and d), and the corresponding composition maps
with the distribution of Cs, Pb and Br. The line scans show that the bottom layer exhibits a higher
Cs content than the surface layer, while Pb exhibits an opposite trend. This can be associated
with decrease in Cs and increase in Pb in the CsPbsBrs phase. A line scan of the CL intensity is
also plotted, which follows the behavior of the Cs content. All scale bars are 1 pm. Figure adapted
from Caicedo-Dévila et al. [109]

does not agree with any of the known ternary phases in the Cs-Pb-Br material system, which
might indicate the existence of a meta-stable phase, or be a consequence of beam damage
induced during the sample preparation.

The result of this quantitative elemental analysis and the 2.35¢eV emission detected in a
similar region using CL, confirms that this phase is indeed the CsPbBrs perovskite, and that
the absence of the Bragg peak at 20 = (21.55 £+ 0.09)° is an indication of a strong texturing in
the coevaporated films.

4.3.4 On the particularities of the coevaporated films

Figure 4.13i shows the accumulated CL spectra measured at the surfaces of the CE1 and CE2
films. As mentioned above, upon examination of the CL spectra and comparison with the PL

spectra in Figure 4.3 some differences can be noted, that are worth discussing in detail.
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Table 4.8: Elemental concentrations (at%) in the regions along the CE2 film, as identified by
APT measurements

Region Cs (at.%) Pb (at.%) Br (at.%)
i) Br-rich surface 15 20 65
ii) Middle: CsPbBrj 20 22 58
iii) Cs-rich 28 34 38
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Figure 4.16: (a) SEM image of the tip milled out of the coevaporated film on Si (CE2) for APT
analysis. (b) APT 3D elemental map together with the 1D concentration profiles for Br (light
green), Pb (dark green), and Cs (red) of the sample shown in (a). Besides the expected CsPbBrj
phase, this APT measurement reveals the presence of a Br-rich surface which approaches the
composition of CsPbyBrs phase and of a Cs-rich region deep inside the sample. The latter one
could not be correlated to any of the ternary phases of the Cs—Pb—Br system. Figure adapted from
Caicedo-Dévila et al. [109]

49



4. Spatial phase distribution in Cs-Pb-Br thin films

1. A low-energy band centered at ~ 1.7eV appears in the CL spectra of the surface of
both coevaporated films. This new peak can be explained considering the differences
between laser and electron beam in PL and CL, and how they interact with the surface
of the film. Since the phases are layered with the CsPbyBrs — which is an indirect
semiconductor with a band-gap energy of ~ 3.1eV[19] — on the surface of the film, the
laser with a 409 nm wavelength is unable to excite the material on the surface of the film,
and the PL spectra is measured from the CsPbyBrs/CsPbBrs interface. This results in a
single sharp emission peak, as the one in Figure 4.3. On the other hand, the high-energy
electron beam can excite the CsPbyBrs on the surface. The low energy emission stems
from this layer, as confirmed by the cross section analysis presented in Figure 4.14. This
broad emission is characteristic of defects in this phase and will be discussed in detail in
Chapter 5.

2. The energy position of the green emission peak in the CL spectra is different
in the coevaporated films. This difference is larger than the thermal energy at room
temperature, and since the films were deposited simultaneously and measured under
the same experimental conditions, this difference might not be negligible. It can be
explained considering the interaction between the electron beam and the sample: The
interaction volume is defined by the penetration depth in Equation 3.4, and for the CE1
and CE2 films, it was estimated — using the density of the CsPbyBrs phase on the
surface, p = 11.48 g/cm? [140] — to be R ~ 195nm. This means that, when measuring
the surface of the film, the electron beam excites only the CsPbyBrs phase in grain
interiors, but it can reach deeper inside the film on the grain boundaries and in small

grain areas, exciting the CsPboBrs/CsPbBrj interface below the surface.

Since the CsPbBrs layer in the CE2 film is thicker than that in CEl, as shown in
Figure 4.14, the difference in the energy position of the CL spectra can be explained as
follows: the CL signal in CE1 stems from the CsPbyBrs/CsPbBrs. Due to the tensile
strain at the interface, the electronic and optical gap of CsPbBrs increases, owing to the
anti-bonding nature of the valence band maximum in CsPbXj3 compounds (X being Br,
I or Cl).[67, 141] This results in a blue shift of the optical transition and is consistent

with observations reported by Sebastian et al. [142] for temperature-induced strain.

The penetration depth also clarifies the correlation between the CL maps and the SEM
images acquired with the in-lens detector, and the correlation between intensity and
peak position: the green luminescence of CsPbBrs, centered at 2.35eV, emits with
higher intensity and it is more efficiently excited when the electron beam reaches the
CsPbyBrs; /CsPbBrs interface.

3. The width of the emission peak associated to the CsPbBrs phase is considerably
larger in the CL than in the PL spectra. This broadening of the emission peak can be
explained — following the argument in numeral 2 — as the result of ensemble average of
the emission at the interface, where different depths — with different levels of strain —

are excited. The result is the Gaussian broadening of the emission spectrum.

The broadening effect was confirmed when we measured the CL spectra at two different
points of the cross section, as in Figure 4.14h: the FWMH for point 2 (CsPbBrj
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bottom layer) is 92 meV, much smaller than that measured on the surface (130 meV) and

comparable to the one measured with PL (82meV).

The difference in the thickness of the CsPbBrj layer in CE1 and CE2 can be explained by
the difference in thermal conductivity of glass and Si. This has an influence in the conversion
dynamics at the post-evaporation step, described in Section 4.2.1.1. This phenomenon was
investigating by annealing the sample after deposition. Figure 4.17 shows the CL of the CE1
and CE2 films as-deposited and after post-synthesis annealing at 100 °C for two hours. The
thickness of the CsPbBrj layer increases with annealing mostly in the CE2 film, deposited on
Si, which exhibits a thermal conductivity k = 1.3 W/(cm °C) [143],much larger than that of
glass with £ = 0.008 W/(cm °C)[144]. The suggested phase transformation will be discussed in
detail in Chapter 5.

As-deposited Annealed

Figure 4.17: Overlay of the CL intensity map and the SEM image of the Cs—Pb—Br films
coevaporated on (a) glass (CE1) and on (b) Si (CE2). The images of the samples after annealing
at 100°C are presented in (c) and (d). The thickness of the CsPbBrs bottom layer increases
considerably for the film deposited on Si, while no appreciable change is observed in the film on
glass.

4.4 Summary and discussion

In summary, the composition, structure and optoelectronic properties of Cs—Pb—Br thin films
deposited using different recipes was investigated. XRD analysis showed that all of the films
deposited by different deposition methods exhibit ternary phases, additional to the intended
CsPbBrs. PL spectroscopy showed that from the phases present in the film, only the CsPbBrg
is optically active in the probed spectral range (visible), with a sharp band-to-band transition
at 2.35eV for all the films studied. Microscopic, correlative CL and EDX analysis showed that
the spatial distribution seems to depend not only on the deposition recipe, but also on the
substrate material. While the solution-based films do not exhibit a preferential orientation for
the phase distribution, the phases in the coevaporated films distribute in a layered fashion,
but their volume fraction depends on the substrate material. The findings are summarized in
Figure 4.18.
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Figure 4.18: Summary schematic of the phase distribution in the various films analyzed in the
present Chapter: (a) Single-step, solution-processed film, spin-coated on glass (SC1), (b) two-step,
solution-processed film, spin-coated on glass (SC2), and (c) coevaporated film on glass (CE1). The
latter is representative also of the phase distribution of the film coevaporated on Si. Each phase is
represented with a different color and the size of the secondary phase domains are not to scale.

The different phases coexist due to their similar formation enthalpies, and the narrow
stability area of the CsPbBr3 perovskite phase, as shown by DF'T calculations. The calculations
presented here are in reasonable agreement with those reported by Jung et al. [145], which
confirm the coexistence of CsPbBrs and CsyPbBrg because the narrow stability field of
Cs4PbBrg in chemical potential space. The luminescence of this phase has been a matter of
debate. Some authors have published highly green luminescent CsyPbBrg[63, 64, 66, 69, 70]
and attributed the emission to recombination via intrinsic deep defect levelsline [68, 69, 71, 146],
while others reported the large band gap energy of CsyPbBrg and assigned the green emission
to hybridization with CsPbBrs [30, 52-55]. The correlative analysis presented here, which
includes structural, optical, and compositional analysis provides enough evidence to conclude
that the CsyPbBrg phase is non-luminescent. Furthermore, recent reports on correlative
microscopy [147] — similar to the analysis described in detail in Chapter 6 — demonstrate
that the green emission in CsyPbBrg stems from embedded CsPbBrs nanocrystals.

Finally, post-deposition annealing experiments suggest that phase transformation occurs
upon temperature treatment of the coevaporated films. The details of this phase transformation
and the influence of the different phases on the luminescence of mixed CsPbyBrs/CsPbBrs
films are described in detail in Chapter 5.
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Influence of phase transformation on

the luminescence of mixed-phase films

Reproduced in part with permission from Caicedo-Dévila et al. Effect of Post-deposition Annealing on
the Luminescence of Mized-phase CsPbyBrs/CsPbBrs Thin Films. J. Phys. Chem. C 2020 124, 36,
19514 - 19521. Copyright 2020 American Chemical Society. [110]

Chapter 4 described the phase distribution of Cs—Pb—Br thin films synthesized using different
deposition methods. It was also found that annealing can induce phase transformation in the
films, increasing the thickness of the perovskite layer. In the present Chapter the details of
this phase transformation process, and its influence on the optoelectronic properties and green
luminescence of mixed-phase films will be studied in detail. For this purpose, the thin film
coevaporated on Si (CE2) will be used, since as shown in Figure 4.17, the thermal conductivity
of the substrate facilitates the phase transformation.

First, the results of structural, compositional, optical and microscopic characterization
for the thin film as-deposited are summarized (detailed in Chapter 4). Second, the results
of steady-state and time resolved photoluminescence (PL) are presented, and the estimated
photoluminescence quantum yield (PLQY) and minority carrier lifetimes of the film as-
deposited and after annealing at elevated temperature —up to 310 °C— are given. Third, the
structural changes induced by the phase transformation process are monitored using in-situ
X-ray diffraction (XRD). Finally, the microscopic origins that lead to the changes in the optical

properties are investigated, and the results are compared with others available in the literature.

5.1 Effect of post-deposition annealing in the luminescence

5.1.1 Characterization of the film as-deposited

As discussed in Section 4.2.2.1, the coevaporated film contains both CsPbB3 and CsPbyBrs.
Both phases exhibit strong preferential orientation (texture) at room temperature: The former
on the (110) (orthorhombic) direction, and the latter on the (001) (tetragonal) direction. The
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Figure 5.1: Summary of the characterization of the coevaporated mixed-phase

CsPbBr3/CsPbyBrj film, as deposited: (a) XRD pattern, indexed using PDF 01-072-7929[130]
for CsPbBr3 and PDF 00-025-0211[57] for CsPbeBrs; (b) steady-state PL spectrum; (¢) PL peak
position and intensity maps of the film; (d) microscopic characterization of the film’s cross section,
including SEM image, CL and Cs elemental map on the same position. Figure reproduced with
permission from Caicedo-Dévila et al. J. Phys. Chem. C 2020 124, 36, 19514 - 19521. Copyright
2020 American Chemical Society [110].

PL spectrum exhibits a single, sharp (82meV) peak at 2.35¢eV, characteristic of the CsPbBr3
phase. The phases are layered — as revealed by our microscopic investigation — with the
green-luminescent, Cs-rich CsPbBrg at the bottom of the film, and the nonluminescent, Pb-rich
CsPbyBrs on the surface of the film. These results of the film as-deposited are summarized in
Figure 5.1.

In addition to the characterization described in Chapter 4, absolute PL and hyperspectral
images were acquired using a custom microscope setup in a wide field configuration. The
surface of the film was excited with a 405 nm LED at an excitation fluence of 1.2 x 10! m=2s7!,
equivalent to ~ 2 sun conditions, for a material with a band gap of 2.3eV. The PL emission
was collected through a tunable liquid crystal filter with a CCD camera, allowing wavelength
selectivity. The intensity and peak position maps obtained from the hyperspectral images are
shown in Figure 5.1c. Notice the uneven distribution of the luminescence intensity and PL
peak energy position, similar to those obtained with CL, in Figure 4.13. The differences are
explained by the inability of the 405 nm light to excite the CsPbyBry surface, as discussed in
Section 4.3.4. This setup, calibrated to the absolute number of photons, allows to estimate the
PLQY by integrating the PL spectrum and dividing by the excitation fluence. The estimated
external quantum efficiency for the film as deposited was Q'Y = 0.03%. Thanks are due to

Dr. José A. Marquez for the absolute PL maps and PLQY measurements.

5.1.2 Optical properties after annealing

The film was then annealed at elevated temperature — 310°C, 583 K — in Ny for 2h and
the optical properties measured again. The external quantum efficiency is reduced below the
detection limit — ~ 0.001% — of the absolute PL setup after annealing, a reduction of over

one order of magnitude. The steady state PL spectra of the film before and after annealing are
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Figure 5.2: Optical properties of the mixed-phase Cs—Pb-Br film as-deposited (red) and after
elevated temperature annealing: (a) PL spectra, and (b) TRPL measurement and fitted exponential
decay. Annealing reduces the intensity of the 2.35eV PL peak, characteristic of the CsPbBrg over
20 times (spectrum of the annealed film multiplied by 20 to improve visibitity). The lifetime drops
about one order of magnitude after annealing. Figure adapted from Caicedo-Dévila et al. [110]

shown in Figure 5.2a. The PL intensity decreases over a factor of 20 and a low-energy band
appears in the spectrum at 1.8 eV, similar to the accumulated CL spectrum on the surface of
the film, in Figure 4.13. The time-resolved PL (TRPL), shown in Figure 5.2b, was measured
using a 405 nm pulsed laser with a repetition rate of 1 MHz, at a power density of 0.08 W /cm?.
The signal of the laser excitation was removed using a 450 nm low-pass filter. Upon annealing,
the minority carrier lifetime decreases 1 order of magnitude. The TRPL of the sample as
deposited was fitted to a bi-exponential decay with a fast lifetime of 7 = 1ns and a slow
component of 7 = Tns, in good agreement with lifetimes of bulk CsPbBr3 reported by Xu
et al. [85]. The TRPL of the film after annealing could be fitted to a mono-exponential decay

with a lifetime of 7 = 0.4 ns dominating the carrier dynamics.

5.2 In-situ monitoring of annealing-induced changes

5.2.1 In-situ XRD experiments

In order to understand the annealing-induced changes to the optical properties and how are they
related to the phase transformation, the structrural changes in the film were monitored while
annealing, using in-situ XRD. Six diffractograms were acquired (approximate acquisition time of

a diffractogram was 20 min) per temperature step, at 8 different temperatures from 313 to 583 K.
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5. Influence of phase transformation on the luminescence of mixed-phase films

The measurements were carried out in a Bruker D8 powder diffractometer, equipped with a
high-temperature, ambient controlled chamber, in Bragg-Brentano configuration. A Cu-Ka
radiation source (A = 0.154 06 nm) was used. The 26 ranged from 10 to 60°, with a step size of
0.016° and an integration time per angle step of 96s. The sample was heated in N9 atmosphere
(1130 mbar) and thermal expansion of the measuring stage was compensated. Figure 5.3
shows the last diffractogram measured at each temperature step (the sixth diffractogram)
for all the different temperatures measured in the experiment. The first noticeable feature
is a considerable increase in the intensity of some of the Bragg peaks, while others remain
unaffected. Additionally, the change in peak intensity is accompanied by changes in their

shape, as well as their 26 position.

Figure 5.3: A series of diffractograms of the Cs—Pb—Br film at different temperatures, obtained
by in-situ XRD, measured while annealing in Ny atmosphere. Figure adapted from [110].

In order to understand better the phenomena during the annealing process, the peaks
associated with the different phases were identified and contour maps constructed, which
facilitate the evaluation of the changes in the Bragg peaks. Figure 5.4 shows these contour
maps associated with four reflections of CsPboBrs and CsPbBrs. First, notice that all of the
reflections shift to lower angles — however, the shift for the CsPbyBrs is considerably larger.
This behavior is characteristic of thermal expansion of the crystal [89]. Second, the shapes of
all of the Bragg reflections associated with the CsPbyBrs crystal remain unchanged, as well
their intensities. This suggests that the Pb-rich phase only expands with temperature, but no
structural changes, crystallinity, or volume fraction changes are at hand.

In contrast, the shape and intensity of the Bragg reflections associated with CsPbBrs
change considerably. For instance, the 004 and 220 reflections (at 30.4° and 30.7° at 313 K)
of the Pbnm CsPbBrs transform into the 002 and 200 reflections of the P4/mbm phase (at
30.30° and 30.49°) at 373 K. Then, at temperatures above 400 K both reflections merge into
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5.2 In-situ monitoring of annealing-induced changes

the 200 one of the Pm3m CsPbBrs (at 30.43°). Finally, at temperatures above 400 K, the 200
reflection shifts to lower angles due to thermal expansion. Also, above 400 K the peak intensity
increases sharply, which might suggest a better crystallinity or increased volume fraction, as
it will be described later in this Chapter. The other reflections exhibit the same behavior.
On Figure 5.4 the associated hkl for each reflection and the temperature regions of different
crystal structures are provided on the contour maps for clarity and legibility.

To confirm the different CsPbBrs crystal structures, the lattice parameters at the different
temperatures were estimated using the Le Bail method [149]. Figure 5.5 shows the results of
the refinement of patterns at different temperatures, with different crystal structures of the

CsPbBrs. The lattice parameters estimated for each temperature are summarized in Table 5.1,
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Figure 5.4: Contour maps showing the evolution with temperature of various diffraction peaks of
(a) CsPbyBrs and (b) CsPbBrs. The Bragg reflections are identified in the Figure as well as the
domains of orthorhombic [130], tetragonal [148], and cubic [130] phases of CsPbBr3. The CsPbBrj
peaks shape and intensity change as a function of temperature, indicating the orthorhombic—
tetragonal—cubic phase transition and the increase in the CsPbBr3 volume fraction. The CsPbyBrs
peaks only shift with temperature, but their changes in shape and intensity are negligible, indicating
that only thermal expansion occurs. Figure reproduced with permission from Caicedo-Davila et al.
J. Phys. Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020 American Chemical Society [110].
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5. Influence of phase transformation on the luminescence of mixed-phase films

and they agree well with the values reported for the different phases by Rodova, Brozek, and
Nitsch [130] and Moller [148]. The structural phase transitions and transition temperatures
also agree well with previous reports [24, 130], confirming this effect of the temperature on
CsPbBrs.
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Figure 5.5: Illustrative results of Le Bail refinement at three different temperatures for each of
the structural phases of CsPbBrs: (a) orthorhombic, (b) tetragonal and (c) cubic. Yobs, Yeal aS
defined in Equation 3.2. Figure reproduced with permission from Caicedo-Davila et al. J. Phys.
Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020 American Chemical Society [110].

It is interesting to note that the strong (110) texture that the CsPbBrs exhibits at room

temperature (in the orthorhombic crystal system) is not affected by temperature. The texture
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5.2 In-situ monitoring of annealing-induced changes

Table 5.1: Lattice parameters of CsPbBrj3 estimated using Le Bail refinement for each temperature
step of the in-situ XRD experiment. The different crystal structures are also given. These lattice
parameters agree well with the ones reported in the literature Rodové, Brozek, and Nitsch [130]
and Moller [148].

Temperature (K) a (A) b (A) c (A)

Orthorhombic Pbnm (62)
313 8.240 £ 0.004 8.264 +0.004 11.780 &£ 0.005

Tetragonal P4/mbm (99) —a=1»

373 5.858 £ 0.002 5.903 £ 0.003
393 5.866 £ 0.002 — 5.895 £ 0.002

Cubic Pm3m (221) —a=b=c

423 5.879 £ 0.002 —
443 5.881 £ 0.003 —
473 5.885 £ 0.002 —
503 5.890 £ 0.002 —
o83 5.905 £ 0.001 —

remains when the crystal changes to the cubic structure to a strong (100). The CsPbyBrs

exhibits a similar behavior without structural transitions.

5.2.2 Integral intensity and breadth analyses

Owing to the strong texturing of the film, estimating the volume fraction of the phases
accurately from refinement is not possible. However, since the film keeps its texture throughout
the whole temperature range, a trend of the changes in the volume fraction can be estimated
in a semi-quantitatively analysis, using the integral intensities of the diffraction peaks assigned

to the different phases. First, each peak was fitted to a pseudo-Voigt function, described by:

(5.1)

fw) = A (uQ - L H<)> ,

7 4(x — 20)2 + H? 1 =n VTH c
where A is the area under the peak, H is the full width at half maximum (FWHM), u is the
fraction — between 0 and 1 — that determines how Cauchy (or Laurentzian) is the shape of
the peak, x is the independent variable, which in the case of a diffraction pattern is 26, and g
is the center of the peak, i.e. the diffraction peak position.

After fitting each peak, the accumulated integral intensities can be estimated as the sum

of the peak areas:

Iphs) = / filw)de = 3 A, (5.2)

where the integral intensity of a particular phase, I(ph;), is the sum of the areas A; of all the
peaks assigned to that particular phase. The integration of the fitted functions f;(z) is easy

because of the unity integral of the Cauchy and Gaussian parts of the function in Equation 5.1.
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5. Influence of phase transformation on the luminescence of mixed-phase films

Using Equation 5.2, the integral intensities of both phases, I(CsPbBrs) and I(CsPbyBrs)
can be calculated, and the ratios between them, which were plotted as a function of temperature
in Figure 5.8b. Clearly, I(CsPbBrs) increases with respect to I(CsPbeBrs) as temperature
increases. This suggests that the volume fraction of CsPbBrj in the film increases, and that
the crystallinity of the CsPbBrj domains is enhanced at elevated temperatures.

In order to try to separate the volume fraction and domain size effects, we also evaluated
the changes in the coherently diffracting domain using an integral breath method[89, 150],
described in the following.

The profile of a diffraction peak obtained in an XRD experiment is a convolution of an
instrumental and physical (domain size and strain) profiles[89]. Removing the instrumental
part is essential for XRD analysis. Since the determination of the entire profile, and the
deconvolution of an instrumental profile is impractical — and impossible in our experiments

— simplified methods that depend on the measurement of profile widths (full width at half
maximum, H; or integral breadth, 5, defined as the ratio between the integrated intensity
of the peak profile and the peak height) were used to remove the instrumental contribution.
It is then possible to obtain the instrumental-corrected (“pure”) profile width by assuming
an analytical form for the profile of each diffraction peak. In the present work, a parabolic
approximation correction was used [89, 150], which assumes that the instrumental broadening
is described by a Gaussian function, and the “pure” profile by a Cauchy function. Then, the

integral breadth of the measured peak can be defined as:

2
5= By (1 - %) , (5.3)

where 3 is the “pure” breadth, 8y and §; are the measured and instrumental breadths of
the same Bragg peak. A measurement of the NIST-SRM 660c LaBg standard was used as a
reference material to obtain the instrumental breadth. The peaks of the diffractogram were
fitted using, again, pseudo-Voigt functions (Equation 5.1) and the obtained Hs were used to
fit the Caglioti’s formula [151]:

H = (Utan20+ Vtan6 + W)z, (5.4)

where U, V and W are fitting parameters. Using these parameters and Equation 5.4 the
instrumental widths H; at the position of the measured peaks were estimated. Since the
instrumental broadening is considered Gaussian, the instrumental integral breadth, assuming

a Gaussian shape is:

H |«
7= 5V 2
Then, using the experimental breadths, Sy = A/f(26p) (with 26,y the peak center), the f;

estimated from Equation 5.5 and Equation 5.3, the “pure” integral breadth for domain size

(5.5)

analysis was calculated.
Now, in order to separate the broadening effects owing to the changes in the domain size

and strain, three methods were compared.
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5.2 In-situ monitoring of annealing-induced changes

e The Cauchy-Gaussian method assumes that the Strain is approximated by a
Gaussian profile, and the domain size by a Cauchy profile. The Equation describing the

relationship between strain and domain size is[150]:

2 KA
mfwo =7 (tanfwno) + 16€%, (5.6)
where [ is the instrumental broadening-corrected integral breadth (as described by
Equation 5.3), 3y is half the angle of the peak maximum position, L is the domain size,
e is the “maximum strain”, A is the X-ray wavelength, and K is a constant that for

practical purposes can be set to one[150].

¢ The Gaussian-(Gaussian method assumes that both broadenings can be approximated
by Gaussian profiles, and the equation describing the relation between strain and domain

size is:

A
B2 cos? 6y = 7 + 16¢€2 sin? 6, (5.7)

o The Williamson-Hall (WH) method[152] assumes both strain and size broadening

can be approximated as Cauchy profiles. The resulting equation is:

A
Bcosby = T 4 4e sin Oy (5.8)

Equations 5.6 to 5.8 can be fitted to line functions, from which the domain size L can
be determined. Figure 5.6 shows the scatter plots for separation of domain size and strain
using the three methods described above. The data points were extracted from evaluation
of Equations 5.6 to 5.8, using the breadths calculated using Equation5.3 and the fitting
procedure previously described. The set of Bragg peaks assigned to CsPbBrs and CsPboBrs
were evaluated independently. The data points calculated using Gaussian-Gaussian and
WH methods are substantially scattered and do not allow fitting a line, especially for low
temperatures. The points calculated with the Cauchy-Gaussian method are less scattered and

allow fitting of the line profile (Figure 5.6a).
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Figure 5.6: Integral breadth evaluation at different temperatures using (a) Cauchy-Gaussian
(Equation 5.6), (b) Gaussian-Gaussian (Equation 5.7 ), and (c¢) Williamson-Hall (Cauchy-Cauchy,
Equation 5.8) approximations for the CsPbBrs (green background) and CsPbyBrs (orange
background) phases in the mixed-phase film. The linear fits calculated for the Cauchy-Gaussian
approximation are also plotted. Figure reproduced with permission from Caicedo-Dévila et al. J.
Phys. Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020 American Chemical Society [110].

The slope (A/L) obtained from the fit at each temperature was used to estimate L. Since
the film exhibits strong texturing, the estimation of L is not quantitatively accurate. However,
since the same set of Bragg peaks were used to construct the integral breadth plots, the
trend with temperature holds. In Figure 5.8d the —coherently diffracting— domain size, L,
normalized to the maximum measured is plotted as a function of temperature. Clearly, the size

of the CsPbyBrs domains does not change significantly with temperature. This is in contrast
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5.2 In-situ monitoring of annealing-induced changes

to the size of the CsPbBrs domains, which increases with temperature and monotonically after
a temperature of 400 K, i.e., when the crystal structure transitions to cubic.

Finally, L was also estimated from the commonly used Scherrer’s Equation:

0.9
~ Bcosby

(5.9)

The domain size (as per Equation 5.9) as a function of temperature is plotted in Figure 5.7.
It exhibits a similar trend as the ones estimated using the more sophisticated integral breadth
analysis: The size for CsPbsoBrs varies slightly from 17 to 50 nm, while that of CsPbBrs

increases considerably with temperature from 22 to 200 nm.
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Figure 5.7: Domain size as a function of temperature, estimated using Scherrer’s Equation 5.9
for CsPbBr3 and CsPbsBrs; in the mixed-phase film. Figure reproduced with permission from

Caicedo-Davila et al. J. Phys. Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020 American
Chemical Society [110].

It is important to stress here that the sizes calculated with Equation 5.9 are only a ROUGH
ESTIMATION and are only given for comparative purposes. This approximation neglects
the peak broadening due to strain, and for very high temperatures the Cauchy portion of the
Bragg peak profile only differs marginally from the instrumental Cauchy profile, thus, domain
sizes are above the resolution limit of the diffractometer, which restricts the detectable domain
size to about < 120nm. This is clearly visible in the large error bars at higher temperatures
in Figure 5.7.

An important feature to notice is that, although both I(CsPbBrs)/I(CsPbyBrs) and L
increase with temperature, their behavior between 400 and 500 K differs considerably. While the
domain size increases monotonically over this range of temperature, I(CsPbBrs)/I(CsPbeBrs)
does not change considerably and exhibits a sudden increase only when the temperature
is elevated to 583 K. This indicates that until the temperature reaches 583 K, the volume
fraction of CsPbBrs — with respect to that of the CsPbyBrs — does not increase, but only

the crystallinity is enhanced with temperature.
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Figure 5.8: Results of the evaluation of the in-situ XRD: (a) ) Lattice parameters as a function
of the temperature obtained using Le Bail refinement. The crystal structures of the orthorhombic

(Pbnm), tetragonal (P4/mbm) and cubic (Pm3m) phases of CsPbBrz are also shown.

(b)

I(CsPbBrj3)/I(CsPbyBrs) ratio of integral intensities and (c) domain size of the perovskite CsPbBr3
(black) and the Pb-rich CsPbyBrs (blue) in the mixed-phase film as a function of temperature.
The dotted red line shows the value of I(CsPbBrs)/I(CsPbeBrs) measured at 308 K after the film
was annealed (see Figure 5.9). The areas shaded in green, yellow and red are the temperature
ranges for the Pbnm, P4/mbm and Pm3m.

5.2.3 Studying the reversibility of the changes

Separate XRD experiments were performed to study how reversible are the changes in the

structure and phases induced by the elevated temperature annealing. The film was annealed

at 583 K and the diffractogram at elevated temperature was measured. After that, the sample

was left cool down to 308 K and the post-annealing diffractogram was measured again. The

results are summarized in Figure 5.9b, while Figure 5.9a shows the evolution of the peaks

while the temperature is increased. Notice how the peak intensity does not reduce back to the

initial value after it was annealed.

A similar analysis as those described in Section 5.2.2 was carried out, and it was found that
the domain size, estimated from integral breadths, is reversible, the I(CsPbBrs)/I(CsPbeBrs)
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Figure 5.9: Changes in the intensity of the main Bragg reflexes of CsPbyBrs and CsPbBrs (also
in the inset) measured during (a) 583 K annealing and (b) at 308 K upon cool-down after annealing.
Note that after annealing, the intensity for the 004 reflection of CsPbyBrs is reduced, while the
ones for CsPbBrj effectively increase, indicating a non-reversible increase of the volume fraction of
CsPbBrj3. Figure reproduced with permission from Caicedo-Davila et al. J. Phys. Chem. C 2020
124, 36, 19514 - 19521. Copyright 2020 American Chemical Society [110].

is not, and even after cooling down, it remains very close to the final value at 583 K (see
horizontal dashed lines in Figure 5.8). This indicates that the increase in CsPbBrs volume
fraction induced by temperature is irreversible. The apparent reversibility of the estimated
domain size requires a more delicate analysis. Since the CsPbBrs goes through crystal phase
transition with temperature to a more symmetric (cubic) phase, which is not stable at room

temperature, two explanations are possible:

o A reconstructive phase transition to tetragonal (P4/mbm) and then orthorhombic
(Pbnm) could induce a reduction of the coherently diffracting domains. This would

explain why the crystallinity reduces back.

o It is also possible that the peak broadening and intensity reduction upon cooling down
is due only to symmetry reduction: The peaks of Pm3m at elevated temperature split
into those of P4/mbm and Pbnm. If the experimental setup used and the analysis are

unable to decouple the broadening, the domain size might not be captured accurately.

5.2.4 Temperature-induced phase transformation

Another interesting result from these in-situ experiments that was mentioned in Section 5.2.3
is the fact that the XRD patterns at 583 K also change with time. This is particular for this

temperature step and it does not happen at any of the other temperatures, which suggests
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5. Influence of phase transformation on the luminescence of mixed-phase films

that this temperature is triggering a particular slow change in the film. While annealing
at 583 K, the intensities of the Bragg peaks associated to the CsPbBrs phase increase with
time, while the peaks associated to the CsPboBrs phase slightly decrease, as shown by the 004
(CsPbyBrs) and 200 (CsPbBrg) reflections, plotted as contour maps as a function of time in
Figure 5.10. For all the peaks, there is no additional change in peak position nor in peak shape,
which suggest that neither thermal expansion nor structural changes are taking place. The six
patterns measured at 583 K were also evaluated using the same methods described in Section
5.2.2 and it was found once more, that the domain size, as estimated from integral breadth

evaluation increases for CsPbBrs, but remains almost unchanged for CsPboBrs (Figure 5.10d).
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Figure 5.10: (a) In-situ XRD patterns as a function of time, measured on the mixed-phase film
while annealing at 583 K. The intensity in the patterns is color-coded to improve visibility. Contour
maps showing the time evolution of (b) the 002 peak of CsPbyBrs —which intensity slightly
decreases with time— and (c) the 200 (cubic) peak of CsPbBrs —which intensity increases. The
time evolution of (b) the domain size, and (c) integral intensities of CsPbBrs (I(CsPbBrs) in blue)
and CsPbeBrs (I(CsPbyBrs) in red). Figure reproduced with permission from Caicedo-Davila et
al. J. Phys. Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020 American Chemical Society
110].
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5.3 Microscopic origins of annealing-induced changes

In contrast, as shown in Figure 5.10e, the integral intensity of the peaks associated to
CsPbBrj3 increases with time during the 583 K annealing, while that associated to CsPboBrs
decreases. I(CsPbBr3) and I(CsPbsBrs) were plotted separately in the Figure to show the
inverse behaviors appropriately.

These results indicate that at 583 K there is a slow increase in domain size and volume
fraction of the perovskite phase, CsPbBrs, and at the same time, there is a decrease in the
volume fraction of the Pb-rich phase CsPbyBrs. This leads to the conclusion that, as already
suggested by Tenailleau et al. [24], the CsPbyBrs transforms into CsPbBrs. Furthermore, the
experimental data presented here suggest that this transformation occurs only at elevated
temperatures and is a slow process (minutes timescale).

If the Pb-rich phase is indeed transforming into the perovskite, the reaction
CsPbyBr; —— CsPbBrs + PbBry

has to be balanced by the excess of PbBrs somewhere in the film. The in-situ XRD
measurements do not provide any evidence of PbBrs in the film. However, the CsPbyBrs
volume fraction reduction is very small, which might imply that the excess PbBrsy is also
small. Ex-situ GIXRD measurements were performed in order to detect possible phases in
small volume fractions present in the film after annealing. The diffractogram in Figure 5.11a
exhibits some extra Bragg peaks that can be associated to the 230, 140, 321, 222, 132 and 341
reflections of PbBrs. Additionally, EDX maps measured on the cross section of the film after
annealing revealed that not only the Cs content in the bottom layer increases considerably
after annealing, but also there is a considerable increase of Pb and Br towards the surface
of the film (see the elemental maps in Figure 5.11). Owing to the resolution of the EDX
experiment (a few 10nm) and the small volume fraction of the PbBry phase, a quantitative
composition cannot be estimated. However, the fraction of Pb and Br net counts, normalized
to the total counts ([Cs] 4 [Pb] + [Br]) as a function of the cross-sectional position, as in Figure
5.11c, is a good indication of the changes in the composition. This plot shows the relative
amount of PbBry content at different depths along the cross section. Both, the EDX and the

GIXRD results, confirm the presence of PbBry as a result of the annealing-induced reaction.

5.3 Microscopic origins of annealing-induced changes

It was found that the annealing-induced phase transformation yields a film with a larger
CsPbBr3 volume fraction. However, as discussed in Section 5.1.2, this same film exhibits a
considerable decrease in the PLQY and in the intensity of the 2.35eV emission peak. This
finding is explained by a shorter lifetime after annealing, which in turn can be explained by a
higher defect concentration. However, the origin of a low-energy band in the PL spectrum after
annealing (Figure 5.2a) is still unclear. Figure 5.12 summarizes the results of the microscopic
characterization of the cross section of the film as deposited and after annealing at 583 K.
As discussed in Section 4.3.4, the CL spectrum of the film as deposited exhibits emission
peaks at two energies: at the 2.35eV, characteristic of the perovskite, and a broad band
at ~ 1.8eV, which is attributed to transitions between defect levels. Cross-sectional CL
confirmed that the 2.35¢eV emission stems from the bottom layer of the film, and that when

this layer was excited, no low-energy signal was measured. On the other hand, the 1.8eV
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Figure 5.11: (a) GIXRD pattern of the mixed film, acquired after annealing. The reflections
identified as PbBry are shown in the plot. Reflections in blue coincide with reflections of CsPbyBrs,
and those in green coincides with a CsPbBrs Bragg peak. The reflections in red are new ones, not
observed in Bragg-Brentano configuration. (b) Cross-sectional EDX composition maps of Cs, Pb and
Br showing the enhanced signal of Pb and Br towards the surface. (c) ([Pb]+[Br])/([Cs]+[Pb]+[Br])
EDX counts ratio, showing the increased concentration of PbBr, towards the surface of the film.
The position of the different phases are shown in colored areas. Figure reproduced with permission
from Caicedo-Dévila et al. J. Phys. Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020
American Chemical Society [110].

signal was dominant when the surface layer was excited (see Figure 4.14). A map of dominant
emission was constructed by superimposing the CL emission maps acquired using a slight
variation of the setup described in Section 4.3. In this setup, the light was focused outside the
microscope through a band-pass filter (bandwidth 50 nm) into a PMT (Thorlabs, PMT1001).
This setup allows rapid acquisition, reducing the electron dose and the damage to the sample,
at the expense of spectral resolution. The filters used to measure each emission were 550 nm
(~2.26€eV) and 700nm (~ 1.77€V).

The CL emission maps, together with EDX Cs elemental maps and CL spectra of the
different layers acquired on the cross section of the film as-deposited and after annealing are
shown in Figures 5.12a and b. After annealing, the thickness of the CsPbBrs layer increases,
which agrees well with the results of the in-situ XRD experiments. The emission distribution
on the cross section does not change after annealing, i.e., the low energy emission band is
still visible only when exciting the CsPbyBrs top layer, and the green emission is measured
when exciting the CsPbBrs and the CsPbyBr;/CsPbBrs interface. An important difference
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Figure 5.12: SEM images, Cs distribution (EDX), and luminescence (CL) maps on the cross
section of the mixed-phase film (a) as deposited, and (b) after annealing. The Cs distribution
——coupled to the correlated green luminescence— is representative of the different phases: CsPbBrj
exhibits higher Cs content. After annealing, the thickness of the Cs-rich layer increases. (c)
Schematic representation of the phase distribution and the change with the temperature treatment.
All scale bars are 500 nm. Figure reproduced with permission from Caicedo-Déavila et al. J. Phys.
Chem. C 2020 124, 36, 19514 - 19521. Copyright 2020 American Chemical Society [110].

between the CL of the film as-deposited and after annealing is the intensity of the 1.8eV
band, relative to that of the 2.35eV. After annealing, this intensity increases considerably.
The overall CL intensity decreases by a factor of about 6. These results suggest that after
annealing recombination via deep defects, which might be partially associated to the 1.8 eV
emission, quenches the green luminescence and reduces the PLQY of the film, regardless of
the larger fraction of CsPbBrj.

It is worth discussing the origins of the deep defects responsible for the 1.8 eV band. Nitsch
et al. [29] measured two or three well-defined shallow defect states in CsPbBrs with transition
energies 100 to 200meV below the free exciton transition energy at ~2.16 to 2.26€eV, in
contrast to the 500 meV energy difference reported in the present work for the low-energy
band. Furthermore, the 1.8eV emission was not detected when exciting the CsPbBrs part
of the film in cross-sectional CL experiments. Thus, if there are any deep defects causing
recombination in the CsPbBrs, they do not have an associated radiative transition or lie
beyond the measurement range. Therefore, the low energy band cannot be assigned to defects
inside CsPbBrs.

In contrast, the origin of the 1.8eV emission located at the surface, indicates that the
CsPboBr; has a high defect concentration, whose radiative transition can be measured.
Additionally, recent DFT calculations of various point defects CsPbyBrs by Yin et al. [68]
show that the defect levels lie in deep inside the band gap. The difference in position of
some these defect levels — e.g., Pb vacancies and Pb-Br antisites — is ~ 1.9¢eV, which is in
reasonable agreement with the observations reported here. This leads to the conclusion that
thermal expansion and phase transformation increase the defect concentration not only in the
CsPbyBrs, but also at the interface to the CsPbBrjs. If the defect concentration is increased
at the CsPbyBr;/CsPbBr3 interface, photogenerated carriers can diffuse and recombine via
such defects (schematically shown in Figure 5.13). This can explain the 1.8 eV band in the PL

spectra after annealing, and is partially responsible for the quenching of the green luminescence.
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5.4 Summary and discussion

In summary in this Chapter the temperature-induced phase transformation CsPbyBrs —
CsPbBrs + PbBry was investigated by means of in-situ XRD on coevaporated Cs—Pb-Br
films. This process has been investigated by Tenailleau et al. [24] for nanoparticles and thin
films. Later, Maity and Pradhan [25] also reported the change of the optical absorption upon
phase transformation. However, in either of those publications the influence of the phase
transformation on the luminescence yield was established. Therefore, a PL and correlative
microscopy investigation of the film as deposited and after annealing is presented here, in
order to understand the effect of post-deposition annealing and phase transformation on the
luminescence of mixed CsPbBr3/CsPbyBr; films

In-situ XRD shows that annealing up to 500 K improves the crystallinity of the CsPbBrs
part of the film with no detectable phase transformation. However, annealing at a higher
temperature of 583 K, irreversibly increases the volume fraction of CsPbBrs by transforming
CsPbsBrs to CsPbBr3 + PbBry. The film with larger perovskite volume fraction exhibits a
lower green luminescence; a broad, low-energy band appears at ~ 1.8eV, and the minority
carrier lifetime decreases over an order of magnitude; all of which suggest an increased number
of trap states that quench the CsPbBrs green luminescence. This was confirmed by correlative
microscopic analysis, which suggests that after annealing, the green PL quenching is caused
partially by deep defect recombination, associated with the observed 1.8eV. We associate this
band to defect emission when the CsPbsBry part of the film is excited. The proposed model
for recombination of the film as-deposited and after annealing is shown in Figure 5.13.

It has been suggested that CsPboBrs can passivate defects at the surface of CsPbBrg
films reducing nonradiative recombination [39, 82, 84]. The results presented here cannot
confirm this hypothesis, and on the contrary, the microscopic evidence shows that CsPbyBrs
might quench the green luminescence of CsPbBrs when the mixed-phase film is subjected to

recrystallization and phase transformation caused by elevated temperature annealing.

(a) (b)
CsPbBr, CsPb,Br; CsPbB, CsPb,Br,

ev : 408 nm

Figure 5.13: Schematic of the proposed recombination processes that cause the different emission
bands in the CsPbBrs/CsPbyBrs coevaporated film (a) as-deposited and (b) after annealing. The
optical excitation using a 408 nm laser is shown as a full-line arrow, while radiative transitions
that contribute to emission are shown as dotted-line arrows. Non-radiative processes are shown in
dashed, black arrows. In the film as-deposited, the relatively low density of radiative defects at the
CsPbsBr; /CsPbBrj interface results in undetectable low-energy emission. Thermal expansion and
phase transformation induced by annealing increase the defect density, increasing the low-energy
band in the PL spectrum and partially quenching the green emission.
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Embbeded perovskite and confinement
effects in mixed-phase Cs-Pb-Br

materials

Chapter 5 described the details of the CsPbyBr; —— CsPbBrs phase transformation and
its influence on the photoluminescence of the mixed phase film. In the present Chapter, the
results of the investigation of the luminescence on a different type of mixed-phase material are
given. In the first Section 6.1, the synthesis of CsPbBrs and CsPbyBrs powders, as well as a
Cs4PbBrg single crystal is described. Section 6.2 describes the characterization by means of
photoluminescence (PL) and cathodoluminescence (CL) of the bulk CsPbBrs powder. The
different identified recombination mechanisms are described and established as basis for the
analysis of the mixed-phase films. In Section 6.3, the luminescence of the CsPbyBrs and
Cs4PbBrg is studied, and CL reveals that the origin of the green luminescence of the wide-gap
materials stems from very localized CsPbBrs emitters within the solid matrix. Differences in
the luminescence intensities are described and explained as a result of the confinement effects.
However, differences in emission energy cannot be easily explained. Thus, in Section 6.4 a
theoretical model for the emission of confined CsPbBrj is used to describe the unexplained
results and to address some of the open questions about the emission of CsPbBrg nanocrystals
embedded into Cs4PbBrg or CsPbsyBrs.

6.1 Synthesis of the Cs—Pb—Br ternary phases

CsPbBr3 was synthesized from an equimolar mixture of CsBr (99.99 % from Ossila) and PbBry
(98 %, extra pure, from Arcos Organics) in dimethylformamide (DMF, 99.8 %, Roth) and left
to stir overnight at 60 °C followed by evaporation of the solvent at 85°C and annealing at
140°C for 1 h. The resulting material is a fine, bright-orange powder (see Figure 6.1b). For
the synthesis of CsPbyBrs a 1:3 (CsBr:PbBry) molar ratio was used, followed by the same
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(a) CsPbBry  (b) CsPbyBrs (c) Cs4PbBrg

-

il

Figure 6.1: Photographs of the CsPbBrs, CsPbsBr; and CssPbBrg under ambient light and
405 nm LED illumination. Notice the strong green emission of the CsyPbBrg. For the other two
phases the emission is not visible.

405 nm LED Ambient light

synthesis procedure as for CsPbBrs. The resulting material is a white powder (see Figure
6.1b)

Cs4PbBrg was synthesized using the anti-solvent method, adapted from the one reported
by Cha et al. [66]. A mixture of 0.2554g (0.2M) of CsBr (99.99 % from Ossila) and 0.1079 g
(0.05M) PbBra (98 %, extra pure, from Arcos Organics) in dimethyl sulfoxid (> 99.99 %,
Rotisolv, Roth) was dissolved under ultrasonication (T < 40°C) until no precipitation was
observed. The solution was filtered (0.2 pm pore-size syringe filter) and transferred into a
50ml glass vial and sealed with the cap, which was perforated by a needle to ensure diffusion
of the solvent through a small hole. The vials were place into a 250 ml solvent vial with screw
cap under dichloromethane (> 99.99 %, Rotisolv, Roth) atmosphere. Within few days, yellow
crystal seeds were removed from the vials, washed with DMF and dichloromethane (DCM)
solution. The crystals are highly green luminescent under blue illumination (see Figure 6.1c).
The samples were stored under Ny to avoid potential degradation by oxygen and humidity.

Special thanks are due to Dr. Frederike Lehmann for the synthesis of the samples of the

different ternary phases.

6.2 Luminescence of the CsPbBrj3 bulk

6.2.1 PL spectroscopy

The CsPbBrs powders were characterized by temperature- and intensity-dependent PL
spectroscopy, in order to identify the different radiative transitions. Thanks are due to
Dr. Sergei Levcenco for performing the PL measurements. At low temperatures (13 to 141 K),
a broad band centered at 2.07 eV was measured (see Figure 6.2a). This band vanishes as the
temperature increases, suggesting it can be attributed to radiative recombination at deep
defects [93]. The band at higher energy was fitted using three Gaussian functions (R? > 0.98)
for the whole temperature range. This allows to decompose the contributions to the PL
spectrum, using a model similar to that proposed by Nikl et al. [153] for CsPbCls. The highest
energy subband (2.34eV at 13K) can be assigned to the free exciton recombination, the middle
subband (2.33eV at 13K) to the bound exciton, and the lowest energy subband (2.32€V at
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6.2 Luminescence of the CsPbBrs bulk

13K) to a radiative transition via shallow defect levels. This assignment was considered, in
contrast to that proposed by Nitsch et al. [29], since the peak positions of the highest and
middle subbands increase with temperature, as expected from excitonic transitions, when the
band gap increases and the lattice expands, similar to what was discussed in Section 4.3.4 [67,
141] (see Figure 6.2b). On the other hand, the position of the lowest subband oscillates around
2.3eV, but it does not increase monotonically with the temperature. At low temperatures
(~ 13K), the free exciton transition generates a sharp peak that dominates the maximum of
the spectrum. At higher temperatures (> 220 K), the peak of the spectrum is dominated by
the bound exciton.

Figure 6.2c shows the integrated intensity of the complete spectrum and the contributions
of each subband as a function of the temperature. The largest contribution to the luminescence
comes from the bound exciton. A similar phenomenon was observed by Nikl et al. [153]
for CsPbCls, which was assigned to energy transfer from the free to the bound excitons at
temperatures in the range 20 to 50 K. It is possible that a similar process occurs in CsPbBrg,
but we were unable to detect it. At higher temperatures all the subbands are quenched, but
the middle and lowest energy subbands are the ones that contribute the most to the room
temperature PL spectrum (see inset in Figure 6.2c).

It is possible to fit the PL integrated intensities of Figure 6.2c using an Arrhenius equation.
A single-term Arrhenius equation is conventionally used to estimate the exciton binding energy
from temperature-dependent PL [68, 76, 146]. However, care is advised, since the contribution
of traps must also be taken into account. Here, the PL intensity was fitted to a two-term
Arrhenius equation, using the range from 60 K onwards, since it has been shown that for lower
temperatures, the estimated activation energies are not representative of true energy levels
difference [154]. Fitting the data using a three-term Arrhenius equation ends up with two
of the three estimated activation energies being equal. The fitted activation energies were
Fi ~ 33+ 4meV and Fy ~ 180 £+ 30meV. The phenomenological fitting to the Arrhenius
function does not allow for assigning the quenching mechanism directly. However, as pointed
out by Wolf and Lee [155], it is reasonable to assign F; to the exciton binding energy, and Fs
to defects because of the high activation energy. The corresponding coefficients, A; ~ 60 and
Ao =~ 10000 suggest that the quenching is dominated by defects.

The dominant quenching mechanism can be studied, as described in Section 3.2.2, by
means of intensity-dependent PL spectroscopy. The PL spectrum of the CsPbBrsg powder was
measured using different excitation power at 13K, as shown in Figure 6.3a. The integrated
PL intensity was plotted on a log-log scale, and the slope of the linear fit was estimated. This
slope is equivalent to the exponent m in equation 3.3. The value of m = 2 suggests again that

nonradiative recombination is dominant in the bulk CsPbBrj.

6.2.2 CL spectroscopy on CsPbBr3 powder

From the assignment made to the different subbands in PL, it is interesting to note that at
room temperature, a shallow defect band is still detectable. Nikl et al. [153] assigned these
defect states at the more defected surface of the CsPbCls material using one- and two-photon
excitation. Another way to determine the depth at which the luminescence originates in a very

localized manner is using acceleration-voltage- (or beam-energy-) dependent CL spectroscopy.
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Figure 6.2: (a) Temperature dependent PL spectra of the CsPbBr3 powder. As the temperature is
increased, the intensity of the green luminescence between 2.3 and 2.4 eV decreases. At temperatures
below 140 K a defect peak at 2.07 €V is identified. (b) Energy position of the peak of the spectrum,
and each subband. (c) integrated PL intensity as a function of the temperature. The integrated
intensities and peak positions are depicted using white diamonds for the whole spectrum, while
those corresponding to the deconvoluted the highest, middle and lowest energy subbands are
depicted with blue triangles, red circles and black squares, respectively

As described by equation 3.4, the penetration depth of the impinging electron beam
depends on the density of the material and the beam energy, which in turn is determined
by the acceleration voltage. Therefore, it is possible to study the contributions of each
recombination path at room temperature by measuring the CL spectrum of a flat surface (to
avoid artifacts due to an irregular interaction volume) using different acceleration voltages,
deconvoluting the resulting spectrum and analyzing the contributions of each recombination
path, as assigned in section 6.2.1.

A flat region (see Figures 6.4a and b) was measured using various acceleration voltages in
the range of 3.5 to 15kV. The measured PL spectra were fitted using two Gaussian functions,
as shown in Figure 6.4c. The integrated intensities for the low- and high- energy subbands —
I> 3 and I 4 — were calculated as the area under each Gaussian peak. The spectra exhibit
different intensities of Io 3 and I 4 at different acceleration voltages (see Figure 6.4c¢). Since
the emission intensity also depends on the acceleration voltage (as per Equation A.1), it is
more appropriate to use the ratio between intensities of the subbands, Is3/I24 as a metric

of the contribution of the low-energy subband, i.e., the contribution due to defect emission.

74



6.3 Luminescence of Cs;PbBrg and CsPbsBrjy

10000 T T T ! T 100
S 10004 (@) - (b)
g 3 103
& 1007 —34wem? £
> 10] ——034wWiem? N m=1.98
5 ——0.034 W/cm? =
= 2
= 5 0.1
- 0.1 c
5 15
& 001 z 000

0.001 . T T T l T 0.001 . .

16 18 20 22 24 26 28 0.01 0.1 1 10
Energy (eV) Excitation Power (W/cm?)

Figure 6.3: (a) Intensity dependent spectra of the CsPbBrs powder at 13 K. (b) Log-log curve of
the PL intensity (integrated from the peaks fitted from spectra in b) as a function of the excitation
power. The slope is m = 1.98 =~ 2.

Figure 6.4d shows the intensities ratio as a function of the penetration depth calculated using
equation 3.4 and the density of CsPbBrs, 4.75g/cm?® [156]. It is very interesting to note that
only for the lowest acceleration voltage, 3.5kV — which corresponds with a penetration depth
of 75nm — the ratio is larger than 1, i.e., the contribution of defect mediated transitions
is larger than that of the exciton recombination. This confirms that the radiative shallow
defect levels are more concentrated towards the surface of the material. This is an important
difference from the bulk material in extended CsPbBrs — such as in the powder studied in
this chapter — and the bulk material in thin films, considered in Chapters 4 and 5. For all
the other larger acceleration voltages, the ratio lies in the range from 0.6 to 0.7. This results
show the difference between the extended bulk material and the thin-film bulk, in which the

shallow defect transition was not detected.

6.3 Luminescence of Cs;PbBrg and CsPb>Brj

6.3.1 PL spectroscopy

Figure 6.5a shows the PL spectra of the Cs4PbBrg and CsPbsBrs ternary phases — synthesized
as described in Section 6.1 — and the spectrum of CsPbBrs as reference. The green
luminescence in both CsPbyBrs and CsyPbBrg is enhanced, in spite of the fact that both
phases exhibit a large band gap energies [19, 30, 52-56, 58]. In the case of CsPbyBrs, the
PL intensity increases almost 1 order of magnitude, while fin the case of CssPbBrg, the PL
intensity increases about 3 orders of magnitude with respect to the PL intensity of the bulk
CsPbBrs.

To understand the underlying recombination mechanisms, intensity-dependent PL was
measured, in an experiment similar to that performed for the bulk CsPbBrs (see Figure 6.5b).
The fit of the exponent of equation 3.3 yields m = 1.52 for the CsPbyBrs and m = 1.19 for the
Cs4PbBrg. The direct interpretation of these coefficients is that nonradiative, defect-assisted
recombination — dominant in the bulk CsPbBrs — is quenched, and the role of exciton
recombination is enhanced. This quenching is specially strong for the CsyPbBrg, since the
m exponent is closer to 1. For CsPbyBrs defect-mediated recombination is still important

and no contribution dominates over the other. This interpretation is also supported by the
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Figure 6.4: (a) SEM image of a flat surface of a grain of CsPbBrs powder and (b) corresponding
CL intensity map: the red circle shows the area from which the CL spectra are extracted. (c)
Normalized CL spectra measured using various acceleration voltages, and fitted Gaussian functions
for the low- (green-shaded, I5 3) and high-energy (blue-shaded, I54) subbands. (d) Ratio between
integrated intensities of the low- and high-energy subbands of the CL spectra. This shows the
contribution to the overall spectrum from the shallow defect emission. Note that it is only > 1 for
the lowest acceleration voltage with a penetration depth of ~ 70 nm

measured band around 1.8eV, which is similar to the band assigned to defects in the mixed
phase CsPbBrs/CsPbyBrs film studied in Chapter 5. Similar observations have also been
reported by Lee et al. [96] — based in a model proposed by Schmidt, Lischka, and Zulehner
[95] — for CdTe with different doping levels, in which the highly-doped n-type CdTe exhibited
dominant exciton recombination, while bulk CdTe exhibited mostly defect assisted nonradiative
recombination.

But perhaps the most interesting feature of the spectra in Figure 6.5a is the position of
the PL peaks. A 50meV blue shift was measured for the PL peak of Cs4PbBrg with respect
to that of CsPbBrs, which is in good agreement with what has been reported in the literature
[51]. Assuming that the green luminescence originates in CsPbBr3 embedded nanocrystals, as
described in section 2.2 (a direct observation of the inclusions will be detailed in Section 6.3.2),
it is possible to use Brus equation (3.6) [111] to estimate the size of the inclusions, considering
the values for the effective masses (m} = 0.15 and mj = 0.14 [157]), and the values for PL
peak (2.45eV for CssPbBrg and 2.40eV for CsPbBrs), the estimated size of the nanocrystal is
10nm. In the case of CsPbyBrs, the measured red shift of approximately 40 meV, cannot be
correctly described by quantum confinement effects and a particle size cannot be estimated.
Thus, a microscopic analysis of the materials can help understand better the origin of the

green luminescence.
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Figure 6.5: (a) PL spectra of the ternary phases of the Cs—Pb—Br system. Notice that the
spectrum of the CsPbyBrs exhibits a shallow low-energy band, positioned around 1.8eV. The
exciton peaks of the CsPbyBrs and Cs4PbBrg phases exhibit a red- and blue shift with respect
to the exciton peak of the bulk CsPbBrs. Also, the intensity of the CsPbsBrs is one order of
magnitude larger that that of the CsPbBrs, and the intensity of Cs4sPbBrg is three orders of
magnitude larger. (b) Log-log plot of the integrated PL intensity as a function of the excitation
power for the CsPbyBrs and CsyPbBrg ternary phases. The slopes from a linear fit are given for
each phase (see the text for discussion)

6.3.2 Microscopic investigation of Cs,PbBrg and CsPb,Brj

6.3.2.1 Cs4PbBrg single crystal

Figure 6.6 shows the initial microscopic characterization of the CsyPbBrg crystals. Subfigure
(a) shows an overview SEM image, and the corresponding panchromatic and 500 nm-filtered
CL intensity maps are shown in subfigures (b) and (c). The almost identical CL maps suggest
that the crystal exhibits only green luminescence, in the probed spectral range (1.95 to 3.4¢eV).
Additional CL maps measured using 650 and 700 nm exhibit no detectable signal above the
noise level.

The CL map reveals highly luminescent clusters distributed all over the crystal. A magnified
SEM image and 500 nm map shows that there is no correlation between the topography of
the surface and the luminescent clusters. The CL maps described above were measured at an
acceleration voltage of 5kV and a beam current of 50 pA.

Complementary to the CL maps (see Figure 6.6f), EDX elemental maps were also measured
on a region where two luminescent clusters were detected. The clusters exhibit Pb enhancement
while Cs and Br are depleted, as shown in the line scans in Figure 6.6g. In order to improve
the spatial resolution, the EDX maps were measured at an acceleration voltage of 5kV. The
X-ray fluorescence was measured using a windowless Oxford Instruments Ultim Extreme X-ray
detector, which exhibits enhanced sensitivity to low-energy X-ray lines and allows to measure
under low voltage conditions. The Cs-M, Pb-M and Br-L X-ray characteristic lines were used
for element identification. However, one major drawback of these measurement conditions
is that it hinders the quantification of the results. Owing to the low acceleration voltage,
the measured Pb-M lines do not allow for appropriate quantification of the composition.

Additionally, the Cs-M line lies closely to the O-K line, which complicates the deconvolution
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of the elements. Thus, Figure 6.6g shows the normalized line scans and a quantitative change
of the composition.

At a first glance, the CL and EDX results suggest that the CsPbBrs inclusions in Cs4PbBrg
are hundreds of nm in size. However, it is important to note that, as described in Section
3.3.3.1, CL emission depends on carrier diffusion and the acceleration voltage. In high injection
conditions, the role of the carrier diffusion is not dominant, while that of the acceleration
voltage is. Therefore, to improve the resolution of the measured PL maps, it is important to
measure with a lower acceleration voltage. Figure 6.7 shows the SEM image, and CL maps using
3.5 and 5kV acceleration voltage. Measuring at 3.5kV reveals that each of the luminescent
spots exhibits cluster-like features. This suggests that the luminescent spots are not a single
emitter, but a cluster of CsPbBr3 nanocrystals, which can explain the broad PL emission in
Figure 6.5a, as a broadening caused by the ensemble average of the emission of nanocrystals
with various sizes. Estimating the size of individual nanocrystals from the CL experiments
presented here is not possible, since considering the density of Cs;PbBrg, 4.29¢g/cm? [158],
and equation 3.4, the best achievable resolution — in order to have measurable CL signal —
is around 80 nm. However, the PL spectra of individual clusters has a maximum in the range
from 2.44 to 2.47 eV, which agrees well with the PL results of Figure 6.5a, and with results

from the literature on a similar material, synthesized by mechanical grinding [147].

6.3.2.2 CsPbsBr; powder

Figure 6.8a shows an overview image of the CsPboBrs powder, and Figure 6.8b the
corresponding CL intensity map, filtered at 550 nm. In contrast to the Cs4PbBrg, the CsPbyBrs
powder sample exhibits only a few luminescent spots. Some of the luminescent regions are
CsPbBrjs residues from the synthesis process. However, some very bright luminescent spots
exhibit no correlation with the topography. Figures 6.8d and e depict a large magnification
SEM image and the corresponding CL intensity map. In the CL map a very high luminescent
spot was detected, which is uncorrelated to the topography of the surface. This spot exhibits
a luminescence 3 times higher than the green-emitting regions around it, and the CL peak
distribution maps in Figures 6.8f and h, confirm that it emits at an energy higher than that
of the surrounding emitters. The CL spectra of the the high-luminescent spot (1), of a non
luminescent region of the matrix (2) and a region with low green luminescence (3) are shown
in Figure 6.8g. Region (1) emits at a higher energy (~ 20 meV higher) than the surrounding
emitting areas, represented by the spectrum of region (3). Region (2) is not luminescent but
exhibits a broad band at lower energies, in agreement with the PL spectrum in Figure 6.5a,
and the band associated with CsPboBrs defects discussed in Chapter 5. This low-energy defect
band is almost evenly distributed over the matrix CsPboBrs, as shown in the peak position
map in Figure 6.8f.

The highly luminescent spots, which exhibit a slight blue shift with respect to the large
CsPbBrs domains, are consistent with confined CsPbBrs. However, the measured blue shift
is so small, that according to the Brus equation 3.6 the size of the inclusion is ~ 20nm
which is way above the exciton Bohr diameter reported for CsPbBr3 of ~ 7nm [157]. These
inconsistencies will be addressed from a theoretical perspective in Section 6.4, where the effects

of potential and dielectric confinement will be discussed.
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Figure 6.6: (a) SEM image of a Cs4PbBrg crystal piece and the corresponding (b) panchromatic
and (¢) 500nm band-pass filtered CL intensity maps. The green luminescence (sharp around
500nm) stems mostly from clusters embedded in the crystal. (d) Magnified SEM image and the
corresponding (e) 500 nm CL intensity map. (f) EDX maps and (g) normalized line-scans — along
the yellow line — of a magnified region, shown in the yellow square in (d) and (e). There is a clear
enrichment of Pb and depletion of Cs and Br correlated with the high green luminescent clusters,
which suggests that the luminescence stems from CsPbBrj inclusions
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Figure 6.7: (a) SEM image of a flat surface of the Cs4PbBrg crystal and corresponding 500 nm CL
intensity maps measured using an acceleration voltage of (b) 3.5kV and (c) 5kV. The individual
inclusions can be identified when measuring using a lower acceleration voltage. (d) CL spectra of
different areas marked on the CL map in (c). A high intensity CL peak at 2.45€V was measured at
the inclusions — spectrum (1) — while no peak was measured on the matrix crystal — spectrum
(3). A low intensity peak was measured at a matrix site, only with 5kV acceleration voltage, which
suggests that it is excited from a deeper inclusion.

6.4 Modeling the effects of dielectric mismatch in mixed-phase

materials

In order to understand the effect of confinement of CsPbBrs in both CsyPbBrg and CsPbyBrs
on the measured luminescence, it is important to consider an appropriate theoretical model.
This section explains two different models that describe the optical properties, considering the

effect of quantum and dielectric confinement in mixed-phase Cs—Pb—Br materials.

6.4.1 Emission energy as a function of nanocrystal size

The simplest model to describe the effects of nanocrystal size and in a simple way the
electron-hole correlation is the Brus equation (3.6). In order to analyze the limitations of
this model, Figure 6.9 shows the dependence of the shift in the emission energy with the
size and the effective dielectric constant for a CsPbBrg nanocrystal confined in an infinite
potential. The calculated exciton binding energy increases with decreasing effective dielectric
constant, because of the penetration of the electric force lines between electron and hole in
the surrounding medium with a smaller dielectric constant. As shown in Figure 6.9a, in the
strong confinement regime — consider a Bohr diameter for CsPbBrs of ~ 7nm [157] — the
effect of the wave function confinement in the infinite potential well, dominates the changes
in the emission energy, yielding an overall blue shift of the emission. However, for moderate
and weak confinement regimes, dielectric confinement can compensate and even overcome the
quantum confinement effects, reducing the observed blue shift, or even inducing a red shift of
the emission peak.

The model behind the Brus equation 3.6 includes some important assumptions: the
dielectric effects are considered only as a correction of the quantum confinement effects. This
model also does not consider the possible changes to the dielectric confinement with the size

of the nanocrystal, and the exciton binding energy is assumed to be only a function of the

80



6.4 Modeling the effects of dielectric mismatch in mixed-phase materials

CL Int. (arb.u.)
1.0x 103

0.8
0.6

0.4

0.0

CL Int. x103 (arb.u.)
2.37 eV

2.20
2.00

1.80
1.60

25{(9) I I I 1 v<«<—2.37 eV . 2.37eV

2.36
2.36
2.35
2.35

CL int. x 107 (arb.u.)

18 2.0 22 24 26

Energy (eV) 2.34

Figure 6.8: (a) Overview SEM image of the CsPbyBrs powder and the corresponding (b) 550 nm
CL intensity map. (¢) CL map overlayed on the SEM image showing the area selected for analysis
at higher magnification. (d) Magnified SEM image and the corresponding (e) 550 nm CL intensity
map, where an inclusion was identified. (f) CL peak position map shows the distribution of
the luminescence: the areas the in magenta red and blue circles are used to extract the CL
spectra shown in (h), corresponding to the CsPbBrs nanoinclusion in the CsPbyBrs matrix, a
non-luminescent matrix region and a small CsPbBr3 domain. The CL peak position map in (i)
shows the differences of emission energy among different green-luminescent regions.
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dielectric constant and not the nanocrystal size. The latter assumption is wrong, since the
overlap between the confined electron and hole wave functions can increase their Coulomb
interaction, increasing the exciton binding energy as a result. The model also assumes that
the nanocrystals are confined with an infinite potential, which is not the case for CsPbBrj
nanocrystals embedded in a solid matrix, such as Cs4PbBrg or CsPbyBrs. Additionally,
this simple model only gives information about the emission energy, but the correlated
exciton wave function is not accessible. Therefore, in the next Section 6.4.2 a model that
solves the problem of the correlated electron-hole pair is described and used to model the
Cs4PbBrg/CsPbBr3/CsyPbBrg and CsPbeBrs;/CsPbBrs/CsPbseBrs systems.

6.4.2 Modeling excitons in a fully correlated confined system

The Hamiltonian describing an electron-hole pair system, including Coulomb interaction and

dielectric effects, can be written — within the effective mass approximation — as [159-163]:

H(re,ry) = HO (ro) + HM (rp) 4+ Vi(re, ) (6.1)

where H is the single particle Hamiltonian for electron (i = ) and hole (i = h), and V, is

the generalized Coulomb interaction. The single-particle Hamiltonian is defined as:

2

HO(r) = -9

*
m;

Vit V) + VY () (6.2)

where the first term is the kinetic energy operator for the particle with effective mass m}, V' ot
is the confining potential for particle i, which arises from band discontinuity at the interface
between the materials, and Viself is the self-interaction potential for particle ¢, caused by the
dielectric mismatch at the interface.

Solving the two-particle Schréodinger Equation (3.8b) using the Hamiltonian of Equation
6.1, can be achieved by at least two different methods: i) using the variational principle, in
which, the parameters of an analytical wave function, are optimized to minimize F.,.; and ii)

by using full configuration interaction, by diagonalizing H in a linear subspace of the Hilbert
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Figure 6.9: Emission energy shift of CsPbBrs in a dielectric environment calculated with the
model described by the Brus Equation 3.6: (a) Size dependence without considering dielectric effects
and with different effective dielectric constants. The model can predict red shifts in the emission
energy for low and moderate confinement 7 < 7nm. This effect increases as the dielectric constant
decreases. (b) Dependence on the effective dielectric constant considering no confinement and
different nanocrystal sizes. For small nanocrystals, the blue shift caused by the strong confinement
of the wave function still dominates the emission energy. The bulk emission energy is shown as a
horizontal line as a reference
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Figure 6.10: (a) Geometry of the nanoplatelet used to simulate the CsPbBrs embedded in a
dielectric matrix. The dimensions L in the plane perpendicular to the confined direction, z, was
kept fixed at 30 nm. (b) Band diagram showing the alignment of the conduction and valence bands
(E. and E,) in the type I confinement considered in the final model, where AE, and AE,. > 0. L,
is the well width, and 1 > &5 are the dielectric constants of the different phases that constitute
the modelled sytems: (c¢) Cs4PbBrg/CsPbBr3CssPbBrg and (d) CsPbyBrs/CsPbBrs/CsPbyBrs

space, composed by a set of basis functions. The reader is referred to Chapter 4 of the book
by Bényai and Koch [113] for further details in these methods.

In the present thesis, a variational method is used to solve equation 3.8b. More precisely,
the semi-analytical fully correlated wave function with a single variational parameter and a
Slater-type correlation factor is used, as proposed by Planelles [162] and as implemented by
Rajadell, Climente, and Planelles [163]:

| 2

U(re, 1) = NO,(r.) P (rp,)e “VIFie=Tnl (6.3)

where IV is the normalization constant ®; is the single-particle wave function of particle ¢, and
the exponential term is the in-plane Slater-type correlation factor, where a is the variational
parameter and r ; is the in-plane position of electron or hole.

The model used in the present thesis has some limitations that are worth discussing before
describing it in detail. First, a two-dimensional (2D) nanoplatelet is described, in which only
the z direction is confined, while the perpendicular plane — (z,y) — is not (L = 30 nm, see
Figure 6.10). The effects of the dielectric mismatch and of the potential confinement caused
by the band offset are considered only in the z axis. Therefore, the model is an effective
one-dimensional (1D) confined system.

The effects of quantum and dielectric confinements in the nanoplatelet are less pronounced
than in a real nanocrystal confined in all directions. However, the model provides an easy-to-
solve computational tool to investigate the effects of dielectric constant and band mismatch in
mixed-phase Cs—Pb—-Br systems. The self-interaction potential in the z direction is obtained

using the method of image charges in a one-dimensional (1D) quantum well [118, 159, 163]:

2
Viself(zi) _ Z gneé (64)
n=+1,42,.. 2e1 [z; — (=1)"z; + nL.]
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€1—€2
€1te2

is the dielectric constant outside the well (barrier region, CsyPbBrg or CsPbseBrs), z; is the

where g, = ( )|n|, e1 is the dielectric constant in the well region (confined CsPbBr3), e9
electron (hole) z coordinate, and L, is the with of the well. The single-particle confining

potential can be described by a piece-wise function in one dimension:

Vi if |z |> Lo
vt = 4 = ©5)
0 if|z|<

The Coulomb interaction term is obtained in a similar manner as the self-polarization
potential, by calculating the interaction of the electron (hole) with the image charges induced
by the hole (electron) [159]. Only the interaction term for carriers within the well is considered
and can be described by [163]:

0o 2

Ve(ze, 2n) = Z n® - (6.6)
=70 e1y/llepe =y all? + [7e — (=1)72 + nL.]

Finally, the variational parameter « is found by minimizing:

Eewe = (V|H|Y)

= (U[HO|D) + (W HW|D) + (9|V,|P) 00

where the first two terms are the single-particle contributions and the third term is the Coulomb

correlation contribution. The first two terms can be expressed as:
(U HO|9) = (| TOw) + (@ VP*w) + (2] 0) (6.8)

Kumagai and Takagahara [159] showed that the self-interaction only changes the confining
potential slightly, and the eigenstates of the electron and hole contributions of equation 6.7 can
be approximated using the eigenstates of the uncorrelated single-particle eigenstates. Thus,

the potential contributions in equation 6.8 can be calculated as:
(V) = (@ VP |@0) + (@41 @) (6.9)
Also, the kinetic part can be calculated easily, because the Slater-type correlation factor
has an additive closed form of the kinetic energy and can be expressed as [162]:
2 2 2

. k a .
VTN = 2 Yo 2 4@, TD |9, 1
(W T |w) 2u*+2u*+2u*+< [T | ®;) (6.10)

where k,, = m/L,, and L/, are the in-plane dimensions of the nanoplatelet. Finally, the
single-particle eigenfunctions can be calculated numerically using the finite differences method,

as the solution to the single-particle, 1D Schrédinger equation:

TO @) + VP |:) = By @) (6.11)
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Figure 6.11: Calculated emission energy shift as a function of the well size (L) for an exciton in a
CsPbBrs nanocrystal, modeled as an infinite potential well. The curves were calculated considering
different dielectric constants for the surroundings (¢2). The dielectric constant of CsPbBrs is

assumed as €1 = 5.0. The dashed horizontal line shows the zero shift in emission energy (from the
bad-gap energy transition).

The Coulomb interaction term (last term in Equation 6.7) is calculated by reducing a
fourfold integral to a twofold one in a procedure that is detailed in the paper by Planelles [162].
The Mathematica code used in the calculation of the following results is largely based on the
code developed by Rajadell, Climente, and Planelles [163], in which the method previously

described is implemented.

6.4.3 Emission of CsPbBr3 confined in an infinite potential

The first model system investigated here assumes that the CsPbBrj is confined with infinite
potential barriers. This model does not include the effect of band mismatch, and serves as a
direct comparison with the model by Equation 3.6, but it includes electron-hole correlation,
carrier self-interaction, and dielectric mismatch in the calculation of the emission energy.
Figure 6.11 shows the calculated shift in the emission energy as a function of the width of the
potential well for different values of the dielectric constant of the surrounding matrix (e2). The
values for the effective masses and dielectric constant of CsPbBrs used for these calculations
are taken from those provided by Protesescu et al. [157]: m} = 0.15, mj = 0.14 and e; = 4.96.

The trends of the shift in the emission energy with the size of the well are similar to those
calculated using the Brus model (Figure 6.9a). However, it is important to point out one key
difference: the Brus model considers the binding energy as independent of the confinement.
Therefore, the curves in Figure 6.9a are just shifted up or down depending on the effective
dielectric constant. In the model proposed in the present Section, the confinement of the
electron and hole wave functions in the well increases their overlap. The Coulomb interaction
and by extension the exciton binding energy increase with the confinement. Therefore, the
exciton binding energy is a function of the well size (see Figure D.1). This is important,
since the binding energy also determines the emission energy shift (see Equations 3.9 and
3.10) These results suggest that the effect of dielectric confinement is stronger for smaller

nanocrystals, in agreement with the literature [159, 163-166].
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6.4.4 Emission of CsPbBr3 confined in a finite potential

A final and more complete model was considered, in which the CsPbBrs nanocrystal is
embedded in finite potential barriers, given by the band-gap mismatch between CsPbBrs and
the embedding secondary phase (either CsysPbBrg or CsPbyBrs). The carrier confinement is
less effective within the finite barriers, since the wave function extends to the barrier regions.
This reduces the effective dielectric constant of the system [159], which favors dielectric
confinement, but at the same time it reduces the electron-hole overlap, which hinders the
Coulomb interaction. Therefore, the end result on the shift of the emission energy is unclear
at a first glance. Here, the shift is calculated using a set of parameters: (i) the well and
barrier dielectric constants €1 and €2, and the well and barrier band gaps E,1 and Eg4o. The
calculations are simplified by considering a core-shell structure [163] in the z direction with
shell thickness of 4 nm, where the dielectric constant of the surrounding medium is changed
The model also considers the same effective mass for the core and the shell, with the same
values as in Section 6.4.3. Although this model is not identical to the real material, it allows
including the effect of the finite potential barriers, and understanding the exciton emission of

CsPbBrs embedded in the other ternary phases at a reduced computational cost.

6.4.4.1 Ab-initio calculation of dielectric constants

Protesescu et al. [157] reported values for the effective masses and the dielectric constant of
CsPbBrs. However, there is no work in the literature reporting such values for all the three
phases (CsPbBrs, CsyPbBrg, and CsPbsBrs), neither measured under the same experimental
conditions nor calculated at the same level of theory. Therefore, here the electronic structure of
all the three phases was calculated using density functional theorty (DFT), and the dielectric
constants were calculated, using density functional perturbation theory (DFPT).

The calculation were performed using the Vienna Ab-initio Simulation Package (VASP)[121].
using the Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation to
describe the exchange-correlation interactions [122], and including spin-orbit coupling (SOC).
Dispersion interactions were included within the Tkatchenko-Scheffler scheme[123] using an
iterative Hirshfeld partitioning of the charge-density [124, 125]. Core electrons are described
by the projector augmented waves method[126, 127]. The orthorhombic structure of CsPbBrj
[130] was used for the electronic structure calculations. A plain wave basis sets with cutoff of
700 eV was used and k-space integration was carried out on a 6 X 6 x 6 grid. For Cs4PbBrg,
the atomic structure reported by Velazquez et al. [50] was used as a starting point. A cutoff of
500eV and a 4 x 4 x 3 k-space grid were used. The structure of CsPbsBrs reported by Cola
and Riccardi [57] was used as a starting point; a cutoff of 700eV and a 3 x 3 x 2 k-space grid
were used. The geometries were optimized using conjugate gradient optimization until the
largest force was below 0.01eV/ A. The high-frequency dielectric constant is calculated using
DFPT as implemented by Gajdos et al. [167] in the VASP package. Convergence was tested
for all the parameters in the calculations.

Figure 6.12 summarizes the values calculated for the dielectric constants of all of the
Cs—Pb—Br ternary phases. An interesting feature of the dielectric tensors of the CsPbBrs and
CsPbsBrs is their anisotropy. This is specially strong in the CsPbsBrs and can be explained

by the geometry of the crystal (the interested reader is referred to the discussion in Appendix
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C.2). In the calculations presented in the following Section, a dielectric constant of £; = 4.2
(average of € in all the directions, since the variation is small) for the confined CsPbBrs,
g9 = 3.1 for Cs4PbBrg and g5 = 3.8 for CsPbyBrs were assumed. The lowest € of the dielectric
tensor of CsPbyBrs is chosen, since as already shown and discussed in Section 6.4.3, the
effect of the dielectric mismatch on the exciton emission is strongest when €; > ¢o. Naturally,
the anisotropy of CsPbyBrs will reduce the dielectric confinement in two directions, and the
implications will be discussed.

o) CsPbBr3

exx = 4.1
gyy = 4.5
€7, =4.0
Exx = 3.1
€7, = 3.1
Exx = 5.2
€, = 3.8

Figure 6.12: Crystal structures of (a) CsPbBrs, (b) CsyPbBrg, and (c) CsPbyBrs oriented along
relevant different lattice directions and diagonal elements of the dielectric tensor, in which the
components are color-coded with the lattice direction. The geometry of the crystal determines
the magnitude of the dielectric constant: disjoint polyhedra reduce orbital coupling and the
polarizability, resulting in a lower dielectric constant

6.4.4.2 Band mismatch effects on the exciton emission

First, a Cs4PbBrg/CsPbBr3/CssPbBrg system is considered (Figure 6.10c). The difference in
the band-gap energies between the phases (considering the values reported in Refs. [5, 11, 29,
30, 38, 52-55, 61]) is AE, ~ 1.7eV. This difference is fixed, and by varying the band alignment,
it is possible to model different types of confinement. Kang and Biswas [46] reported a type I
band alignment for the CsPbBrs/CssPbBrg interface. Therefore, this type of alignment will
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be the focus of the present Section. A type I system (Figure 6.10b) was modeled by setting
the conduction and valence band offsets — AE, and AE, — equal: AE, = AE, = AE;/2. A
more detailed discussion of the influence of the band alignment on the exciton emission can be
found in Appendix D.2.

A net blue shift was calculated for well sizes below ~ 4.3nm (Figure 6.13). For well sizes
above that value, the electron-hole interaction energy overcomes the blue shift induced by
the quantum confinement of the carriers, and the result is a net red shift of the emission
energy, with respect to the band gap. This red shift is lower than the exciton binding energy of
CsPbBrs bulk [85, 142, 155, 157] for well sizes of less than ~ 6.5 nm, which is comparable with
the reported exciton Bohr radius [157]. Larger well sizes induce a stronger red shift, owing to
the weak quantum confinement and dominant dielectric confinement, which is a long-range
interaction [159, 164]
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Figure 6.13: Calculated emission energy shift as a function of well size for
Cs4PbBrg/CsPbBr3/CssPbBrg and CsPbaBrs/CsPbBrs/CsPbsBrs systems (only barrier material
labeled). In the strong confinement regime a net blue shift was calculated, and for weak confinement,
there is a net red shift owing to the dielectric confinement. The shaded region shows possible values
of the exciton binding energy (see text for discussion) in CsPbBrs bulk. For weak confinement,
with well size above the Bohr radius (~7nm), the net red shift can be larger than the exciton
binding energy, and thus, detectable by PL experiments. The emission shift considering a CsPbBrg
nanocrystal confined in an infinite potential is also plotted for comparison

The results of a similar calculation for the CsPbyBrs/CsPbBr3/CsPbyBrs system (Figure
6.10d) is also shown in Figure 6.13. In this case, AE, ~ 1.4¢eV, considering the reported
band-gap energies of the phases [19, 56, 58]. The system behaves similarly to the
Cs4PbBrg/CsPbBrs/CssPbBre . However, owing to the smaller AE, and larger dielectric
constant, the effects of quantum and dielectric confinement are smaller. The largest difference
in emission shift was found for the strong confinement regime, while for weak confinement,
the red shift is almost unchanged. This means that, assuming a type I band alignment for
the CsPbBrs/CsPbyBrj interface, the effect of dielectric confinement is similar for CsPbBrj
nanocrystals embedded in either CssPbBrg or CsPbyBrs. The differences in emission shift (see
Figure 6.5) are then explained by different confinement regimes. In Figure 6.13 the emission
shift of the CsPbeBrs/CsPbBrs/CsPbyBrs system with infinite potential barriers is shown
for comparison. Note that the model with infinite potential barriers, even considering the

dielectric mismatch effects in a fully correlated way, leads to overestimation of the blue shift
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for CsPbBr3 nanocrystals embedded in a solid matrix of CsPbeBrs (similar results are found
for Cs4PbBrg).

Finally, in order to understand the effects of confinement in the luminescence quantum
yield, the electron-hole overlap, which is proportional to the oscillator strength [166, 168, 169]

was calculated as:

Sen =1 (@e(re) | n(rn)) |2 (6.12)

Figure 6.14 shows the calculated S?% as a function of the well size for the
Cs4PbBrg/CsPbBr3/CsyPbBrg and CsPbyBrs/CsPbBr3/CsPbyBrs systems. The effective
electron and hole confinement results in high wave function overlap, and by extension a large
oscillator strength and enhanced luminescence. The overlap depends strongly on the well
width, and for large values it is similar to the overlap estimated considering an infinite potential
well (also shown in Figure 6.14). For strong confinement, the difference in Sgh between systems
with Cs4PbBrg or CsPboBrs barriers is small. This means that the differences in PL intensity
can be only explained by differences in the size of the embedded CsPbBrs nanocrystal. The
emission shift was also satisfactory explained by the nanocrystal size, which suggests that the
CsPbBrs nanocrystals embedded in CsPbyBrs are larger than those in Cs4PbBrg.

50 —7—————7——T—— 7
—-—--Cs,PDbBryg
40 CsPb,Brs| -

N Inf. Conf.

S2, (arb.u.)

Well Size (nm)

Figure 6.14: Calcuated electron-hole overlap as a function of well size for
Cs4PbBrg/CsPbBr3/CsyPbBrg and CsPbyBr;/CsPbBr;/CsPbaBrs systems (only barrier
material labeled). The difference between the CsyPbBrg and CsPbyBrs systems is negligible. The
overlap of the model with infinite potential barriers is also plotted for comparison

6.5 Summary and discussion

This Chapter studied composite Cs—Pb—Br materials from an experimental and theoretical
perspective, addressing three open issues undeer debate, i.e., the origin of the green luminescence
in allegedly pure Csq4PbBrg or CsPbyBrj;, the enhanced luminescence mechanism in such
materials, and under the assumption of confined CsPbBrjs inclusions, what does the the
emission shift tells about the confined nanocrystals.

First, the different recombination pathways of bulk CsPbBr3 in powder form were studied

by means of temperature- and intensity-dependent PL spectroscopy. Various PL bands were
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identified corresponding to band-to-band recombination, excitonic transitions, shallow and deep
defect-level-mediated recombination. The latter is only detectable at low temperatures < 90 K
and it is positioned ~ 200 meV below the free exciton transition, in good agreement with the
values reported by Nitsch et al. [29]. The excitonic and shallow defect levels transitions were
also measured at room temperature. Intensity-dependent PL revealed that the trap-mediated,
nonradiative recombination dominates in CsPbBrs bulk, in agreement with the enhanced
luminescence at low temperature. Furthermore, acceleration-voltage dependent CL revealed
that the radiative, shallow-trap recombination is dominant at the surface of the material. This
suggests that defects with shallow levels are more concentrated towards the surface of the
CsPbBrs.

Secondly, the intensity-dependent PL analyses of green-luminescent CsysPbBrg and
CsPbyBrj revealed the more excitonic nature of the recombination in these materials. The
green PL intensity of CsPbyBrs increases one order of magnitude with respect to the intensity
of the bulk CsPbBrs, and that of Cs4PbBrg three orders of magnitude. The emission peaks
exhibit a net red and blue shift with respect to bulk CsPbBrg for CsPbyBrs and Cs4PbBrg,
respectively. CL maps and spectra, together with EDX elemental maps revealed that the origin
of the green luminescence is CsPbBr3 nanocrystals embedded in the Cs4PbBrg and CsPbsyBrs.
This results are in very good agreement with those recently presented by Riesen et al. [147]
who used a similar microscopy approach. Additionally, CL spectra on the CsPbyBrs confirmed
the presence of a defect-associated band at ~ 1.8eV, that was reported for the mixed-phase
thin films in Chapter 5 [109].

Finally, CsyPbBrg/CsPbBr3/CssPbBrg and CsPbeBrs/CsPbBrs/CsPbyBrs systems were
modeled by various methods with different levels of complexity. The Brus model [111] with a
hydrogenic Wannier-Mott exciton [147, 170, 171] has been recently used by Cho and Yun [171] to
estimate the size of the nanocrystal inclusions in CsyPbBrg/CsPbBrj systems. They estimated
diameters from 5.6 to 6.2nm, which were larger, compared with their TEM-measured mean
diameter of 4.2nm. They attributed the discrepancy between the values to the non-spherical
nature of the embedded crystals, but it is important to point out that within their model, they
considered the effective dielectric constant ¢ to be that of the surrounding Cs4PbBrg. Also,
this model does not consider the electron-hole correlation, and the self-interaction. However,
by considering the dielectric environment with a Wannier-Mott exciton model already offers
a better approximation to the size of the nanocrystals than the simple confinement model,
which would predict sizes from 5.9 to 6.6 nm.

A more sophisticated EMA model [163] was implemented which considers quantum and
dielectric confinement of CsPbBr3 nanocrystals in a infinite potential barrier, considering fully
correlated exciton wave function. The model explained how the lower dielectric constant of
the embedding material increases the exciton binding energy in the CsPbBr3 nanocrystals,
which reduces the blue shift expected from the quantum confinement effect. The calculation
of a fully correlated system shows that the dielectric confinement depends on the size of
the nanocrystal, in contrast with the Brus model, which considers it independent. A final
model that considers finite potential barriers was studied. It was found that the dielectric

confinement increase the exciton binding energy and for large enough nanocrystals, it can
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Figure 6.15: Summary of the results of the optical characterization and the model of the (a)
Cs4PbBrg/CsPbBrs/CssPbBrg and (b) CsPbyBrs/CsPbBrs/CsPbeBrs confined systems. Both
systems exhibit dielectric confinement with 1 > 5. The system in (a) exhibits a large quantum
confinement and a net blue shift. However, the system in (b) exhibits weak quantum confinement
(L, > 7nm), which reduces the electron-hole overlap and by extension the oscillator strength. In
the weak confinement regime, the dielectric confinement exceeds the quantum confinement, which
results in a net red shift

overcome the quantum-confinement-induced blue shift, which results in a net red shift of the
exciton emission. The results are summarized in Figure 6.15.

The calculations presented here showed that the simple Brus equation overestimates the
size of the nanocrystals in the case of composite solid materials, owing to the effects of the finite
potential barriers and dielectric confinement. This suggests that for the CsPbBrs/Cs,PbBrg
material, the most likely scenario is to have strongly confined nanocrystals, regardless of the
limited blue shift reported for this material [51]. Although Kang and Biswas [46] reported a
type I band alignment at the CsPbBr3CssPbBrg interface, based on DFT calculations (PBEO
hybrid functional with 25 % exact exchange), there has not been any reports of the experimental
band alignment in this composite system. An experimental determination of the ionization
potential and electron affinity might help to confirm (or reject) the type I alignment.

In CsPbBr3/CsPbeBrs reported by Cho and Yun [171], the CsPbBr3 nanocrystals in
CsPbsoBrs are ~ 15nm in average, and in general larger than those for similarly synthesized
CsPbBr3/CssPbBrg systems. Therefore, a plausible explanation for the effective red shift
observed in the composite reported here is the larger size of the nanocrystals, which can be
expected from the close formation enthalpies of the CsPbBrs and CsPbyBrs phases — as
discussed in Chapter 4 [109]. Since no data has been reported regarding the band alignment at
the CsPbBr3/CsPbsBrs interface, the results presented here are under the assumption of type
I confined nanocrystals. Experimental or theoretical determination of the band alignment is
still necessary to complete the model.

The model presented in the present Chapter can be largely improved. In one hand, for
instance, including the influence of spin-orbit coupling, which can lead to changes in the

electron and hole states due to the band splittings of the degenerate band states [113]. Sercel

91



6. Embbeded perovskite and confinement effects in mixed-phase Cs-Pb-Br materials

et al. [172] have shown the importance of spin-orbit coupling effect in the exciton fine structure
of CsPbBr3 nanocrystals. On the other hand, the effects of non-parabolicity of the band edges
[173], the mass confinement by considering the effective masses of Cs4PbBrg and CsPbyBrjs in
the calculation, and a three dimensional model that considers the anisotropy of the effective
masses and dielectric mismatch can also provide additional information on the optical properties

of the Cs—Pb—Br composites considered here.
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In the present work, the composition as well as optical and structural properties of the ternary
phases in the Cs—Pb—Br material system — CsPbBrs, Cs4PbBrg and CsPbyBrs — were studied
by means of a combination of diffraction and spectroscopy techniques. Theoretical calculations
were performed in order to help understanding the experimental results and explain the effect
of quantum and dielectric confinement in mixed-phase materials.

The various ternary phases coexist in thin films grown by different deposition methods,
which agrees well with the DFT calculations that resulted in very similar formation enthalpies
of the ternary phases. The phase distribution was investigated with a spatial resolution of
down to 50 nm by correlating the elemental and luminescence distribution maps of the surfaces
and the cross section of the films. It was found that the absorption of visible light in these
mixed-phase films is dominated by the absorption of the low-band-gap CsPbBrs, but that
the emission can exhibit contributions of the other phases in case the excitation energy is
sufficiently large. Low-energy emission bands and blue shifts in the luminescence spectra were
explained by deep defect recombination and interface strain.

Phase transition and its influence on the luminescence yield were also investigated in
coevaporated CsPbBrs/CsPbgBrs thin films. Owing to their very similar formation enthalpies,
CsPbyBrs can be transformed into CsPbBrg + PbBry by annealing at elevated temperatures.
Using in-situ XRD, it was found that the transformation CsPbyBrs; —— CsPbBrs + PbBry
only takes place when annealing above 580 K, and that annealing at lower temperatures only
leads to crystal structure transitions and increase of the domain size in CsPbBrjs, together
with thermal expansion of CsPbyoBrs. PL analyses revealed that after annealing, the broad
low-energy transition — localized within CsPbyBrs and at its interface with CsPbBrs — is
enhanced and the green emission is quenched. These results lead to the conclusion that defects
of the PbBro-rich phase at the CsPbyBrs/CsPbBrj interface are detrimental to the PLQY of
the film, which is in contrast to a passivation mechanism proposed by other authors.

The origin and properties of the green luminescence in presumably pure CsyPbBrg and
CsPboBrs was also investigated. Green luminescent bulk CssPbBrg and CsPboBrs were
characterized, and evidence for CsPbBrs nanocrystals embedded in the solid matrix was

found. The green PL intensity in these composite materials is higher by one to three orders of
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magnitude than in the CsPbBr3 bulk, featuring a blue shift in the case of Cs4PbBrg and a red
shift for CsPboBrs. These experimental results were explained by means of an effective mass
approximation model of the confined system.

It was found that the widely used Brus equation with a Wannier-Mott exciton
model, underestimates considerably the size of nanocrystals embedded in a solid matrix
with lower dielectric constant. A model that takes into account the finite potential
and full electron-hole correlation was introduced for CssPbBrg/CsPbBrs/CssPbBrg and
CsPbgBrs/CsPbBrs/CsPbeBrs quantum well structures. The model showed that dielectric
confinement increases the exciton binding energy, which results in an emission red shift,
which for sufficiently large nanocrystals can overcome the quantum-confinement-induced
blue shift. The model also explained the bright, green emission and modest, blue shift of
Cs4PbBrg measured experimentally on strongly confined nanocrystals. The red shift and
modest enhancement in emission measured for CsPbyBrs was explained by larger nanocrystals,
which results in the dielectric confinement effect being stronger than the weak quantum
confinement. The theoretical and experimental results are in good quantitative agreement,
also with experimental results reported by other authors.

In order to gain a deeper understanding of this material system, similar studies should
be conducted considering the reverse phase transformation 2 CsPbBrs —— CsPbyBrs + CsBr,
which has been reported to occur upon exposure to HoO. Additionally, the implications of
confinement effects can be further investigated by studying composite materials with CsPbBrs
inclusions of controllable size. X-ray photoluminescence spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) can be used to estimate the bands positions of the different
phases and estimate the band alignment of the different phases to feed the theoretical model.
Furthermore, the model can be improved by considering three-dimensional finite confinement,
as well as infinitely extended potential barriers, in order to resemble the experimental conditions
more accurately. This can be implemented by finding a numerically exact solution by means
of configurations interaction.

In summary, the present thesis shows how correlative microscopic compositional and
luminescence mapping are valuable tools to understand the macroscopic optical properties
of CsPbBr3 and related materials. The combination of the optical spectroscopy, structural
characterization, microscopic correlative investigations, and theoretical modeling provided
insights into the physics of the debated green luminescence of Cs—Pb—Br material sytems,
and can be an important basis for the explanation of similar phenomena in other lead-halide

perovskites.
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Electron-hole generation in

cathodoluminescence

Assuming that backscattered electrons lose a negligible amount of energy when interacting
with the sample, the amount of electron-hole pairs generated per incident electron can be

estimated as:
_ Ey(1—n)
Eeh

where Ej is the electron beam energy, 7 is the backscattering coeflicient, E.j is the energy

Geh (Al)

necessary to generate an electron-hole pair from ionizing radiation, which can be estimated as
independent of the beam energy and as a function of the band gap using a common relationship
[98, 174, 175]

Eep =21E,+1.3 (A.2)

where F, is the band gap of the material. The backscattering coefficient 7 is the fractional
beam energy loss due to backscattered electrons and can be estimated as a function of Ej and

the material composition as [176]:

n=Ec (A.3a)
0.9211
c=0.1904 — 0.22351n Z + 0.1292In Z? — 0.01491In Z3 (A.3c)

where Z is the atomic number. A weighted sum of the backscattering coefficients n; for each

element, for a multi-element material can be used for compounds [91].

n= Z Cﬂ]i (A.4a)
: n;A;
&_Em& (A.4b)
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A. Electron-hole generation in cathodoluminescence

where A; is the atomic weight of element ¢ and ¢; its number of atoms per formula unit.

The generation rate per unit volume per second, can be then obtained from G, in equation
A.1 simply by multiplying with the beam current I, and dividing by the elemental charge e
and the interaction volume V' [105, 106]:

LG

G(Ey, Iy, Ey) = o (A.5)

In the simplest way, the interaction volume can be estimated using a simple spherical
approach, where we calculate the diameter of the interaction sphere from the Gruen penetration
depth (equation 3.4) as the diameter of the sphere. If we recall equation 3.3 and the discussion
in section 3.2.2, the injection conditions, which depend on the Generation rate GG, depend thus
in a CL experiment from the beam energy (acceleration voltage) and beam current. Studies of
excitation-dependent CL measurements demonstrated that the emission intensity depends on

the beam current as a power law [91]:
Iem—cr o< I} (A.6)

where m varies between 1.0-1.12 for a n-type materials, and between 1.0-1.8 for p-type
materials. m values between 1-2 indicate mixed high and low injection conditions, and m =1
indicate low injection conditions. However, for low doped materials, low injection conditions
are difficult to achieve, since very high generation rates may be required to get a measurable

CL signal.
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Effective mass and envelope

wavefunction approximations

B.1 Effective mass approximation

In a perfect crystal, it can be considered that electrons feel the influence of an average, periodic
electrostatic potential Vepys(r) = Vipys(r + T) — where T is the crystal translation vector —
that describe the interaction of the electron with other electrons in the crystal and the nuclei.

The wavefunction describing the system is then the solution of the following Schrédinger

equation:
R,
<—2V + Vcrys(r)) (r) = E¢(r) (B.1)
mo
where mg is the mass of the electron and F the energy. The solutions to equation B.1 are:
P(r) = uy(r)e™T (B.2)
where €% is a plane wave slowly varying along the crystal, and uy(r + T) = uy(r) is a Bloch

function that has the same periodicity as the crystal potential V.. s(r) and describes the
changes of the wavefunction within the unit cell [177]. Under the assumption that only states
from a narrow region in k-space have a significant contribution, the energy near the band edge

can be approximated as:

h2

*
2m}

Ec(k) = Eg+ 5 — | k|? (B.3)

where E.(k) is the energy of the conduction band, Ey is the (electronic) band gap of the
semiconductor and m} is the Bloch electron effective mass in the crystal. A similar relation

can be obtained for the holes in the valence band.
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B. Effective mass and envelope wavefunction approximations

B.2 Envelope function approximation

In confined systems, the dimensions of the confined region is usually large, compared with the
lattice constant of the crystal. Therefore, it is reasonable to assume as a first approximation
that the changes in the band structure of the confined system is weak [113]. Under this
approximation, the wavefunction can be expanded as the product of an envelope function
x(r) and the Bloch function. A detailed derivation of the wavefunction is elegantly presented
by Davies [178]. Here it is sufficient to state that the envelope function can be treated as a
localized quasi-particle, and that the system can be described by the Schrédinger equation

with an effective Hamiltonian:

2m*

2
<— "Gy Vem(r)> x(r) = (E — Eg)x(r) (B.4)
e
where V.. is the external potential, that describes — for instance — the confinement effects.
A similar equation can be used to describe the holes.

The simplest approximation to a confined system is the infinite potential well. Assuming a
spherical confined nanocrystal, within the effective mass and envelope function approximations,
the lowest electron energy of an electron in a crystal confined in an infinite spherical potential
quantum well can be solved using a hydrogenic wavefunction, which will not be discussed
in detail in this thesis and can be found in several text books (see, for instance Szabo and

Ostlund [179]) [113]:

h2

F~F
g+8mzr2

(B.5)

where 7 is the radius of the sphere.

B.3 Excitons in the envelope function approximation

When an electron is excited to the conduction band, and a hole is generated in the valence
band, they can form bound electron-hole pairs known as excitons, owing to their mutual
Coulomb attraction. One of the simplest models used to study excitons within the effective
mass theory is the Wannier-Mott model [170], which solves the exciton envelope wavefunction,
®(R., Ry), from the wave equation [180]:

h2 5 _LQ s 62 o
o2m: Re omr "Bh o 4ree R, — Ry, |

(Re, Rp) = FEere®(Re, Rp) (B.6)

where m; Ih is the electron/hole effective mass, R, /n 1s the electron/hole position, ¢ is the
relative effective dielectric constant, gg is the vacuum permittivity, e is the electron charge

and Fe,. is the exciton energy.

meRe+mpRp
me+m)h

and the relative position of electron and hole, r = R, — Ry, as a separable equation:

Equation B.6 can be expressed in terms of the center of mass coordinates, R =

2
o VRU(R) = Brii(R) (B.72)
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B.3 Excitons in the envelope function approximation

P 2 i = Bew (B.7h)
2u* T dmeeg | | " ’

where M = m, + mj, and p* is the reduced mass of electron and hole:

1 1 1
1% m mh

e
The solution to equation B.7a is that of a free particle with kinetic energy:
h2K2
2M

where K is the norm of the wave vector of the particle. On the other hand, equation B.7b

Ep =

(B.9)

can be solved in a similar fashion to equation B.5. Assuming isotropic effective masses, the
eigenvalues will depend only on the principal quantum number n, and the solutions to equation
B.7b is of the form:

,LL* 64

Er = Econt -
8e2e3h?n?

(B.10)

where E.,,: is the lowest energy of continuum states, which in the case of a semiconductor is
the gap energy E,. Notice that the second term is related to the Coulomb interaction between
the electron and hole, and describes the exciton binding energy Ej,. The total energy of the

exciton is given by:
h2K2 M*€4
2M  8e2e3h?n?

Eeve = By + (B.11)

If the transition of interest is that close to the I' point, the second term in equation B.11
vanishes, and the optical transition energy of the exciton is the difference between the band

gap and the exciton binding energy.
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Band structures and dielectric tensor
of Cs—Pb—Br ternary phases

C.1 Band structures of the Cs—Pb—Br ternary phases

Figure C.1 shows the band structures calculated at the PBE and PBE + SOC levels. The band
gap calculated at the PBE level is in good agreement with the experimentally measured value
for the CsPbBr3 and Cs4PbBrg. However, this is a fortuitous agreement, due to a cancellation
of errors at the PBE level for halide perovskites [181]. The inclusion of spin-orbit coupling
changes reduces the band gap of CsPbBrs in ~ 42%, that of Cs4PbBrg in ~ 19% and that of
CsPbyBrs in ~ 17%. SOC also splits the lower conduction bands and changes the dispersion.
These changes are also more pronounced for the CsPbBrz, whose bands become more disperse,
and for the Cs4PbBrg, whose bands lose dispersion. The bands of CsPbyBrs also split, but
the band dispersion remains almost unchanged. These results suggest that the influence of
spin-orbit coupling on the band structure is related to the dimensionality of the crystal and
the Pb coordination, which is very different in the CsPbyBrs. Although interesting, this
phenomenon is out of the scope of the present thesis. It is sufficient to understand that the
inclusion of SOC provides reasonable band characteristics, with exception of the band-gap

energy, as it has already been shown in the literature [46].

C.2 Anisotropy of the dielectric tensor in Cs—Pb—Br ternary

phases

The dielectric tensors of the three Cs—Pb-Br ternary phases are diagonal due to the symmetry
of the crystals. Table C.1 summarizes the diagonal elements of the dielectric tensor for all the
three phases, calculated with and without spin-orbit coupling. The magnitude of the dielectric
constant is not largely affected by the spin-orbit coupling. However, for the CsPbBrg, there is
a change in the relative magnitude of the tensor components. For the CsPbsBrs the dielectric

constant changes only slightly, and that of the Cs4PbBrg does not change at all by including
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Figure C.1: Band structure of the ternary phases of Cs—Pb—Br, calculated at the PBE (a, ¢, ) and
PBE + SOC (b,d,f) level of theory. Notice that including SOC splits the bands in the conduction
band and modifies the dispersion of the conduction bands. The effect is more pronounced for the
CsPbBr3 and CssPbBrg, than for the CsPbyBrs
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C.2 Anisotropy of the dielectric tensor in Cs—Pb—Br ternary phases

SOC. The latter result could be related to the low dispersion of both valence and conduction
bands (see Figures C.1c and d), which does not change with SOC. The more disperse bands of
CsPbBrs and CsPboBrs are more affected by the band splitting induced by SOC, especially
CsPbBrs. These results emphasize once more the importance of SOC in the calculation of the
electronic structure of halide perovskites and related materials, but a more in-depth study is

necessary to draw definitive conclusions.

Table C.1: High frequency dielectric tensor (diagonal components) of the three ternary phases of
the Cs—Pb-Br system caculated at the PBE and PBE+4SOC level

PBE PBE + SOC
2z Sy E22 | oz gy Ezz
CsPbBrs 42 42 40|41 45 4.0
Cs4sPbBrg 3.1 31 31|31 31 3.1

CsPbsBrs 50 50 3.7|52 52 38

Phase

For CsPbBrj the dielectric constant is larger in the direction of the b lattice vector (see
Figure 6.12)a in the main text), which is the largest one of the orthorhombic structure
(b = 11.75A). The second largest dielectric constant is that along the a = 8.54 A lattice
vector, and finally that along the ¢ = 8.06 A direction. This suggests that in the CsPbBrs,
the polarizability increases as the unit cell is stretched, which results of the octahedra tilting.
This phenomena appears to be related to the one described by Kang and Biswas [46], in which
the aligned Pb—Br bonds yield large Born effective charges and dielectric constants. On the
other hand, the dielectric constant of Cs;PbBrg is isotropic, and can be understood when
looking at the primitive cell in Figure 6.12b (obtained as with the AFLOW-online tool [182,
183]). The disjoint octahedra not only reduces the band dispersion, but also hinders the lattice
polarization which results in a lower dielectric constant. The orientation of the octahedra
relative to one another seems to influence little the dielectric response of the material.

Finally, the CsPboBrs exhibits a strong polarizability in the ab plane, caused by the face-
sharing PbBry prisms forming planes (see Figure 6.12c). This results is an in-plane dielectric
constant that is even larger than that of the CsPbBrs, regardless of the larger band-gap energy.
The polarizability in the ¢ direction is closer to that of Cs4PbBrg: The discontinuous planes
inhibit the lattice polarization in that direction and reduce band dispersion in certain directions
(see, for instance I'-Z or Z—P directions in Figure C.le and f), which in turn, reduces the

dielectric constant in this direction.
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Quantum and dielectric confinement

model: additional results

D.1 Effect of surrounding dielectric on the exciton binding

energy for different confinement regimes

Considering the modek with full electron-hole correlation with infinite confinement potential,
as described in Section 6.4.3 in the main text, the effect of the dielectric environment was
investigated as a function of the well size. The results are plotted in Figure D.1. Note that
for 9 > €1, quantum confinement has a non-negligible effect on the exciton binding energy
in the strong confinement regime (Ej, ~ 85meV when L, ~ 1nm), while in the moderate
and weak confinement regimes, the exciton binding energy is ~ 60 meV, which is the value
reported for bulk CsPbBr3. For s ~ €1, the effect of confinement on the binding energy is
not negligible anymore under the moderate confinement, and it is enhanced in the strong
confinement regime, with E, ~ 70 — 160meV for L, ~ 6 — 1nm. Finally, when g5 < €1,
the binding energy is considerably increased, even in the weak confinement regime, with

Ey ~92meV for L, ~ 10nm, and Ej ~ 320meV for L, ~ 1 nm, assuming 9 = 2.

D.2 Influence of band alignment on the exciton properties

Additional to the effects of confinement discussed in the main text, different types of band
alignment and their influence on the emission shift, and the exciton binding energy were
investigated. Figure D.2 shows the different types of band alignment modeled. A type I system
was modeled by setting the conduction and valence band offsets — AFE,. and AE, — equal:
AE. = AE, = AE;/2. A quasi type I system was modeled by setting the conduction band
offset as zero, and the adjusting the valence band offset: AE. = 0eV and AE, = AFE,. Finally,
a type II system was modeled by setting a negative conduction band offset, i.e. electrons in
the conduction band do not feel confinement on a well, but a potential barrier: AE. = —0.1eV
and AE, = AE; +0.1eV.
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Figure D.1: Calculated exciton binding energy (E;) for CsPbBrs nanocrystal, modeled as an
infinite potential well, as a function of the well size (L,). The curves calculated considering different
dielectric constants of the surrounding medium (e2) are shown. The dielectric constant of CsPbBrg
is assumed as €1 = 5.0.
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Figure D.2: Three types of band alignment (confinement) are considered. Type I considers
effective confinement of the wave functions of the electron and hole, by setting AFE, and AFE, > 0.
Quasi-type I confinement considers a flat conduction band AFE,. = 0, which results in lost of
confinement for the electron. Type II considers a negative potential barrier for the electrons inside
the well AE, < 0, which effectively confines electrons to the shell.
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D.2 Influence of band alignment on the exciton properties

D.2.1 Cs4PbBrg/CsPbBr3/Cs;PbBrg system

Figure D.3 shows the emission energy and the exciton binding energy as a function of the
well size for different types of band alignment. The first interesting feature to notice is that
the exciton binding energy is largest for type I confinement. This can be explained by the
localization of both electron and hole in the well region, which increases both the wave function
overlap and the Coulomb interaction. Thus, the dielectric confinement is enhanced in type
I systems. This result is similar to that of a system with infinite potential barriers as the
one discussed in Section 6.4.3 in the main text. However, in this case the effect of quantum
confinement on the emission shift and binding energy is less pronounced than for the infinite
barriers (Figures 6.11 and D.1).

As the conduction band offset is reduced, the electron gets delocalized and the overlap
with the hole and their Coulomb attraction is reduced. The results is a weaker electron-hole
interaction and a reduced exciton binding energy for quasi-type I and type II systems (Figure
D.3). The effect of the band alignment on the emission shift is also interesting. Both the blue
and red shift in strong and weak confinement regimes are strongest for the type I system. In
order to understand this, it is worth it to analyze the self-interaction of the carriers (<Vi56lf >,
Figure D.4a and b) and the Coulomb interaction ((V.), Figure D.4c) for the different band
alignments. On the one hand, the self-interaction of the electron is severely affected by the band
alignment, and it increases as AFE. decreases, since the potential barrier created by the band
mismatch hinders the interaction of carriers inside the well with the induced charges outside.
In contrast to the electron, the hole remains localized and the self interaction contribution
does not change. The Coulomb interaction, on the other hand, decreases (in magnitude) as a
result of the electron delocalization as the AFE,. decreases. The result of a weaker self- and
Coulomb interaction contributions for quasi type I and type two systems is a less pronounced
emission shift.
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Figure D.3: Calculated (a) emission energy shift and (b) exciton binding energy for a
Cs4PbBrg/CsPbBrs/CsyPbBrg system, considering different types of confinement. The effective
confinement of both electron and hole in a type I system yields a large exciton binding energy, due
to the larger wave function overlap, in comparison with quasi-type I and type II systems. This
is also reflected in the emission shift: the type I system exhibits larger blue (red) shift in strong
(weak) confinement regimes. The dash-dotted horizontal lines are the zero shift (no shift with
respect to the band gap) in (a), and the 60 meV exciton binding energy reported for bulk CsPbBr;

D.2.2 CsPbyBr5;/CsPbBr3/CsPbsBrs system

A similar calculation was also performed for the CsPbyBrs/CsPbBr3/CsPbyBrs system. In
this case, AE, ~ 1.4eV, considering the reported band-gap energies of the phases [19, 56, 58].
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Figure D.4: Calculated (a) electron and (b) hole self-interaction energies as a function of the
well size, for different types of confinement. As the electron barrier decreases (type I — type
IT), the electron self-interaction increases. The hole self-interaction remains unchanged. (c¢) The
Coulomb interaction as a function of the well size, shows the effects of charge delocalization on the
electron-hole interaction

Figure D.5 shows the calculated emission shift and binding energy as a function of the well
size. The system behaves similarly to the one described above for Cs4PbBrg barriers. However,
owing to the smaller AE, and larger dielectric constant, the effects of quantum and dielectric
confinement are less pronounced than in the previous model. Therefore, the binding energy, as
well as the emission shift, is smaller than in the system described in Section D.2.1 for all the
three types of confinement.

In Figure D.5 the emission shift and the binding energy of the system with infinite potential
barriers are also shown for comparison. Note that the system confined with infinite potential
barriers, even considering the dielectric mismatch effects in a fully correlated way, can lead to
overestimation of the blue shift for nanocrystals embedded in a solid matrix. Similar results

to those in Figure D.4 were found for the CsPbyBrs system.
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Figure D.5: Calculated (a) emission energy shift and (b) exciton binding energy for a
CsPbyBr; /CsPbBrs /CsPbaBrs system, considering different types confinement. The results are
explained in a similar matter as those in Figure D.3, but for CsPboBrs barriers, the effects of
quantum and dielectric confinement are softer owing to the reduced AE, and €. The calculated
shift and binding energy for a system confined in an infinite potential well (no band gap mismatch
considered) are shown as the dotted blue curves for comparison. The dash-dotted horizontal lines

are the zero shift (no shift with respect to the band gap) in (a), and the 60 meV exciton binding
energy reported for bulk CsPbBrj

D.2.3 Effect of band alignment in the electron-hole overlap

In contrast to the overlap for type I system (Figure 6.14), that of the quasi type I system
is lower and independent of the well size. This particular behavior can be attributed to the

differences in localization of electron and hole: while the hole localization depends on the well
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Figure D.6: Calcuated electron-hole overlap for a CsPbyBrs/CsPbBrs/CsPbyBrs system as a
function of the well size, considering different types of confinement. The overlap of type I system
depends strongly on the size, and for larger sizes is comparable to the model with infinite potential
barriers (dotted, blue line). The overlap in quasi type I systems is size independent, and that of
type II systems only depends weakly on the size.

size, the electron is delocalized owing to the flat conduction band. Therefore, the electron-hole
overlap is dominated by the electron degree of localization, and the system is insensitive to
the changes in the well size. The enhanced luminescence should be rather insensitive to the
nanocrystal size for a quasi-type I system. Finally, for a Type II system, the overlap — and by
extension, the oscillator strength — depends weakly on the nanocrystal size. This is attributed
to the weak localization of the electron towards the shell (since the system model here considers
finite width barrier). However, since electron and hole are localized to different regions, their

overlap — and in consequence, luminescence — is low and weakly dependent on the size.

D.2.4 Final remarks

The model proposed here predicts high luminescence for type I strongly confined nanocrystals,
resulting from the large electron-hole overlap due to the effective confinement of both carriers.
The luminescence is strongly dependent on the size of the nanocrystal, contrary to quasi type I
systems with flat conduction band, in which the overlap — and consequently the luminescence
— is independent of the size. The transition from net blue to red shift is also dependent on the
band alignment: for type I systems the transition takes place at larger nanocrystal sizes than

for quasi type I or type II.
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