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Abstract

Quantum cutting (QC) can minimize losses in c-Si solar cells by converting one high energy photon into
two low energy photons. Yb**-doped CsPbCl; is able to perform quantum cutting due to the favorable
combination of absorption wavelength of the perovskite (415 nm) and the emission wavelength of the
Yb (975 nm). Cathodoluminescence was used to study the optical properties of Yb**-doped CsPbCl;
and the perovskite-Yb energy transfer process. CL is the emission of optical radiation by a material in
response to excitation by incident high-energy electrons. To the best of our knowledge, this work
presents for the first time spatially resolved CL emission spectra and CL decay traces of CstCI3 and
Yb-doped CsPbCls encapsulated in a silica matrix. With the high spatial resolutlo neastreme
local variations in luminescence and lifetime could be determined, providi
the samples at the nanoscale. To examine how QC behaves in Yb**-doped e He
CL, both CL emission spectra and CL decay traces were studied. The excitation of the optically
forbidden excited state of the Yb ions is likely the result of both QC and self-excitation by incident high
energy electrons. The results showed several indications for energy transfer from the perovskite host to
the excited state of Yb, however quantifying to what extent QC is responsible for excitation of Yb was
not feasible. The encapsulation in silica molecular sieves was found to be very successful for electron-
based studies. This work also introduced a method to measure longer CL lifetimes within our set-up and
the emissive lifetime of the *Fs;» = *F7p, transition of Yb** could therefore be measured.
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Introduction

The alarming shift in climate patterns is mainly caused by the exponential rise in greenhouse gas
emissions, coming from the extensive use of fossil fuels over the past centuries." As climate change
worsens and the worldwide demand for energy increases, the use of efficient renewable energy
technologies becomes more important. The abundant energy of the sun is in principle enough to supply
the whole world with renewable energy.? Photovoltaic (PV) materials convert photons into electricity
using semiconducting materials.” Crystalline silicon (c-Si) is the most abundant used PV material,
however it is reaching its theoretical limit. Moreover, there is a mismatch between the incident solar
spectrum and the absorption spectrum of silicon, which results in major energy loss.” Photons with
energies larger than the silicon band gap are absorbed, but the excess energy is lost to the creationj of
phonons. Therefore only a fraction of the incident solar spectrum is used to produce electricity and-cell
efficiency is limited.’

To make more efficient use of the solar spectrum, recent research focuses on incorporating down-
converting materials into a thin transparent layer on top of the solar cell.*> Down-conversion (DC) is
the process of converting one incident high-energy photon into two or more low energy photons.® This
down-conversion of photons can lead to quantum efficiencies of more than 100% and is therefore also
referred to as quantum cutting (QC).” Figure 1 plots the global standard solar spectrum and the fractions
that can be absorbed by c-Si (green).” Analysis of the energy content of this spectrum shows that DC
can potentially result in the absorption of an extra 15% of the total solar spectrum, which would normally
be lost to thermalization.®
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Figure 1. AM1.5G solar spectrum (purple) showing the conversion of the absorbed part of the solar spectrum for
a c-Si solar cell (green) and the potential gain for DC (red) and up conversion (UC, yellow), which is outside the
scope of this thesis. The potential gain for DC reflects the extra energy that can be absorbed by Si if every photon
with an energy higher than two times the Si band gap is converted into two photons in the near infrared range
where absorption by Si is very efficient. Note that the figure considers no other losses than spectral mismatch
losses. Figure taken from Ref. 7.

To increase the efficiency of ¢-Si solar cells with DC, it is important to study materials with rich energy
level structures that allow for efficient modification of the incident solar spectrum. Doped perovskites
are one of the most promising materials for DC and in the past few years they have become the subject
of extensive research interest due to their potential for high-efficiency and low-cost solar cells which
allows for large scale application.”® One of the many interesting and promising fundamental
photovoltaic properties of perovskite solar cells (PSCs) is the possibility to alter the versatile chemical
composition of the perovskite lattice and consequently tune the intrinsic band gap.'® In recent research
there has been growing interest in lanthanide-doped perovskites as a way to introduce new optical,
electronic and other capabilities.”'""' Lanthanide ions are in general optically active elements that can
provide energy levels within the band gap of the material and therefore can induce the appearance of



optical transitions at energies lower than that of the fundamental absorption.'? The absorption and
emission at these various energy levels allows for DC processes. '

DC in lanthanide-doped perovskites have been studied with photoluminescence (PL) and various other
optical characterization techniques to gain more insights into the energy-transfer processes and carrier
dynamics.>'*'® However, these carrier dynamics can also be studied by excitation with fast electrons
and can give insights in the electron-matter interaction.'”'* Cathodoluminescence (CL) is the emission
of optical radiation by a material in response to excitation by incident high-energy electrons, similarly
to how materials can be excited by incident photons in PL.*° CL is a powerful method to optically
characterize nanostructured materials with the deep-subwavelength resolution and CL measurements
can identify compositional variations derived from spatial maps with nanometer resolution based on
luminescence variations.”* CL emission can be used to explore many fundamental properties of matter
that cannot be obtained using optical excitation and it therefore has broad areas of applications, as is
described later in more detail. An application of particular interest to this thesis is the study of temporal
dynamics of carrier diffusion and recombination as well as the statistics of light emission processes via
the time resolved collection and analysis of the emitted light.

CL can play an important role in revealing properties of doped perovskites and expand the fundamental
understanding of this new group of functional materials. Perovskite materials have stability issues and
are known to be very fragile.?' This gives a substantial number of challenges for the development of
perovskites toward practical applications. Electron beam studies on perovskites can give more insights
into the impact of electrons on the structural stability, to guide future design of more robust perovskites.

This thesis focuses on cesium lead chloride perovskites (CsPbCls), both undoped and doped with
ytterbium (YD) ions, that are encapsulated in a silica matrix for improved stability. CL is used to study
the decay traces and spontaneous emission statistics of electron-excited carriers. To the best of our
knowledge, this is the first work that presents spatially resolved CL emission spectra and CL decay
traces of the studied halide perovskites. These measurements can give fundamental insights about the
optical properties of these materials and the quantum cutting mechanisms. The aim of this work is to
gain a better understanding of the energy transfer processes and carrier dynamics in these specific
materials and to evaluate how the sample reacts to incident electrons of different energies. With the high
spatial resolution of CL measurements local variations in luminescence and lifetime can be determined
and can give more information at the nanoscale. Besides expanding the current framework of knowledge
on lanthanide doped perovskites, this work also aims to give more insight into the technical potential of
the CL technique used to study emission dynamics in lanthanide doped perovskite composites.

In the first Chapter of this thesis a theoretical framework is given in which the characteristics of both
perovskite and ytterbium are addressed and quantum cutting in this specific material is explained. In
Chapter 2, cathodoluminescence imaging as well as the experimental set-up is described, and specific
newfound features are explained. In Chapter 3 the CL emission spectra are shown to analyze spectral
characteristics of the doped and undoped CsPbCl; upon excitation by incident electrons of different
current and to identify microstructural information with regions of enhanced emission. Additionally, the
dynamics of carriers in the perovskite samples and variations in luminescent lifetimes are discussed
based on time-resolved cathodoluminescence (TR-CL) imaging. Subsequently lifetime measurements
for Yb are shown and discussed. In the final Chapter, these results are summarized an outlook for further
research is presented.



1. Ytterbium doped perovskites

In photovoltaic (PV) materials only photons with energies above the bandgap get absorbed, but all
excess energy of high-energy photons is converted into heat, a loss known as thermalization loss or
quantum defect.” Quantum cutting can minimize this loss by transforming high energy photons into
multiple low energy photons. Figure 1.1 shows a diagram of how a simplified QC layer can be placed
on top of a PV material. This layer absorbs high energy photons and emits converted low energy
photons, while also transmitting other lower energy incident photons that were not absorbed by the QC
layer. In this way an additional part of the solar spectrum can be absorbed efficiently by the PV layer.
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Figure 1.1. (a) Solar spectrum with highlighted regions for ideal quantum cutting and photovoltaics absorption.
The schematic in the inset shows a simplified QC-PV architecture. (b) General mechanism of a QC layer in
combination with a PV layer in which the lower band gap material in the QC layer emits two photons that can be
absorbed by the PV layer. Figure taken from Ref. 22.

With the QC layer a theoretical photoluminescence quantum yield (PLQY) of 200% can be reached if
the emitted photons are half the hosts’ bandgap energy and every incident high energy photon is
converted into two low energy photons. Quantum yield is defined by Equation 1.1.

__ N(photons emitted)
- N(photons absorbed)

Eq. 1.1

Yb*":CsPbCls is an excellent QC system for Si-based solar cells, because of the match of the absorption
wavelength (415 nm or 2.99 eV) of the perovskite and emission wavelength of the Yb ions (984 nm or
1.26 eV), which is right above the c-Si bandgap (1.1 eV).?

In order to gain a better understanding of the quantum cutting process in Yb-doped CsPbCls, first the
perovskite structure as well as the lanthanide doping process is explained. Subsequently, different

proposed energy-transfer models of the system are explained and discussed.

1.1 Perovskite structure

The perovskite crystal lattice structure exhibits a ABX3 base configuration, which is depicted in Figure
1.2.



Figure 1.2. Schematic crystal structure of ABX3 perovskite lattice arrangement. Figure taken from Ref. 10.

Such a structure consists of a monovalent organic or inorganic cation A, surrounded by a network of
octahedra consisting of a central metal cation B and six halogen anions (X).'*!' By altering the
composition of the lattice, the optical and electronic properties can be controlled, which can lead to
tunable bandgap and enhanced quantum yields.'® The fundamental properties can also be modified by
intentionally introducing heteroatoms into the target lattice, also referred to as doping.'® Doping in
general does not change the host crystal structure and basic characteristics much, since only a small
amount of impurities are introduced to the lattice.'® This work focuses on the metal halide perovskite
CsPbCl;, that has a bandgap of 2.99 eV (415 nm).** The band edge emission has a reported average PL
lifetime of a few nanoseconds.’* %

1.2 Lanthanide doping

Lanthanides are the elements 57 (La) to 71 (Lu) in the periodic table and have been widely explored as
optically active dopants.'>*® Their 4f inner shell is filled with up to 14 electrons and they usually occur
in their trivalent form (Ln*"). Doping trivalent lanthanide ions into all-inorganic CsPbX; (with X = Cl
or CI/Br) perovskite nanocrystals have been found to be very suitable, since the octahedral coordination
is compatible for Ln*" doping.'?> Over the past three years, remarkable success has been achieved with
Yb-doped perovskites, combining the optoelectronic properties of the perovskite host with the electronic
transitions of the dopants. Especially Yb*"-doped CsPbCl; nanocrystals and thin films have shown
exceptional high PLQY due to down-conversion.”> Doping with other lanthanides, such as Eu**, has also
been explored.”?*” Eu’* has multiple radiative transitions between the Dy excited state and the 'F,
manifold, that show emission in the range of 600 to 700 nm.?” Down-conversion is not possible for this
system, however the energy transfer process between host and Eu*" ions is described as down-shifting.”
During this process only one low energy photon is emitted for one incident high energy photon and
energy is lost due to non-radiative relaxation. This also results in a lower PLQY for these systems when
compared with Yb**-doped perovskites.*

1.2.1 Ytterbium transition

Yb is an element of the lanthanide series with atomic number 70 and is also commonly referred to as
rare earth element. However, it is not rare in terms of average crystal abundance, instead the
concentrated deposits are limited in number.?® Trivalent ytterbium ions (Yb*") have a valence electron
configuration of 4/ 5s°5p°, and these atomic states are crucial to understand the DC process in Yb-based
materials. The partially filled 4f shell is shielded from the surroundings by the filled 5s° and 5p° orbitals
and is therefore relatively stable, which is essential for the DC process.” Yb** has one optical transitions,
between the *Fs; and *F7» energy levels, with an energy difference of 975 nm or 1.27 eV.** Theoretically,
such 4f > 4f transitions are not allowed under the Laporte rule, stating that transitions between
symmetrical atomic orbitals (s-s, p-p, d-d, f-f) are parity forbidden.” This means that inversion of the
sign of one or all spatial coordinates is not allowed and therefore Laporte forbidden transitions are very
weak.?? Nevertheless, small changes in symmetry of the orbital configuration, as a result of admixture
of opposite parity states upon introduction to a host material, provide alteration from the intrinsic
symmetry which makes the transfer slightly allowed.” A higher covalence of the host, which can also
be described as a less electron negative host that can share its bonding electrons for a covalent bond,
makes the forbidden transition more allowed. This is because the energy difference between electronic



transitions between energy levels, which are determined by electron interactions, becomes smaller.*’
Ultimately this results in a stronger absorption band. The partially forbidden character of the transition
makes it possible that an excitonic transition from a host, for example a perovskite crystal, to Yb** may
lead to population of the *Fs, state.” The excited state is then long-lived, but eventually emits a low-
energy photon with high efficiency.? Literature reports slightly different average PL lifetimes for this
Yb*" transition, depending on the host composition and different Yb*" concentrations. In CsPbCl;
nanocrystals (NC) determined lifetimes vary from 589 us and 941.9 us to over 2 ms.?***° In other
systems, such as lanthanide fibers, lifetimes from 470 to 830 us were found.'

1.2.2  Ytterbium incorporation in the perovskite crystal lattice

For incorporation of Yb*" in the perovskite lattice the Yb ion partially replace another ion. Pan et al.
performed density functional theory (DFT) calculations in previous studies to investigate the position
possibilities of the Yb*" ion, ° The formation energies of three different defects in the perovskite, at the
interstice, at the location of Cs, and at the location of Pb, were calculated. The formation energy of the
Pb defect showed to be always the lowest, which indicates that Yb*" will tend to occupy the Pb** site.”
Since Pb and Yb have different valences, 2+ and 3+ respectively, the charge difference needs to be
compensated upon incorporation of Yb*" in the lattice. Milstein et al. suggest that the charge is balanced
by the introduction of Pb vacancies (Vpp) in the perovskite nanocrystals.”> A charge-neutral Yb**-Vpy-
Yb** defect complex is suggested to substitute three Pb ions, as is shown in Figure 1.3.
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Figure 1.3. Proposed charge-neutral vacancy-defect structure for trivalent doped lanthanides in CsPbCls. Figure
taken from Ref. 23.

In this way the vacancy and the two Yb*' ions are in close proximity, which provides sufficient
electronic coupling to both ions for efficient simultaneous excitation of both.* This is because Vpo-
localized photogenerated charge carriers have a large Bohr radius as a shallow defect and therefore it
spans the vacancy-defect complex, which aids the electronic transition from the host to both Yb*" ions
simultaneously.”

Erickson et al. modelled two different structures for down-conversion: the Yb*'-Vp,-Yb*" defect
complex and a structure where it involves any two Yb*" ions within a given Yb*":CsPbX; nanocrystal.*
In the first scenario, the effective quantum cutting rate constant is linearly correlated to the number of
ground state Yb®" ions. In the second scenario there was no linear correlation with the Yb** ions
concentration and many more possible pairwise combinations were possible at higher concentrations.*
The latter contradicts their experimental results, showing that the PLQY is linearly correlated with the
Yb*" concentration.’® Therefore, it is most likely that the down-conversion mechanism involves the
Yb**-Vpp,-Yb*" defect complex that promote fast energy transfer to the two Yb*" ions within the complex.

Li et al. conducted DFT studies to calculate the energies of different configurations to identify the atom
structure of Yb**-doped CsPbCls.*? Their results were comparable with the results of Erickson et al.: the
configurations with the Yb**-Vp,-Yb*" defect complex showed lower energies than random dispersion
of a Pb vacancy with two Yb*" ions. They suggested that the Yb*'-Vp,-Yb** complex with right-angle
configuration is the most stable, followed by the linear configuration.*> However, the small energy
differences between those configurations could also lead to a coexistence of these two structures. They
further compared those two configurations and found that the right-angle configuration is more likely
to form than the linear one, since the former causes distortion in less octahedra of the perovskite than
the latter, as is shown in Figure 1.4.*?
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Figure 1.4. Two possible defect-complex configurations as suggested by Li ef al. (a) Introduction of Yb*" in the
perovskite lattice in the linear configuration involves ten distorted octahedra. (b) Doping Yb*" in a right-angle
fashion involves nine distorted octahedra since one is shared between two doped structures. Figure taken from
Ref. 22.

1.3 Quantum cutting in Yb**-doped CsPbCl;

Previous studies on the dynamics of the energy transfer that enables the population of two Yb °Fs, states
states in the perovskite host after excitation of the perovskite have determined that this process occurs
on a picosecond time scale.”*?* Since this is much faster than expected for normal exciton-dopant
Dexter-type energy transfer, the exciton depopulation leading to Yb** sensitization must occur via an
alternative route.”

Two different mechanisms are proposed for the energy transfer between the CsPbCl; and the Yb*" ions,
of which a schematic is shown in Figure 1.5.
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Figure 1.5. Schematic representation of two proposed mechanisms for energy transfer in Yb**:CsPbCls. (a) Energy
is transferred from the perovskite to the Yb ions via a deep defect around the middle of the bandgap based on
findings by Pan ef al. (b) QC mechanism that involves a shallow defect state induced by the Yb ions as proposed
by Milstein et al. Figure taken from Ref. 32.

Pan et al. proposed a mechanism that involves a deep defect around the middle of the bandgap of the
perovskite.”® The depopulation of the photoexcited perovskite results in the population of a defect state
coupled to excitation of one *Fs, states. Subsequently another electron decays from the defect state to
the valence band of the host lattice, releasing another quantum of energy to excite a second *Fs, states.”®
According to Pan et al. their experimental data supports this hypothesis of a deep defect state by showing
an additional broadband component at 596 nm (2.08 eV) at lower temperatures. However, this emission
is at an energy much larger than an intermediate energy level between the valence and conduction band
of the perovskite and was also not seen at room temperature.

Milstein et al. suggest a mechanism that involves a shallow lattice defect induced by YD that rapidly
localizes excitation energy in the surroundings of the Yb activators.”* Picosecond energy localization by
such a defect is followed by energy transfer from the defect to a pair of neighboring Yb*" ions, resulting
in the emission of two near-infrared (NIR) photons.” The nonradiative energy transfer process that de-



excites the host and simultaneously excites two Yb*" ions appears to occur on the time scale of 1 ps.?
Their model is supported by their experimental results showing emission right below the bandgap, that
is not observed for undoped systems.** The formation of a dopant-induced shallow trap is related with
the charge-compensating defect Yb**-Vp,-Yb*" as described before. The proximity of the defect to two
Yb*" ions provide sufficient electronic coupling for efficient simultaneous excitation of both.

The computational study using DFT by Li et al. supported the mechanism involving a shallow defect
state. They found that the lanthanide doping induces variation in the valence band (VB) of undoped
CsPbCl; rather than inducing a shallow defect level below the conduction band (CB).** The Pb atom,
associated with the right angle Yb**-Vp,-Yb*" defect complex, would localize the photogenerated
electron for the down-conversion mechanism.*?

Based on literature the quantum cutting mechanism in Yb**:CsPbCl; concerns an alteration induced by
the Yb dopants, that could either be a shallow defect level below the CB or a variation in the VB. In this
way an excitonic transition from the photoexcited perovskite host to the Yb ions is possible, which
results in an *Fs excited state. This transition from “F7 to *Fs, is very unlikely to happen since it is a
Laporte forbidden transition. However, quantum cutting facilitates this excitation and subsequently two
low energy photons are emitted by the Yb ions.
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2. Cathodoluminescence imaging

The emission spectra and the carrier dynamics of CsPbCl; are examined with cathodoluminescence
(CL), an electron-based spectroscopy technique. CL is a powerful method to provide nanoscale
information about the optical and electronic properties of luminescent materials. This Chapter gives a
brief explanation of electron microscopy and the mechanisms behind CL generation, after which the
experimental set-up for both collecting CL emission spectra and time-correlated CL measurements is
described.

2.1 Electron microscopy

Electron microscopy allows the study of materials at the nanoscale, since the small wavelength of the
electron wavefunction (~ 7 pm for a 30 keV electron) compared to that of light (300 — 800 nm) results
in a much higher spatial resolution than conventional optical microscopy.**** The use of fast electrons
(0.1 keV — 300 keV of energy per electron) as an optical excitation source allows for deep-
subwavelength spatial characterization.*® The interaction of these fast electrons with the sample results
in the occurrence of several processes, as depicted in Figure 2.1, which can give more information on
the properties of the material and is studied by various analytical electron microscopy techniques.*
After excitation with a fast electron, different electron-based signals can be detected. In a scanning
electron microscope (SEM) we can detect secondary electrons (SE), that contain information about the
surface topology as done in a typical SEM image, or more energetic backscattered electrons (BSE), that
carry information about the atomic number and therefore the composition of the material.***> Electrons
that are transmitted through the sample can also be used for microscopy, in for example transmission
electron microscopy (TEM), scanning transmission electron microscopy (STEM) or electron energy loss
spectroscopy (EELS).* High-energy electrons can also generate electromagnetic radiation that spans a
broad spectrum from x-rays to the mid-IR.*

X-rays (EDS)

electron beam

v CL (ARCIS)

Sample

transmitted electrons
(TEM, STEM, EELS)

Figure 2.1. Schematic of different type of processes that appear after irradiation by energetic electrons. Different
characterization techniques are given alongside the different electron-based signals. Figure taken from Ref. 33.

2.1.1 Incoherent cathodoluminescence

The electromagnetic radiation that is emitted after excitation by high energy electrons in the visible and
near-infrared (NIR) regime of the spectrum is referred to as CL.*** CL emission can be divided in two
types, coherent and incoherent CL, depending on the mechanism of electron excitation and light
emission.** Coherent CL, in which the evanescent electric fields of the moving electron can coherently
couple to far field radiation when interacting with a polarizable material, is outside the scope of this
thesis.*>** Incoherent CL on the other hand refers to the spontaneous emission of light after excitation
with fast electrons.** The incoming electron acts as a source of energy inside the material, which can be
interpreted as analogue to photons as the initial excitation source in photoluminescence (PL).* Each
high energy electron gives rise to a range of primary excitations inside the material, predominantly in
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the form of bulk plasmons, with energies in the tens of electron-volt (eV).>* In a semiconductor, these
bulk plasmons can subsequently decay into multiple charge carriers, with energies of only a few times
the band gap energy, that thermalize and can diffuse and recombine.***® The recombination can lead to
the emission of a photon with energy of the band gap. Hence, one energetic electron can create multiple
photons, as a cascade of excitation events is created by the incident electron.***3¢ Moreover, the high
energy of electrons compared to photons allows for excitation of transitions with higher energy with
respect to PL.** The cross sections for electron impact excitation are also different from those for optical
excitation and both these factors can result in different mechanisms occurring in PL and CL.**

CL spectroscopy can be used to give information about band edge recombination, the presence of defects
in a material, atomic transitions and the chemical composition.** The nanoscale size of the tightly
focused electron beam enables precise lateral characterization of the sample.” Altering the electron
energy results in a change of the penetration depth of electrons inside a material, which can give more
information about the 3D features of the material.** Incoherent CL, combining the study of luminescence
with the high spatial resolution of the electron beam, allows for identification of localized excitation
that can be presented in emission spectra maps with great detail.

2.2 Experimental set-up

In this section the different used CL techniques used for the purposes of the project are discussed. First,
the cathodoluminescence imaging spectroscopy set-up is explained, after which the time-correlated
single photon counting set-up is described.

2.2.1 CL spectroscopy

The most common method to study incoherent CL emission is by analyzing it’s spectral features, which
can give valuable information on for example band edge recombination.’® CL measurements on the
perovskite structures were performed in a Thermo Fisher Quanta 650 scanning electron microscope
(SEM) equipped with a Schottky field emission gun (FEG). During the experiments, a continuous beam
of electrons, with an acceleration voltage of 30 keV, was focused onto the sample in the vacuum
chamber of the SEM. The sample was deposited on a lacey carbon TEM grid and placed on a stage
holder. A parabolic mirror was mounted above the sample, such that the emitted CL could be collected,
as shown in Figure 2.2. This mirror was aligned with respect to the sample by using four piezoelectric
stepper motors as well as varying the SEM stage height for vertical alignment of the sample.”® The
mirror was positioned such that its focal point corresponded to the focal point of the electron beam.

The parabolic mirror redirects the collimated emission out of the chamber into the Delmic Sparc Spectral
system, which contains optics that focus the collected light onto a Newton CCD camera (Oxford
instruments). For the alignment of the mirror the angular pattern of emission is observed using the CCD
camera. A flip mirror along the optical path allows to redirect the CL emission to a fiber-coupled device,
such as an external spectrometer or a set-up for time-correlated measurements, which is explained later.
A schematic the set-up is shown in Figure 2.2.

12
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Figure 2.2. Schematic overview of the SEM chamber with the parabolic mirror and the optical components outside
the chamber. The CL emitted by the sample upon excitation with electrons is directed with a flip mirror to either
a fiber outcoupled device, the spectrometer or the set-up for time-correlated measurements with a time correlator
(TC), or to the CCD in the Delmic Sparc Spectral system. For the time-correlated measurements the beam can be
blanked with the ultrafast electrostatic blanker configuration. Figure modified from Ref. 33.

Measurements are performed using the ODEMIS software to raster-scan the electron beam over a region
of interest. In this way spectra for each excitation position and secondary electrons are simultaneously
detected to build up a SEM image alongside the spectral scan so that CL features can be correlated to
geometrical features. For visible (VIS) spectroscopy the CL emission is focused onto the Newton CCD
in the Delmic Sparc Spectral system. To maintain a balance between spectral resolution and
luminescence intensity a slit of 150 um is used, and the collected CL is directed grating before being
sent to the CCD.

For the analysis of spectra in both the visible and near-infrared range an outcoupled spectrometer (Acton
SP-2300i, Princeton Instruments) with a liquid-nitrogen-cooled silicon CCD array is used. This
spectrometer is connected to the system via a 550 um diameter core multimode fiber. Depending on the
region of interest a 150 g/mm grating with either blaze 500 nm or 800 nm is used.

2.2.2 Time-resolved cathodoluminescence

CL analysis is typically used to obtain maps of the emission spectrum of a material. However, CL
analysis can also give more information about the excitation and emission dynamics of emitters.>* In
time-resolved CL (TRCL) measurements the luminescence intensity as a function of time can be studied.
To create a time-dependent luminescence intensity profile the sample is excited with a pulsed electron
beam.** One method to generate a pulsed electron beam is by blanking the electron beam, in which the
beam is swept across a small aperture such that the beam is effectively cut.** The electron beam is
deflected by applying a pulsed voltage to a set of electrostatic plates, which can lead to temporal
resolution in the picosecond range. Limitation in the temporal resolution are mainly caused by the jitter
in the electronics and the rise time of the electric pulse.** The CL emission is directed to an avalanche
photodiode that is connected to a time correlator. The time correlator records the exact arrival time of
the emitted photons relative to the excitation pulse with the Time-Correlated Single Photon Counting
(TCSPC) method.?” The “start” is triggered by the excitation pulse and the arrival of a photon at the
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detector causes the “stop” signal.’’” Repeating these “start-stop” measurements over many excitation
cycles makes it possible to build up a histogram of the recorded time differences. Subsequently the
luminescence lifetime can be extracted from the histogram of the decay statistics by mathematical
means.”’” This process is schematically shown in Figure 2.3.

o First photon
£ »
i:i Second photon
»
Third photon

Fourth photon

Counts

>
. »
Time

Figure 2.3. Schematic representation of the principle behind TCSPC. The exact arrival of emitted photons relative
to the excitation pulse are detected and all the recorded time differences are displayed as a histogram. Figure taken
from Ref. 37.

By combining the CL lifetime with the CL spectra and SEM image of a specific area, detailed
information of local variations can be examined. With TRCL imaging variations in luminescence
lifetime can report more on variations in electronic structure or environment by mapping decay
differences.

2.2.2.1 Time-correlated single photon counting set-up

In our set-up TRCL measurements are performed by using a pulsed electrostatic blanker configuration,
an aperture (70 um) and the fiber coupled set-up for time-correlated measurements as shown in Figure
2.2. The pulsed CL emission is focused into an optical fiber (105 um diameter core multimode fiber).
The fiber guides the luminescence into an optical cart that is isolated from light. The light first passes
through an adjustable neutral density filter, after which it is filtered for the perovskite emission by using
a short pass 424 nm optical filter, a beam splitter and subsequently a band pass optical filter with a
central wavelength of 400 nm with a bandwidth of 70 nm and hereafter it reaches the avalanche
photodiode (APD). This APD is connected to a time correlator (PicoHarp 300) that is also connected to
a waveform generator. The waveform generator is also connected to the ultrafast electrostatic beam
blanker configuration which allows to set the desired blanking conditions. The waveform generator
sends a trigger to the time correlator for every electron pulse, which indicates the “start” of the
measurement and when a photon is detected by the APD this results in a “stop” signal. In this way the
temporal behavior of single photons can be measured with picosecond precision, as described in section
2.2.2.

TCSPC has an inherent bias because multiple photons can arrive at the same time between two
consecutive pulses. In this case only the first photon is recorded and used for the histogram, because of
the “dead” time of the detector. During this time the detector cannot process another event. It is essential
that this bias is minimized to guarantee that the histogram of photon arrivals represents the actual decay
trace and an over-representation of early photons in the histogram is prevented.’” To do so the average
count rate at the detector should be at most a few percentage of the excitation rate.*’

2.2.2.2 Time-Tagged Time-Resolved data acquisition

The studied lifetimes for this thesis occur at very different timescales, ranging from picoseconds (ps)
for the band edge recombination of CsPbCls to hundreds of microseconds (us) for the f-f transition in
Yb*" ions. This broad range of lifetimes require different settings for the TRCL measurements. The
previous described set-up is very well suited for shorter lifetimes, however due to limitations of the time
correlator, TCSPC measurements are not possible for longer lifetimes, since 33 ps is the maximum full-
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scale range for these measurements. Therefore, a different type of data acquisition is used for the longer
lifetime of Yb within the same set-up. The Time-Tagged Time-Resolved (TTTR) method of the
PicoHarp 300 allows recording of individual events with precise information of their arrival time. In
contrast to TCSPC, the TTTR mode enables access to the arrival time of each event with respect to the
overall experiment time.?” In this way it is possible to cover large time spans and measure the full photon
emission dynamics of carriers with longer lifetimes.

To filter for the Yb*" emission a long pass 900 nm filter was used. We use the T2 mode as time-tagging
mode, in which all signal inputs are functionally identical and the arrival time of signals is measured on
an absolute time scale.’” With T2 the elapsed time since the start of the measurement and the channel at
which an event has been detected are recorded.”’” By setting the frequency for the electrostatic beam
blanker with the waveform generator, that is also connected to the time correlator, a sync pulse is
recorded every time an electron pulse is given. By collecting both the time of the electron pulses and
the absolute time of the arrived photons in different channels, the time between excitation by the electron
beam and the detection of an emitted photon can be deduced. A visual explanation of this is given in
Figure 2.4.

. . .
Channel 0 t-event 4 t-event , t-event 5
(Sync) f f f
. » .
Channel 1 t-evlent 1 t-event , t-event 5

Figure 2.4. Visual representation of data collection in T2 mode. Every time an electron pulse is given this is
recorded in the Synch or Channel 0. Every time a photon is detected this event receives a ‘time tag’ in Channel 1:
the absolute arrival time is recorded. By subtracting the absolute time of Channel 0 (blue) from Channel 1 (red),
the relative time between pulse and emitted can be found. Figure modified from Ref. 37.

By collecting all the relative times of incoming photons after pulsed excitation, a histogram can be made,
by subtracting the absolute time of the of the last recorded electron pulse in Channel 0 from the absolute
arrival time of the photons in Channel 1. From this histogram information about the decay dynamics
can be extracted.

2.2.2.3 Second-order autocorrelation (g (1))

Each high energy electron gives rise to a range of primary excitations inside the material, and thus
multiple initial photons are generated per incident electron, as explained in section 2.1.1.** The second-
order autocorrelation function (g® (7)) can give more insights on these photon statistics and
fundamental properties of the electron-matter interaction.*®*® This function describes the probability for
two emitted photons to be separated by a certain time delay T and can be measured with the fiber
outcoupled time-correlated set-up as depicted in Figure 2.2.%° For these measurements both APD’s 2 are
used in a Hanbury Brown and Twiss (HBT) measurement. In this way, we detect the delay between two
photons and subsequently build up a (g‘® (7)) curve.*** In particular, it has been shown that in CL
(9'? (1)) measurements exhibit photon bunching, due to the fact that multiple photons are emitted per
incoming electron.**** The precise characteristics of this bunching peak depend on the electron current,
the lifetime of the emitter and the probability of excitation by the electron.* As the electron beam current
is known the lifetime and the excitation efficiency can be extracted from the g(z) data and give more
insights in the electron-matter interaction.

2.3 Impact of electron beam on perovskites

With the high spatial resolution of CL measurements local variations can be measured and can give
more information at the nanoscale. In this way more understanding of the local carrier dynamics of
doped perovskites can be gained. However, perovskite materials have stability issues and are considered
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as beam-sensitive materials.”' A constant concern associated with electron beam analysis of perovskite
is what effect the beam has on the material properties being probed.*! All inorganic perovskites, as used
in this study, display a higher resistance to electron-beam damage than its organic-inorganic
counterparts.”! Still, previous studies on all-inorganic halide perovskites report on structural phase
transformation or degradation as a result of the electron irradiation.”'*' Different kind of damage
mechanisms, such as electron beam heating and irradiation damage, affect the defect concentration,
chemical composition and phase structure of perovskites during electron-beam characterizations.”' As
an effect of this, CL spectral peaks can be quenched, broadened, shifted or cause new peaks to appeare.'®
It is therefore important that irradiation conditions are carefully controlled to avoid any significant beam
damage.'® Several studies suggest to reduce acceleration voltage and incident beam current for CL
experiments on perovskites.'®*'*! The use of a pulsed electron beam is also found to be favorable, since
the duration of beam irradiation on the sample is minimized."” TRCL, as is used in this work, makes use
of ultrafast electron pulses with discrete numbers of electrons per pulse.'”’

Another possibility to protect the perovskites against severe effects of the electron beam is by
encapsulating them. This study makes use of perovskite nanocrystals (NCs) encapsulated in silica (SiO2)
molecular sieves, that were fabricated by Sarah Gillespie and Linde van de Ven from the Nanoscale
Solar Cells group at AMOLF. The perovskites are made from precursors CsCl and PbCl,, and in the
case of the doped variants also YbCls or EuCl; is used. Those precursors are ground into the sieves after
which they are calcinated at high temperatures, completely closing the porous channels, as is shown in
Figure 2.5. Further information about the synthesis is outside the scope of this thesis, but further
information can be found in reference 42. Electron beam studies on encapsulated perovskite NCs in
silica sieves can gain insights into the stability of this matrix and the perovskites.

Grinding 700 °C calcining ‘
CsCI/PbCl, Collapse \ ,ﬁ%
Molecular sieve (MS) )
Water washing
external salts
” \\
I

CsPbCl; NCs CsPbClI;3-SiO,

Figure 2.5. Fabrication of perovskite nanocrystals in silica molecular sieves. Figure modified from Ref. 43.
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3. Results & Discussion

In this Chapter the different experimental results are presented and discussed. First, the structure of the
molecular sieves and nanocrystals are observed using secondary electron images. Subsequently the CL
emission spectra and CL intensity maps of CsPbCls, Eu**-doped CsPbCls, Yb**-doped CsPbCl; and the
Yb,0; reference sample are discussed. To get more insights on quantum cutting in Yb**-doped CsPbCls,
CL intensity and saturation trends are discussed based on spectral measurements at different currents
compared to the undoped perovskite. Hereafter the decay dynamics and the TR-CL maps of CsPbCl;
and Yb*'-doped CsPbCl; are discussed. Finally, the measured CL lifetime of the Yb*" *Fsp = *Fop
transition is discussed. This Chapter will conclude with a brief explanation on efforts made performing

CL (g® (1)) measurements.

3.1 Secondary electron images of molecular sieves

Measurements with the SEM allow for very detailed images at a nanoscale. Figure 3.1 shows three
secondary electron images at different scales taken of different samples.

Perovskite NCs

= g

Figure 3.1. Secondary electron images in which a network of sieves is seen (left). The powder with clumps of
sieves is deposited on a TEM grid, which is also visible in the bottom of the left image. In these sieves innumerable
perovskite NCs are encapsulated (highlighted by the black arrows). The NCs have a different size distribution,
which is clearly seen in an almost transparent sieve in the image on the right.

The network of silica molecular sieves discussed in section 2.3 form 3D clumps that are clearly visible
in Figure 3.1, and are deposited on a TEM grid, which can also be seen in the bottom of the left image.
The sieves encapsulate innumerable NCs, seen more clearly in the middle and right images, with a
distribution of size that averages at 10 nm. CL studies on these samples have subsequently shown that
before the calcining process not each channel of the sieve is filled with perovskite precursors and hence
the distribution of the NCs is inhomogeneous. The 3D structure of the sieves obscures the thickness of
the network, however due to the high acceleration voltage utilized (30 keV), the electron beam can
penetrate and excite NCs along several micrometers of the sample. Hence, the differences in depth and
the inhomogeneity of the sample will result in variations of the CL intensity, which can be related to the
amount of excited NCs. However, the exact number of excited perovskite NCs cannot be derived. The
encapsulation in silica sieves was found to be very successful for electron-based studies, since the
samples remained stable under electron beam currents up to tens of nanoamperes. This was confirmed
by exposing the perovskite to higher currents for extended periods of time and not observing drastic
changes in peak intensities or the formation of novel peaks.

3.2 Spatially resolved CL emission spectra
In the following section CL emission spectra and spectral CL maps are presented for two different

lanthanide-doped samples, 0.2 Eu**-doped CsPbCl; and 0.3 Yb**-doped CsPbCl; respectively. In this
study the lanthanide concentrations are defined as the molar ratios and thus 0.3 Yb means that 1 mmol
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CsCl, 1 mmol PbCl, and 0.3 mmol YbCl; were used in the synthesis. The optical and physical
characteristics of the samples are compared and discussed.

32.1 Eu*-doped CsPbCls

Spatially resolved CL emission spectra of encapsulated Eu**-doped CsPbCl; NCs were measured as
described in Chapter 3 and results are shown in Figure 3.2.
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Figure 3.2. CL measurements of Eu3+—d0ped CsPbCls, conducted at 30 keV, 0.11 nA. (a) CL emission spectrum
averaged over multiple pixels and corrected for the collection efficiency of the system (b) SEM image of a clump
of sieves with encapsulated Eu**-doped CsPbCls. The yellow box highlights the area of measurement for the
spectrally resolved CL maps. (c¢) and (d) CL intensity maps with the perovskite band gap emission at 411 nm as
central wavelength with a band width of 25 nm in (c) and the most dominant Eu*" peak at 612 nm with a band
width of 49 nm in (d).
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The CL spectrum in Figure 3.2 (a) shows the perovskite band gap peak at 411 nm (3.02 eV) and several
Eu’" transition peaks in the range of 570 — 720 nm. Eu®* has multiple radiative transitions between the
°Dy excited state and the "F, manifold of which the Dy = F; is the most dominant at 612 nm (2.03 eV).
This is an “allowed” transition and therefore the measured Eu transition peaks could be the result of
both energy transfer and/or self-excitation. Quantum cutting is not possible for this system, however the
energy transfer from the perovskite host to the Eu ions followed by the emission of one low energy
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photon is a form of spectral shifting. From these preliminary results it remains unidentified if the
emission associated with the Eu transitions is the result of excitation by energy transfer. Nevertheless,
the co-localized emission from each of the species in the same area, as can be seen in the CL maps,
indicates that the Eu is in close proximity to CsPbCl; which could suggest incorporation of the Eu ions
in the perovskite lattice. This incorporation in the host lattice is required for the energy transfer and
could therefore still be the mechanism that leads to population of the excited *Dy state.

The 3D structure of the molecular sieves is also clearly visible in these CL maps, in which the beam is
rastered across the sample and a CL spectrum is collected for each pixel to build up a spatial map. Not
all sieves show signs of emission at the selected wavelengths, suggesting empty sieves. Emission at 612
nm and the absence of emission at 411 nm in the left side of Figure 3.2 (d) and (c) creates the impression
that those sieves were not filled with CsPbCl; crystals, but potentially the Eu precursor is encapsulated
in those molecular sieves and could self-excite and subsequently show emission.

3.2.2  Yb*-doped CsPbCls

Unlike the Eu-doped perovskite, Yb**-doped CsPbCl; is able to perform quantum cutting due to the
favorable combination of absorption wavelength of the perovskite and the emission wavelength of the
Yb. To examine if and how QC behaves in Yb**-doped CsPbCl; NCs encapsulated in silica molecular
sieves when probed with CL, several types of measurements have been conducted. To start, this section
presents and discusses CL emission spectra and spectral CL maps, which are shown in Figure 3.3.
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Figure 3.3. CL measurements on Yb*-doped CsPbCls, undoped CsPbCls and Yb20s all incapsulated in silica
sieves, conducted at 30 keV, 0.55 nA. (a) Averaged CL emission spectra of Yb*'-doped CsPbCls (green) and
CsPbCls (dotted red) and in the inset Yb2Os (purple). For Yb2O3 a longer exposure time was chosen due to lower
CL intensity. All spectra are corrected for the collection efficiency of the system (b) CL intensity map of Yb**-
doped CsPbCl; at a central wavelength of 415 nm with a band width of 30 nm. (c¢) CL intensity map of Yb**-doped
CsPbCls at a central wavelength of 975 nm with a band width of 5 nm.

The CL spectrum in Figure 3.3 (a) displays the CsPbCl; spectrum (dashed red curve) that peaks at 414
nm. This peak can be assigned to the perovskite band gap edge. The spectrum in Figure 3.3 (a) also
displays the spectrum of Yb**-doped CsPbCl; (green curves) with peaks at 415 nm as a result of the
perovskite band edge emission and at 975 nm resulting from the *Fs;» = 2F7; transition. The broad peak
in the range of 440 — 570 nm can be attributed to CL emission from the silica. The shoulder of the Yb**
peak in the range of 860 — 950 nm can also be attributed to the silica. The small peak at 830 nm is the
second order diffraction of the perovskite band edge emission. Due to the large difference in energies
between the perovskite and Yb emission, the full spectrum was obtained by performing two
measurements using a grating with 500 nm and 800 nm blaze (green and dark green, respectively).

The difference in intensity between the undoped CsPbCl; and doped CsPbCls peak is seen in all
measurements as a trend. The decrease in radiative recombination suggests an increase of non-radiative
processes upon doping and possibly indicates quantum cutting in the doped system. However, upon
doping more defects are created, as was described in section 1.2.2, to maintain charge neutrality when
Yb ions replace Pb ions, which could also be an explanation for more non-radiative recombination.

The inset of Figure 3.3 (a) shows the CL spectrum of Yb,O; encapsulated in silica sieves with a peak at
975 nm, that can be assigned to the emission of Yb*" ions. From measured CL spectra of Yb,Os it can
be concluded that the emission from the *Fs;, = *F7, transition at 975 nm is a result of population of the
’Fs, state by self-excitation since there is no possibility for energy transfer from other species in this
system. The self-excitation of this Laporte forbidden Yb*" transition can be explained by the relatively
large momentum of the electrons which allow for the excitation of transitions that are symmetry- or
momentum-forbidden for plane wave excitation.**** Hence, probing optically forbidden transitions with
CL should take into account different excitation mechanisms and therefore CL spectra can deviate from
PL spectra. This also implies that the Yb** peak from the Yb**-doped CsPbCl; spectrum could be the
result of different excitation mechanisms, including self-excitation. The emission at 975 nm in the Yb*'-
doped CsPbCls spectrum however on order of magnitude more intense than in the Yb,O3 spectrum,
while the measurement exposure time of the Yb**-doped CsPbCls is 12 times shorter than the exposure
time of Yb,Os. This suggests the excitation of many more Yb ions and the presence of a different
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excitation mechanism in the doped perovskite system, that could likely be quantum cutting. Nonetheless,
this variation in intensity could also be related to different concentrations of Yb** ions.

Figure 3.3 (b) and (c) displays spectrally filtered CL intensity maps for the perovskite and Yb emission,
respectively. These maps of the exact same area show both significant enhanced emission from Yb and
the perovskite in the same region, which suggests incorporation of the dopant into the perovskite crystal
lattice. From these maps it seems that that there is a significant amount of Yb emission throughout the
entire map, while for example the top left corner shows almost no emission of the perovskite. This could
suggest non-radiative recombination processes for the perovskites in this area, such as energy transfer.
Another possibility is the absence of perovskite NCs in this area and the emission from YD in this area
could then be possible through self-excitation of free Yb*" ions in this area.

3.2.3 Trends upon increasing currents in Yb**-doped CsPbCl; and undoped CsPbCl;
To gain more insights into the excitation mechanisms responsible for the emission of Yb in the Yb*'-
doped CsPbCl; spectrum, the following section looks at the effect of different currents on the samples
and its emission.
3.2.3.1 Saturation trends in Yb**-doped CsPbCl;
To measure the effect of different currents on the doped perovskite eight different areas were measured

to study the changing intensities of the CsPbCl; band edge emission peak at 415 nm and the Yb*" peak
at 975. Figure 3.4 shows the several averaged spectra for different currents.
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Figure 3.4. Evolution of Yb*-doped CsPbCls CL spectrum as a function of increasing currents. Spectra are
averaged and corrected for the collection efficiency of the system. Due to the different energy regions of emission
between the perovskite and Yb emission, the full spectrum was obtained by performing two measurements using
a grating with 500 nm and 800 nm blaze (dotted lines and solid lines, respectively).
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Figure 3.4 displays the perovskite band gap emission at 415 nm and the Yb*" emissive state at 975 nm,
both at currents in the range of 0.99 to 7.23 nA. The inset of Figure 3.4 shows an enlarged image of the
perovskite peak in which also the silica emission in the range of 440 — 570 nm is seen. The shoulder of
the Yb** peak in the range of 860 to 950 nm can also be attributed to the silica. The second order
diffraction peak of CsPbCls is present at 830 nm. Upon increasing currents all peaks show increased CL
intensity as was expected since more carriers can be excited. The higher currents also cause thermal
broadening, as a result of electron-beam induced heating of the sample.'®

The average increase of the intensity of the Yb peak with respect to the perovskite peak as function of
current in doped perovskite samples is found to follow the same trend. Four different areas within the
Yb**-doped CsPbCl; sample were measured in the range of 0.24 nA to 14 nA. The average perovskite
peak at 415 and the Yb peak at 975 show to have increasing intensities till 8 nA, after which the emission
saturates. This similar behavior towards increased number of electrons suggests a mutual dependence
of Yb and the perovskite. The Yb transition has a much longer lifetime than the perovskite and is
therefore more likely to saturate earlier. The approximately same point of saturation implies that the
saturated excited state of Yb causes saturation of the perovskite, since the perovskite cannot transfer its
energy to the Yb anymore. This argument is further supported in section 4.2.3.2. It is unlikely that the
saturation of the perovskite dictates the saturation of Yb, since as a result of self-excitation the Yb
intensity would continue to increase as a function of current. This is not seen in the results and therefore,
it is assumed that the saturation of the perovskite is a result of saturation of the excited state of Yb and
this trend implies energy transfer from the perovskite to the Yb. However, the extent to which energy
transfer is responsible for the excitation of Yb is difficult to quantify.

3.2.3.2 Saturation trends between undoped CsPbCl; and Yb-doped CsPbCl;
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Figure 3.4. Normalized CL intensity at 415 nm as a function of current for undoped CsPbCl; (solid lines) and Yb-
doped CsPbCl; (dashed lines). The different lines represent measurements on different particles and each data
point is based on 50 CL spectra.

Figure 3.4 displays multiple measurements of the CL intensity at 415 nm as a function of current for
both undoped and doped CsPbCls. Every line represents a different measured area of the sample, and
each data point represents the average CL intensity based on 50 pixels. At lower currents both doped
and undoped perovskite exhibit the same trend: the intensity increases as function of the current. Around
2 nA all undoped perovskites show a remarkable drop in intensity. This could be the result of a technical
issue encountered at the stage of measurements, such as misalignment of the focal point of the electron
beam with respect to the parabolic mirror, that would result in a decrease in collection efficiency.* The
doped perovskite however still shows an increase up till around 7 nA and hereafter stabilizes. The later
point of saturation for the doped perovskite when compared to the undoped perovskite suggests that the
doped version has more energy transfer pathways, suggesting energy transfer to Yb. Around 8 nA the
Yb emission shows saturation, and it is assumed that therefore at this point the doped perovskite also
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saturates. As the saturation trends as function of current show hints for energy transfer from the
perovskite host to YD, it remains unknown till what extend this excitation mechanism is competing with
self-excitation of Yb by incident electrons.

3.3 Time-resolved CL decay traces and maps of CsPbCl;

To gain more insight in the decay dynamics of doped and undoped CsPbCl; and the potential QC in the
doped perovskite TR-CL measurements were conducted. In this section TR-CL data, obtained as
explained in section 3.2.2, is presented and discussed. First the lifetime and decay traces for both doped
and undoped CsPbCl; are discussed. Subsequently a spatial dependence of the radiative lifetime is
explored using TR-CL maps.

3.3.1 Lifetimes of undoped and Yb**-doped CsPbCl;

Decay traces of undoped and doped CsPbCl; were measured at 9.4 pA, as is shown in Figure 3.5.
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Figure 3.5. Decay traces and corresponding convolution fit of CsPbCl; undoped (red) and doped with Yb (green)

measured at 9.4 pA with a fitted pulse width of 106 ps and 113 ps, respectively.

The measured decay traces of CsPbCl; could be fitted with a monoexponential decay as shown in
equation 4.1.
I(t) = 1(0)e~t/" Eq. 4.1

For undoped CsPbCl; a CL lifetime of T = 261.6 * 5.1 ps was determined. Measured time-resolved
PL lifetimes showed results in the same time range. These lifetimes are much shorter than previously
reported PL lifetimes for CsPbCls in the range of 2 to 5 ns.”*** Most likely the difference is caused by
the difference in matrix. The much shorter lifetime of the perovskite NCs measured in this study suggest
more dominant non-radiative recombination pathways, that could be due to the formation of more trap
states as a result of encapsulation in the silica molecular sieves.

The radiative lifetime of Yb-doped CsPbCl; was determined to be 7 = 232.5 +4.4ps. We
hypothesized that the lifetime of the doped perovskite would be considerably shorter than the lifetime

23



of the undoped perovskite, because of the non-radiative QC pathway. However, the difference in lifetime
is rather small and the values are close to the resolution of the set-up, with an instrument response
function in the range of 60 — 80 ps and therefore this difference should be interpretated with care. The
small difference in lifetime between the doped and the undoped perovskite could suggest the
introduction of new recombination pathways upon doping, such as QC. However, the slightly shorter
lifetime of the doped perovskite could also be related to alteration of the chemical composition or
another non-radiative pathway, as upon introduction of Yb ions into the crystal lattice more defects are
created. Due to the ultrashort lifetimes and the shortcomings of the set-up at these timescales it is too
complex to relate these findings to QC. Moreover, reported lifetime values of CsPbCl; showed different
trends upon doping with Yb**. Pan et al. and Zhang et al. showed a similar increase in lifetime upon
doping, from ~4 ns to ~8.5 ns, while Zhou et al. and Milstein et al. both showed an increase in lifetime,
from 4.5 and 2 ns to ~1.5 ns, respectively.”**® These studies did mostly not explain these differences
or did not relate their differences in lifetime upon doping to energy transfer processes.

Decay traces of CsPbCl; doped with Eu®" were also measured and similar lifetimes as in the Yb-doped
perovskite were calculated.

3.3.2 TR-CL maps of undoped and Yb**-doped CsPbCl;

To identify whether there is a correlation between the spatially variant optical response of the system
and lifetime, TR-CL maps were obtained in different configurations of both undoped CsPbCl; and the
Yb-doped CsPbCls. A TR-CL map of CsPbCl; is presented next to a CL map of the same area in Figure
3.6.

@
E-l

CL intensity (10%)

CstCI A. = 415nm, Al =23 nm

2.5
2.0
1.5
1.0
100 nm
0.5
T (pS)

Figure 3.6. (a) TR-CL map for undoped CsPbCl; with lifetimes in the range of 220 to 275 ps. (b)
Complementary spectrally filtered CL intensity maps of same area.

The maps in Figure 3.6 show that for an undoped perovskite sample, there is no direct relation between
observed CL intensity and CL lifetime at such length scales. On the other hand, for the Yb-doped
CsPbCl; comparing the optical response with the time-resolved data showed a consistent difference in
lifetime throughout the Yb-doped CsPbCl; sample. In areas with higher CL intensity for the NIR Yb
emissive state a longer lifetime was found (t = 239.4 + 3.7 ps) than in areas with low CL intensity for
Yb*" ( = 222.5 + 3.7 ps). The slightly increased lifetime may be attributed to passivation of defects
by present Yb ions and therefore partly eliminating non-radiative pathways.”** However, as these
differences are close to the temporal resolution of the set-up they should be interpretated with care.

3.4 Time-resolved CL decay traces of Yb3*

The CL lifetime of Yb*" was measured by filtering for the NIR emissive state and using the T2 mode
appropriate for materials with long lifetimes, the resulting decay trace is seen in Figure 3.7. The initial
aim was to study the rise time of this decay trace and identify a relationship with the perovskite decay
trace. However, the use of low frequency of the electron pulse resulted in very low counts at low binning
and therefore the rise time could not be fitted.
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Figure 3.7. Decay trace of the Fs; = 2F712 transition of Yb*" measured with the T2 mode at 0.20 nA and 100 Hz.

The measured emissive lifetime of the *Fs» = *F7, transition of Yb** could be fitted with a biexponential
decay according to Eq. 4.2.

I(t) = a,e” /™1 + gye~t/™2 Eq4.2

The average calculated lifetime of Yb*" is 196 us. This is shorter but comparable with values found in
literature in similar systems.”* 233! We observe a biexponential decay, which could be explained by
the presence of two kinds of Yb** populations that each independently contribute to the overall signal
with their own lifetimes, respectively 7; = 10.2 us and 7, = 221.3 us. These lifetimes are several orders
of magnitude longer than the time scales associated with the perovskite radiative lifetime, energy
transfer and self-excitation and it is therefore presumable that the lifetimes are caused by a distinct
property that is directly associated with the Yb*" ions and their surroundings. The longer lifetime 7, is
likely to be related to the less perturbed intrinsic Yb** symmetry forbidden f-ftransition that corresponds
to more protected emitters that are not distorted by the perovskite host lattice.*’ It is assumed that the
shorter lifetime 7, arises from a distortion to the Yb*" symmetry upon doping in the perovskite lattice.
The distortion of the Yb ions would decrease the intrinsic octahedral symmetry, which would also
decrease the forbidden nature of the transition, resulting in a shorter lifetime. The different lifetimes
could thus most likely be attributed to different emitting centers with each different environments in
terms of geometry or neighboring transferring sites, which results in different population and emission
pathways.* Biexponential decays have been reported in other species with forbidden transitions
between symmetrical atomic orbitals, such as in manganese (Mn) doped CsPbCls.

3.5 CL g (1) measurements

CL g® (1) measurements in both continuous and pulsed electron beam conditions were carried out for
the perovskite emission wavelength for Eu**-doped CsPbCl; and undoped CsPbCl; to gain more insights
into the photon statistics of these samples. By measuring the probability for two emitted photons to be
separated by a certain time delay 7 a g® (7) curve could be generated.***’ It has already been shown
that g (1) measurements in CL exhibit photon bunching, due to the fact that one electron can create
multiple photons.’®*° From the precise characteristics of this bunching peak the lifetime and the
excitation efficiency can be extracted and give understanding of material excitation and photon emission
dynamics. However, despite efforts being made to find suitable conditions, no bunching was exhibited
in these samples. For these measurements very low current regimes (~ pA) are needed since at low
electron currents the time between two electrons increases, resulting in a better separation of the photon
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bunches and thus a stronger bunching peak.>’ However at these low currents the signal from the sample
is too low to build a g (1) curve. This low CL intensity can be related to the relatively low PLQY of
CsPbCl; band gap emission.*? It was therefore likely that this issue would be the same for Yb**-doped
CsPbCl; and therefore g®(r) measurements were not performed on this particular sample.
Nevertheless, it is not excluded that other perovskites, such as CsPbBr; with higher PLQY’s, would
show high enough signal to measure photon bunching with CL.
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4 Conclusion & Outlook

To the best of our knowledge, this work presented for the first time spatially resolved CL emission
spectra and CL decay traces of CsPbCl; and Yb-doped CsPbCl; encapsulated in a silica matrix, in order
to study their optical properties and the perovskite-lanthanide energy transfer process. With the high
spatial resolution f casurements local variations in luminescence and lifetime could be
determined, prov1d1 ormation about the samples at the nanoscale. The encapsulation in silica
molecular sieves was foundto be very successful for electron-based studies, since the samples remained
stable under electron beam currents up to tens of nanoamperes. This is not only promising for high
energy electron studies of perovskite, but also for perovskite stability studies in general.

Yb**-doped CsPbCl; is able to perform quantum cutting due to the favorable combination of absorption
wavelength of the perovskite and the emission wavelength of the Yb. To examine how QC behaves in
Yb**-doped CsPbCl; NCs when probed with CL, both CL emission spectra and CL decay traces were
studied. The excitation of the optically forbidden excited state of the Yb ions is likely the result of both
QC and self-excitation by incident high energy electrons. The results showed several indications for
energy transfer from the perovskite host to the excited state of Yb, one of which being the observation
of co-localized perovskite and Yb emission, suggesting the incorporation of the Yb ions into the
perovskite crystal lattice. From the CL emission spectra, a consistently lower intensity was seen for the
perovskite emission in the doped sample, suggesting the presence of non-radiative recombination
mechanisms like QC. Similarly, the Yb emission has a much higher CL intensity with comparison to
Yb,0s, however it is likely that the concentrations of Yb*" ions in these systems differ. From studying
the CL intensity as function of current it can be concluded that the doped perovskite saturates at higher
currents than the undoped perovskite, also suggesting more energy transfer pathways and potentially
QC. The Yb and perovskite emission in the doped CsPbCl; samples follow the same saturation trend,
indicating that once the saturation threshold of Yb is reached, the perovskite is also subsequently
saturated. The TR-CL data exhibits a slight decrease in perovskite lifetime upon doping with Yb, which
could be assigned to QC, but also to other non-radiative recombination pathways via induced defects
upon doping. However, since values are close to the resolution of the set-up the TR-CL data should be
interpreted with care. Since quantifying the different excitation mechanisms of Yb remains
unaccomplished, it remains unknown to what extent QC is responsible for excitation of the excited state
of Yb. Upon doping with Yb more defects are created to maintain charge neutrality. It is unknown what
the effect of these defects is on the non-radiative recombination in doped CsPbCls. Therefore, more
research is needed on the influence of doping to determine its influence in the measured differences in
this study between undoped and doped perovskite.

This study introduced the method of T2 to measure longer CL lifetimes within our set-up. The emissive
lifetime of the *Fs» = ?F7 transition of Yb*>" was measured and fitted with a biexponential decay. The
biexponential decay could be explained by the presence of two kinds of Yb** luminescence centers, a
less perturbed and a more perturbed population, which further indicates successful incorporation of the
Yb ions in the perovskite crystal lattice.

For future QC studies on Yb*'-doped CsPbCl; it would be interesting to systematically study the
influence of the chemical composition in CL studies. The effect of different doping concentrations could
be probed to gain more insights into the effect of doping and the introduction of defects. Measuring
lifetimes of doped-CsPbCl; in a pump-probe configuration allows for detection of femtosecond decay
dynamics and could potentially help building a model for QC in Yb**-doped CsPbCls. An attempt at
conducting PL photon bunching experiments could also be interesting to gain more understanding of
the photon statistics and altogether generate a knowledge framework for energy transfer processes
occurring in Yb*'-doped CsPbCls.

Finally, considering the long-term prospects, the aim of this and other works on QC is contributing to

the fundamental understanding and development of QC layers for solar cell applications in the
foreseeable future.
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