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Abstract

To combat climate change, electricity consumption has to be reduced. Light emitting diodes (LEDs)
are an energy-saving alternative to energy intensive forms of lighting. White LEDs (wLEDs) give off
an undesirable ‘cool’ blue hue. Efficient and narrow emission peak red emitters are needed for ‘warm’
wLEDs. Eu3+ was incorporated in the CsPbBr3 perovskite lattice to investigate the qualities of green

emitter CsPbBr3 as a host material and energy donor for Eu3+ red emission. Eu3+ is a suitable
material for use as a red phosphor in wLEDs because of its narrow emission peaks around 610 nm.

CsPbBr3 was encapsulated in silica molecular sieve MCM-41 to improve stability. This protects the
perovskite from the influence of oxygen, water, heat, and illumination. Eu3+ was effectively doped in
the perovskite lattice. CsPbBr3 emission was preserved, however, Eu3+ emission was not enhanced.
Enhanced Eu3+ emission could be seen upon incorporation in a mesoporous yttria-stabilized zirconia
(mYSZ) host. CsPbBr3 was formed in the pores of mYSZ, and showed improved stability under the

influence of oxygen and water. No enhanced Eu3+ emisison was detected when incorporating
CsPbBr3 in the pores of Eu3+ doped mYSZ. High intensity Eu3+ emission was found from Eu3+

β-diketonate complex Eu(tta)4P(Ph)4 with PLQY up to 52% under 405 nm illumination. Emission
intensity of this complex was low under 460 nm excitation.
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Chapter 1

Introduction

Climate change causes periods of extreme drought and rainfall, leading to famines, floods, fires, and
a loss of biodiversity [2]. Average temperatures have already increased by 1◦C and the sea level has
risen by 20 cm in the last 100 years [3]. Although the international Paris Agreement in 2015 aimed for
a maximum temperature increase of 1.5◦C, it is likely this will already be reached between 2030 and
2052 [3]. There has been a growing call for action to stop emitting greenhouse gasses and stop climate
change.

Figure 1.1: a) the Creek Fire, Sierra National Forest in California, 2021. Many wildfires are directly
caused by climate change [4]. In 2021, a record of wildfires spread across the globe. Photo from [4],
b) at a climate protest in Amsterdam, thousands could be seen demonstrating. Photo from [5]

To stop human induced climate change, energy use has to drastically decline. Lighting is responsible
for a large part of our energy use and is a large source of CO2 emission. About 6% of global electricity
is used for home lighting, and 10% for commercial lighting [6]. Therefore, an increase in lighting
efficiency could have a vast impact on global emissions.

Light-emitting diodes (LEDs) provide a sustainable way of lighting. Compared to incandescent lighting,
LEDs have a tenfold increase in efficiency [6], low heat loss, and a long device lifetime [7], making them
more durable. Their low production cost also make them an attractive commercial option [7].

White LEDs (wLEDs) are crucial for lighting. Most wLEDs give off an undesirable ‘cool’ blue white
light, which is unpleasant to eyes and can have adverse effects on health [8]. This underlines the need
for wLEDs with a ‘warm’ color. For this purpose, efficient and narrow emission peak red emitters have
to be found.

This thesis is aimed towards using Eu3+ as a red emitter because of its narrow emission peaks [9]. How-
ever, Eu3+ is not a good absorber [1]. To enhance emission, Eu3+ is doped in perovskite CsPbBr3.
By utilizing CsPbBr3 as a host material, Eu3+ excitation could be enhanced, and energy could be
transferred from the perovskite to Eu3+. CsPbBr3 is encapsulated in a mesoporous silica matrix to
improve stability, and can also serve as a green phosphor. Energy transfer from CsPbBr3 is also inves-
tigated by incorporating Eu3+ and CsPbBr3 in a mesoporous yttria-stabilized zirconia host. Lastly,
Eu3+ emission is improved by adding β-diketonate ligands.
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Chapter 2

Theory

2.1 White LEDs

An LED consists of a semiconductor that emits photons upon electrical excitation. Electrons in an
excited state radiatively recombine with electron holes and emit a photon. The wavelength of the
emitted photon is dependent on the bandgap of the semiconductor, which is defined as the energy gap
between the conduction and the valence band [10]. The bandgap varies between materials, and using
different materials, LEDs are available in all colors.

A white LED can be made by combining a blue or ultraviolet LED-chip with a phosphor that can
absorb this blue or UV light and downconvert it to other wavelengths (see Figure 2.1 b), c)) [7]. The
light emitted by the LED-chip and by the phosphor combine to result in white light. Blue LED-chips
are mostly made of indium gallium nitride (InGaN), a semiconductor with emission around 460 nm
[11]. Blue LED-chips are more efficient and cost-effective compared to UV LED-chips, and more suited
for use in lighting displays [6].

Figure 2.1: a) CIE 1931 chromaticity diagram with the CCT blackbody curve. Figure from [12], b)
a blue LED-chip with a yellow downconverting phosphor, c) a blue LED chip with a red and a green
downconverting phosphor
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The color of wLEDs can be compared to that of an ideal black-body radiator through the correlated
color temperature (CCT) [13]. A lower CCT corresponds to a ‘warm’ white light with a yellow hue,
while a high CCT corresponds to a ‘cool’ blueish white light [14]. The CCT blackbody curve is shown
in Figure 2.1 a). LED emission color can be depicted in a CIE 1931 color space chromaticity diagram
(see Figure 2.1 a)) [13]. An emitter with high color purity is displayed on the edge of the diagram. For
white LEDs, high purity color is desirable, which can be achieved by employing narrow-band emitters
with low full-width-half-maximum (FWHM) [13]. The color gamut of an LED is the space between
different colored emitters on the CIE chromaticity diagram. A warm white LED has a wide color
gamut.

The human eye can detect light between 400 and 700 nm, with a large sensitivity to green light, but
much less to blue and red light [14]. The emission spectrum of an wLED has to be adjusted accordingly.
The most preferred spectrum has narrow bandwidth emission, with small FWHM [15]. A narrow-band
red phosphor, a broader green and a blue InGaN LED-chip are experienced as favorable [14].

Often a single yellow phosphor is used, as is depicted in Figure 2.1 b). The most used phosphor
is the yellow YAG (Y3Al5O12:Ce3+) phosphor, which can reach a photoluminescence quantum yield
(PLQY) of 38.4% [16]. The PLQY is defined as the ratio between the amount of photons that are
emitted divided by the amount of photons that are absorbed [14]. However, with only a single phosphor
the color of the light cannot be tuned. The light from these LEDs appears very cool due to the absence
of red light [17] and have a CCT above 4500, corresponding to a blueish cool color.

An LED with two phosphors can produce a wider color gamut. Both phosphors are able to absorb blue
light, with one phosphor downconverting the light into green and the other into red light, as can be
seen in Figure 2.1c)). By controlling the emission of these phosphors, color rendering can be optimized
and white light can potentially have any hue. Research on these phosphors has yielded many different
phosphors, like Sr2MgAl22O36:Mn2+, K2SiF6:Mn4+, Ba2LiSi7AlN12:Eu2+, SrLiAl3N4:Eu2+ and more
[18]. Many red phosphors have a broad red emission, which leads to a low color purity. Moreover, part
of the emission spectrum lies outside of the range of the human eye, leading to a decrease in effectivity.
Conventional red phosphors do not have a high PLQY and are expensive to synthesize [19].

LEDs have an operating temperature of around 80◦C, with peak temperatures that can rise up to
120◦C [7]. Most LEDs have an operating power of 1-3 W/mm2, while high power or mini LEDs can
reach powers of 10 W/mm2 [20]. Phosphors must be able to withstand conditions in an LED encasing,
with a lifetime of 50000 hours, similar to that of the LED-chip. Phosphors that are currently used are
often not as stable as LED-chips, leading to a decrease in lifetime and unstable color purity of LEDs
[14].

CsPbX3 metal halide perovskites are promising candidates for LED phosphors [14], [18]. These mate-
rials have a high PLQY, narrow FWHM and tunable center wavelength [22]. CsPbBr3 exhibits green
emission, which makes it suited for use as a green phosphor. Eu3+ can be used as a red phosphor
because of its extremely narrow FWHM and bright emission centered around 610 nm [1]. By doping
Eu3+ in CsPbBr3 these materials could serve as a double phosphor for wLEDs.
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2.2 CsPbBr3 as a green LED phosphor

2.2.1 CsPbX3

Perovskites are a class of materials with possible applications in solar cells and LEDs. Since perovskites
emerged as a research interest 25 years ago, research efforts have skyrocketed. This has resulted in an
enormous growth in quantum efficiency [21].

Perovskite is a material with the same crystal structure as the mineral calcium titanium oxide (CaTiO3).
This structure consists of an A cation, a B cation, and a three X anions, and has formula ABX3. A
and B are of different sizes, A being larger than B [22]. These components are ordered in an octa-
hedral structure (see Figure 2.2). Often used materials are caesium (Cs), methylammonium (MA) or
formamidinium (FA) as A cation, lead (Pb) or tin (Sn) as B cation and chloride (Cl), bromide (Br) or
iodide (I) as X anion.

Figure 2.2: Perovskite ABX3 structure. Figure
from [22]

CsPbX3 (X = Br, Cl, I) inorganic metal lead-
halide perovskites consist of a Cs A cation, a Pb
B cation and halides Cl, Br or I as X anion.

The bandgap of inorganic metal lead-halide per-
ovskites is tunable within the visible spectrum.
The bandgap and emission peaks of CsPbX3

range from 400-700 nm, depending on the halide.
CsPbX3 nanocrystals have emission spectra with
FWHM between 12 and 42 nm [23]. Typical
CsPbX3 emission can be seen in Figure 2.3. In
nanocrystals with a radius smaller than the Bohr
exciton radius of CsPbX3, around 3.5 nm, quan-
tum confinement can blueshift the emission of
CsPbX3 [25], [26].

Inorganic metal lead-halide perovskite nanocrys-
tals are good candidates for use as LED phos-
phor because of their tunable bandgaps, efficient
absorption and emission, and near-unity PLQY
[6], [18], [27], [28]. CsPbX3 also has high defect
tolerance, as trap states and defects mostly exist
within the valence and conduction band, and not
within the bandgap [29]. This makes electronic properties of perovskites appear as though the material
is defect free, although many trap states, defects and vacancies in the perovskite structure can exist
without influencing the absorption and emission [29], [30].

Compared to commercial phosphors with FWHM ∼60 nm, perovskites have a narrow FWHM, which
means a high color purity can be achieved [6]. Fast deposition processes like spin-coating, screen- or
inkjet printing can be used in fabrication. This, together with low material costs makes the use of
perovskites as LED phosphor cheap. Very thin layers of material can yield a high emission, which
makes perovskites suitable for use on mini-LEDs. Perovskite nanocrystals are commercially available
[31], but perovskite LED phosphors are not yet available on the market. CsPbBr3 emits around 520
nm, making it suited for use as a green LED phosphor.
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Figure 2.3: CsPbX3 emission, a) colloidal CsPbX3 under UV illumination, b) PL spectra of CsPbX3

under 350-400 nm excitation. Figure from [23]

2.2.2 Stability of CsPbBr3

One of the main obstacles to using CsPbBr3 as LED phosphor is poor stability. Perovskites are
sensitive to oxygen, (UV) light, water and thermal stress, with exposure leading to degradation within
minutes [32].

The crystal structure and structural stability of perovskites can be estimated with the Goldschmidt
tolerance factor

t =
rA + rX√
2(rB + rX)

rA, rB and rX correspond to the Goldschmidt ionic radii of the A cation, B cation and X anion
respectively. The tolerance factor gives the ratio of the distance from cation A to anion X to the
distance from cation B to anion X [22].

t predicts the deviation from the ideal perovskite structure which is indicated by t = 1 [27]. Materials
with a tolerance factor 0.71<t<1 are structurally stable. A tolerance factor between 0.9 and 1 indicates
a cubic structure, and a tolerance factor below 0.9 indicates an orthorhombic structure [22]. CsPbBr3
has a tolerance factor of 0.9, meaning that it is stable in the cubic phase.

When exposed to water, CsPbBr3 will degrade within minutes. The melting point of the perovskite
lies at 567◦C, but it will undergo phase changes at lower temperature, rendering it useless as phosphor
at temperatures above 177◦C, although lower temperatures can also damage the perovskite [18], [33].
Under illumination of 0.03 W/mm2, an order of magnitude smaller than LED-chip emission intensity,
CsPbBr3 will already lose 82% of its emission within 60 minutes [34]. Perovskites can exhibit self-
healing behavior. After degradation, the perovskite can restore its structure within minutes to hours
and recover its luminescent abilities [35], [36].
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The perovskite must be stable for up to 50000 hours, with <10% drop in performance for use as an
LED phosphor [7]. Oftentimes, stability is measured in rapid aging tests for 1000 hours [32]. Aging
tests expose the perovskite to moisture, thermal stress and illumination, in order to simulate conditions
in an LED.

The stability of CsPbBr3 is inferior to that of often used ceramic phosphors [18]. In order to commer-
cialize CsPbBr3 LED phosphors, stabilizing steps have to be taken. Stability of CsPbBr3 has been
improved by adding ligands [29], by combining a 2D perovskite layer on top of a 3D bulk perovskite
[37], or by passivating the surface [38].

One of the best ways of stabilizing perovskite is by encapsulation. To improve CsPbBr3 stability
optimally, the encapsulant has to be intrinsically stable, it cannot be porous, and it has to completely
encapsulate the perovskite [18]. The matrix must be able to withstand LED operating conditions, so
it has to be stable under illumination and heat. It also cannot absorb light emitted by the perovskite.

Many different materials have been used for encapsulation of perovskites. CsPbBr3 has been im-
plemented as core in a TiO2 shell [39], inside of epoxies, coatings, alumina matrices, tellurite glass,
polymers, and more [18], [34], [39]–[41]. CsPbX3 perovskites have been protected by combining the
perovskite with ZrO2, improving stability and PLQY [42]–[44]. Most of these materials slow down the
degradation of the perovskite, but do not completely stabilize it.

Silica is an encapsulant that is non-porous, and impermeable to oxygen and water. It is also transparent
for visible light, and can withstand LED operating temperatures. This makes it a good candidate for
stabilizing perovskites.

2.2.3 CsPbBr3 in silica mesoporous sieves

Silica mesoporous sieves have pores of uniform size that can be tuned depending on the organic template
they are produced with [45]. They are non-toxic, cheap, and made of earth abundant materials [11].

Figure 2.4: a) Perovskite precursors are soaked with a mesoporous sieve, excess solution is evaporated
off, and APbX3 is crystallized at 120◦C in the pores. Figure from [28], b) Encapsulation of CsPbBr3
in MCM-41. Figure from [18]
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The group of Kovalenko soaked perovskite precursors in commercially available mesoporous sieves with
pore sizes between 2.5 and 50 nm (see Figure 2.4 a)) [28]. Photoluminescence measurements showed
perovskite emission with a narrow FWHM down to 22 nm, and PLQY above 50% [28]. However, this
way of encapsulating does not completely protect the perovskites, as the pores are not sealed.

A paper by Zhang et al. (2020) presented MCM-41 as most suited template for encapsulation of
CsPbX3 perovskites, as the pores of this material collapse at high temperature [18]. MCM-41 is a
silica molecular sieve with a pore size of 3.4 nm [45], [46]. The silica matrix was soaked in perovskite
precursors and dried. Afterwards, the sample was annealed at 700◦C. At temperatures above 600◦C,
the perovskite precursors sublimate into the pores of the molecular sieve. These pores collapse around
700◦C, and when cooling down the sample, CsPbBr3 nanocrystals are formed in the collapsed pores
(see Figure 2.4 b)). A PLQY up to 71% was measured [24].

This process encapsulates the perovskite nanocrystals, and protects them from degrading influences
of oxygen, water, heat and illumination. CsPbBr3 encapsulated in MCM-41 (CsPbBr3@SiO2) showed
slightly improved PLQY after 50 days in water (see Figure 2.5 a)). This material was installed on
an LED-chip, and after 1000 hours, PL intensity survived completely. Under aging conditions of 85%
humidity and 85◦C, emission showed an initial rise, followed by a drop in intensity. The intensity did
however not drop below initial intensity (Figure 2.5 b)). Compared to non-encapsulated CsPbBr3,
there is a large difference in stability. Compared to green phosphor Sr2SiO4:Eu2+ and red phosphor
KSF, a significant improvement can be seen (see Figure 2.5 c)). This shows CsPbBr3@SiO2 has
stability comparable to that of a commercial phosphor.

Figure 2.5: a) PLQY of CsPbBr3 in MCM-41 (with and without HF etching) was measured before and
after 50 days in water, and compared to green phosphor Sr2SiO4:Eu2+, red phosphor KSF and non-
encapsulated CsPbBr3, b) PL of CsPbBr3 in molecular sieves, installed on an LED chip (20 mA, 2.7
V), compared to Sr2SiO4:Eu2+, KSF, CdSe/CdS/ZnS nanocrystals, and non-encapsulated CsPbBr3,
c) PL of CsPbBr3 in molecular sieves, installed on an LED chip (20 mA, 2.7 V), aged at 85◦C and
85% humidity. Figures from [18]
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An et al. (2021) showed an adapted synthesis by including molten salts [11]. The MCM-41 pores
were sealed with a mixture of KNO3, KBr, and NaNO3, instead of collapsed at high temperature. In
this synthesis, a lower annealing temperature of 350◦C was required, and a PLQY of up to 89% was
measured, with a FWHM of 21.5 nm. However, stability of CsPbBr3@SiO2 with molten salts was
lower compared to the synthesis Zhang et al. (2020) showed [11], [18].

Since then, more papers have been dedicated to using molecular sieves to encapsulate perovskites.
Overgrowth steps were taken to lower annealing temperatures [24], Mn2+ doped CsPbBr3 was formed
in MCM-41 pores [47], alternative molecular sieves like SBA-15 were used [48], and bismuth-halide
double perovskites were formed in the sieves [49]. It can be concluded that silica molecular sieves form
a good encapsulant for perovskites.
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2.3 Eu3+ as a red LED phosphor

2.3.1 Lanthanides

Europium is an element in the lanthanide family. These materials are f-block elements, as the f-orbital
is partly filled. Lanthanides are often called rare earth elements, but are not as rare as the name would
suggest. Europium is the 53rd most prevalent element, making it more prevalent than for example
silver. However, it can be difficult to extract lanthanides from the minerals in which they are found
[50], and they can only be mined in small mines in the USA, China, Russia, Australia and India.
This causes many environmental and socio-economic problems [51]. Therefore, efficient use and design
for circularity are critical [51]. Lanthanides are non-toxic, and are often used in lighting, lasers or as
catalysts [52], [53]. Most lanthanides are stable in the Ln3+ oxidation state. Europium most commonly
exists in the Eu3+ configuration, although the Eu2+ ion is also found [50], [54].

Under illumination, lanthanides can be seen to exhibit sharp emission lines with FWHM < 10 nm
[55]. They are characterized by these narrow emission peaks, a small Stokes shift, and long lifetimes.
This makes lanthanides very suitable for use as phosphor in wLEDs because a high color purity can
be achieved. Furthermore, lanthanides have a high chemical stability and environmentally friendly
preparation procedure [17]. Many lanthanides have weak absorption, making direct excitation a chal-
lenge [56]. Eu3+ can exhibit narrow red emission around 610 nm and forms a good candidate for a red
phosphor material [19].

Eu3+ is often used as a spectroscopic probe, because its transitions are very sensitive to small changes
in the symmetry of the surroundings [54]. A small change in symmetry can be recognized by changes
in the peak wavelength, FWHM and number of peaks [57]. This is why Eu3+ is used as a security
mechanism in EURO notes, that glow red when illuminated with UV light [58].

Much work has been done on incorporating Eu3+ in LEDs and phosphors, employing different hosts.
As a result, many Eu3+ containing phosphors are available. However, most are only excited with UV
light, making them incompatible with blue InGaN LED chips [1], [59]–[65].

Some Eu3+ phosphors are most efficient upon excitation with blue light, like La2Ce2O7:Eu3+ [17],
SrAl2Si2O8:Eu3+ [68], and Y2O3:Eu3+, one of the most used phosphors [64], [66], [67]. However, the
PLQY of these systems is often below 50%. Other phosphors can be excited by blue light, but are
many times more efficient on excitation with UV-light, like BaGe4O9:Eu3+ [61], and Sr5Nb4O15:Eu3+

[69].

Incorporating Eu3+ in yttria-stabilized zironia enhances Eu3+ emission, and ZrO2 is often used with
Eu3+ as a spectroscopic or temperature probe [70], [71].

2.3.2 Electron configuration of Eu3+

Eu3+ has 54 electrons in closed shells, and 6 electrons in the 4f shell, which means it has electronic
configuration [Xe]4f6. The 4f shell is protected from the surroundings by the closed 5s2 and 5p6

orbitals. Using the binomial coefficient, the degeneracy can be calculated. The electrons can arrange
themselves in 3003 different ways [57]. This degeneracy is lifted by electron repulsion, spin-orbit
coupling, crystal-field perturbation and the Zeeman effect [72].
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The energy levels of Eu3+ can be described by 2S+1LJ terms. S is the spin quantum number, and the
spin multiplicity is given by 2S+1. L is the total orbital angular momentum quantum number, and J
is the total angular quantum number. J can range from L+S until |L-S| [73]. In total, Eu3+ has 295
2S+1LJ terms. Hund’s rules determine the ground state as the state with the highest spin multiplicity
and the lowest J number. The highest spin multiplicity is given by 2S+1. Since Eu3+ has 6 electrons
in the 4f shell, the highest spin multiplicity is 2S+1 = 2·(6·½)+1 = 7. The 7FJ state has multiplicity
7, meaning the ground state of Eu3+ is 7F0. With a Hamiltonian the energy levels can be calculated
[73].

2.3.3 Judd-Ofelt theory

Eu3+ emission is a result of an electric dipole or magnetic dipole transition between states within
the 4f shell. The closed 5s2 and 5p6 orbitals protect the optically active electrons from the crystal
field, which gives them characteristic sharp peaks with FWHM<10 nm, and long lifetimes around 1
millisecond [74]–[78].

The Laporte selection rule forbids f-f transitions. According to this rule, electric dipole (ED) transi-
tions of Eu3+ are forbidden and have a very low probability of occurring [56]. ED transitions are a
consequence of the interaction of the ion with the electric field vector of the light through an electric
dipole [72]. Magnetic dipole (MD) transitions are allowed by Laporte selection rule, but generally
induce weak emission [76]. They are a result of interaction of the Eu3+ ion with the magnetic field
component of the light via a magnetic dipole [75]. The location of MD-transitions can be calculated
with the wavefunctions of a free Eu3+ ion, as the environment does not influence them much [72].

However, the Laporte selection rule is only valid for Eu3+ as a free floating ion, and does not take the
Eu3+ host environment into account. To relax this selection rule, the field cannot be centrosymmetric
[72]. Eu3+ has to be included in a strongly asymmetric site, or sensitized with organic ligands in order
to show ED transitions [1]. The Eu3+ ion is affected by surrounding host ions via a static electric
field, the crystal field, indicating that the host has a large impact on the location and intensity of ED
transitions [53], [74].

Hence, Judd and Ofelt independently proposed a slightly different set of selection rules (see Figure
2.6). These rules take the host matrix of Eu3+ into account and are more in accordance with the
observed emission from Eu3+. All ED transitions with even ∆J, and all MD transitions are allowed.
Judd-Ofelt theory still forbids some transitions, like 5D0 → 7F0 and 5D0 → 7FJ (J = 0,1,3,5). These
transitions can however be seen in luminescence spectra. Several reasons can be found for this, like
J-mixing, the electrostatic interaction between electrons (electron correlation), and dynamic coupling,
which is the mutual interaction of the lanthanide ion and the crystal environment [76]. J-mixing is
the mixing of different J-levels of the ion, where for example the 5D0 → 7F0 transition can borrow
intensity from 5D0 → 7FJ (J = 2,4,6) transitions [57], [79]. It can arise from spin-orbit coupling and
crystal-field perturbations [57].

Figure 2.6: Selection rules in Judd-Ofelt Theory. Figure adapted from [76]
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2.3.4 Emission

Eu3+ emission is due to radiative recombination of 5D0 → 7FJ transitions. Emission ranges from
amber colored to infrared light [75]. 5D0 → 7FJ transitions can be seen in Figure 2.7 , typical
photoluminescence (PL) emission spectra can be seen in Figure 2.8.

Figure 2.7: 5D0 → 7FJ transitions of Eu3+ in a host matrix. Data taken from [72]
5D0 → 7F0

The 5D0 → 7F0 transition is forbidden according to Judd-Ofelt theory, because it is a J=0 → J=0
transition. However, this transition can still be observed in many luminescence spectra, mostly be-
cause of J-mixing [79]. This transition has a narrow linewidth, and will only show in low symmetry
surroundings [72]. The transition is often weak, but is bright in for example the Y2O3:Eu3+ complex
[72]. This is one of the most narrow linewidth transitions of all lanthanides. The presence of multiple
peaks within this transition indicate that Eu3+ exists in multiple symmetric host environments [80].

5D0 → 7F1

This transition is an MD transition, and the intensity is mostly independent of the environment, as
can be seen in Figure 2.8. However, this level can exhibit splitting, and show multiple peaks. In an
environment with low site symmetry, the splitting becomes larger [72]. Splitting is very common in a
silica host, because the silica host provides many different crystal-field strengths [81]. This transition
can overlap with both the 5D0 → 7F0 and 5D0 → 7F2 level.
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5D0 → 7F2
5D0 → 7F2 is the transition which can be the most intense, and it is the transition most often utilized
in red phosphors [60]. This transition is hypersensitive, meaning that the environment of the ion has
a large impact on the intensity of this transition [53]. Its emission is usually centered around 612 nm,
and shows a bright red/pink color. This transition can be used as a measure for the asymmetry of the
Eu3+ site [72].

This hypersensitive transition is the transition that is most influenced by the local symmetry and
ligands of Eu3+ [74]. Most ED transitions can have a variation of a factor 3 in intensity, depending
on the host environment and ligands. However, a hypersensitive transition shows emission that has
a variation in intensity of a factor 100 [72]. This large variation in intensity can be seen in Figure
2.8, where the intensity of the 5D0 → 7F2 varies depending on the host. A hypersensitive transition
behaves like an electrical quadrupole transition, and the dynamic coupling model explains the variation
in intensity [53]. The variation can be calculated as a result of Coulomb correlation between the 5D0 →
7F2 quadrupole moment and the induced dipole moments of the host environment or ligands, caused
by incoming light [53]. This indicates that a longer distance between Eu3+ and the host environment
or ligands results in a lower 5D0 → 7F2 emission.

Figure 2.8: PL emission of Eu3+ in different hosts, a) Eu3+ in
water, b) Eu(DPA)+ complex in water, c) Eu(DPA)3 3− com-
plex in water. The intensity of the different emission bands
vary significantly depending on the host. Figure from [78]

This transition is often more intense in
complexes, like the Eu3+ β-diketonate
complexes. In this complex, ligands
act as an intensity enhancing mecha-
nism.

5D0 → 7F3

The 5D0 → 7F3 transition is forbidden
by Judd-Ofelt theory, and is only seen
as a result of J-mixing. This transition
is very weak in most cases [72].

5D0 → 7F4

The 5D0 → 7F4 transition is an ED
transition, and the emission can be
seen as a small peak in PL emission
spectra. Compared to the 5D0 →
7F2 hypersensitive transition it has a
much lower intensity. This peak oc-
curs around 700 nm, in the deep red.
Human eyes can see light up to 740
nm, but the sensitivity of the eye is
low from around 700 nm [14], mean-
ing that emission from this transition
is not effective for use in wLEDs.

Transitions to higher 7FJ states can
occur, but have a lower intensity [72].
These transitions are often not in-
cluded in papers, partly due to their
limited use in phosphors, as they emit
light that is not visible for the human
eye. Emission from higher 5DJ levels is
possible, but unlikely, as excitons will
mostly relax non-radiatively to the 5D0

state, and then recombine radiatively.
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2.3.5 Absorption

Eu3+ is, like all lanthanides, known to be a bad absorber, and most transitions have a molar absorption
coefficient smaller than 10 L/mol/cm [77]. Most transitions are very weak, but Eu3+ can be effectively
excited with UV light [9]. 7F0,1 → 5DJ absorption transitions are shown in Figure 2.9. A typical
photoluminescence excitation (PLE) spectrum is shown in Figure 2.10.

Figure 2.9: 7F0,1 → 5DJ transitions of Eu3+ in a host matrix. Data taken from [72]

At room temperature, ground state 7F0 has an occupation of 65% of the Eu3+ ions, compared to an
occupation of 35% in the 7F1 state. This is due to the Boltzmann distribution [72], [82]. Because of
low occupancy, absorption from the 7F1 state is less likely to occur, and transitions from this state are
generally very weak. Transitions from higher 7FJ states are highly unlikely, as they have a <1% ion
occupation [72].

The most intense absorption transition is the 7F0 → 5L6 transition, which absorbs UV light between
390-405 nm [83], as is visible in Figure 2.10. In most hosts 7F1 → 5L6 partly overlaps this peak,
showing a broader excitation peak. Most Eu3+ based phosphors utilize the 7F0 → 5L6 transition, as
this transition has a strong absorption [1], [54], [59]–[65], as can also be seen in Figure 2.10. However,
this transition is not suitable for use in a blue LED-chip based wLED, since the emission of the blue
LED-chip lies around 460 nm.
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The 7F0 → 5D3 transition is forbidden because of Judd-Ofelt theory, and is only present due to J-
mixing. It is very weak. While the 7F1 → 5D3 transition is not forbidden, it is very weak because of
the Boltzmann distribution.

To directly excite Eu3+ in a blue LED-chip based wLED, the 7F0 → 5D2 transition has to absorb
strongly. This absorption band perfectly overlaps with emission from a 460 nm LED-chip. The
hypersensitive character of this transition indicates that depending on the host, the transition can be
very weak or very absorbing, even similar in strength to the 7F0 → 5L6 transition [82]. In contrast,
the 7F1 → 5D2 transition is very weak.

Figure 2.10: Photoluminescence excitation spectrum of
Sr9Sc(PO4)7:Eu3+. Figure from [86]

7F0 → 5D1 transition is a MD transi-
tion, which makes the intensity mostly
independent to the environment, and
weak in absorption [82]. This transi-
tion can be used for energy transfer
via ligands. In order to have direct en-
ergy transfer from CsPbBr3 emission,
this transition has to be excited. 7F1

→ 5D1 is hypersensitive, although it is
also not as strongly absorbing due to
the Boltzmann distribution.

Around 240-270 nm, Eu3+ shows a
broad absorption band [84], as can be
seen in Figure 2.10. This is due to the
Eu-O charge transfer band (CTB), or
ligand-to-metal charge transfer band
(LMCT). Electron transfer can cause
Eu3+ to reduce to Eu2+-O−. Eu2+

transitions are f-d transitions, so they
are not forbidden according to the La-
porte selection rule [85]. They can be
very absorbing, and transfer energy to
Eu3+ in a non-radiative energy trans-
fer process. The exact wavelengths of
this band are heavily dependent on the
host environment [84].
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2.4 Energy transfer to Eu3+

2.4.1 Dexter energy transfer and Förster Resonance Energy Transfer

Even in an ideal host material, absorption coefficients of Eu3+ are low [72]. By combining Eu3+ with
a well absorbing material, emission of Eu3+ can be increased via energy transfer. Energy transfer to
Eu3+ can occur via Dexter Energy Transfer, or via Förster Resonance Energy Transfer (FRET) [56],
[72].

Dexter energy transfer is a process where an excited electron is transferred from a donor to an acceptor
(see Figure 2.11). This requires an overlap between the orbitals of the energy donor and the Eu3+ ion.
A close distance between the donor and acceptor of around 0.5 nm is required [87].

Eu3+ can also be sensitized by Förster Resonance Energy Transfer (FRET). FRET happens when the
triplet level of an energy donor couples with the dipole moment of the 4f orbital. A donor electron
that is excited can recombine non-radiatively, and through resonance excite an acceptor electron, as
is shown in Figure 2.11. The electron is not transferred to the acceptor [9], in contrast to a Dexter
energy transfer process. The resonance mechanism occurs because of Coulombic interaction between
the donor and acceptor [56].

The efficiency of FRET is given by

ηFRET =
1

1 + ( R
R0

)6

R is the donor-acceptor distance, R0 is the distance where 50% of excited photons in the donor transfer
energy to the acceptor [56]. For most donor-acceptor pairs with Eu3+ as acceptor R0 is around 2 to
5 nm [56]. This means that the distance between donor and acceptor must be smaller than 5 nm for
FRET to be efficient.

Figure 2.11: Dexter energy transfer. 1. an electron is excited to a higher state, 2. the excited electron
transfers from donor to acceptor, 3. the acceptor decays radiatively, b) Förster Resonance Energy
Transfer. 1. an electron is excited to a higher state, 2. the excited electron decays non-radiatively,
and simultaneously excites the acceptor through resonance, 3. the acceptor decays radiatively. Figure
adapted from [88]
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2.4.2 Dexter energy transfer in a Eu3+ β-diketonate complex

Emission of Eu3+ can be improved by adding ligands that can absorb light and transfer energy to the
lanthanide ion via intramolecular Dexter energy transfer [77], [89]. The most commonly known ligands
for sensitizing lanthanides are β-diketonates (1,3-diketonates) [56].

Figure 2.12: The β-diketonate ligand can absorb light and transfer this to the lanthanide ion via the
triplet state. A – absorption, F – fluorescence, P – phosphorescence, L – lanthanide luminescence, ISC
– intersystem crossing, ET – energy transfer, S – singlet, T – triplet. Figure from [77]

As can be seen in Figure 2.12, the β-diketonate ligand can absorb UV light, and get excited to the S1

singlet state. Fast internal conversion to a lower S1 level happens through internal conversion. This
light either decays to the S0 ground state through radiative radiation, or goes through non-radiative
intersystem crossing to the triplet state [56]. The triplet state can phosphoresce to the S0 ground
state of the ligand, or transfer energy to an excited state of Eu3+ via Dexter energy transfer [77].

Figure 2.13: Tetrakis Eu3+ β-diketonate complex,
Eu(tta)4P(Ph)4. Figure from [44]

This energy transfer is possible because the β-
diketonate ligands have a long triplet lifetime,
similar to that of Eu3+ [56]. The Eu3+ 5D1 level
is a good acceptor level for Dexter energy transfer
[1]. For efficient energy transfer, the triplet state
of the antenna should have an energy level that is
slightly higher than the resonant acceptor level to
prevent back transfer [55]. When energy transfer
has occurred, Eu3+ will decay non-radiatively to
the 5D0 state, and from there decay radiatively
to a 7FJ state.

Tetrakis Eu3+ β-diketonate complexes have four
tta ligands around Eu3+ (Figure 2.13), and are
the most efficient complexes at sensitizing Eu3+

emission [77]. The ligands have a strong ab-
sorption in the UV region, and can transfer en-
ergy to the Eu3+ 5D1 level via the triplet state
[72]. These ligands can absorb UV light, but have
weak absorption around 460 nm InGaN emission.
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Eu3+ β-diketonate complexes are not stable under illumination or heat, as the ligands can detach
from the Eu3+ ion [55]. Different encapsulants have been used to improve stability. Encapsulation in
MCM-41 can drastically increase stability of the complex under luminescence and heat [90], and was
found to increase PLQY [77]. PMMA is an effective encapsulant that can increase emission intensity
and stability under illumination of Eu3+ in a β-diketonate complex [91], [92].

The β-diketonate ligands can also be excited via an energy transfer mechanism. A beautiful example
is the work of the Petrozza group [1], that sandwiched the Eu(tta)4P(Ph)4 complex between 2D
perovskite NMA2PbBr4. In this system, the 2D perovskite absorbs UV light and transfers this to the
tta ligands [1].

2.4.3 Förster Resonance Energy Transfer from Tb3+ to Eu3+

A much described FRET mechanism is a system with energy transfer from Tb3+ to Eu3+ [9], [56], [65],
[93]–[95]. By co-doping Tb3+ and Eu3+ in a suitable matrix, enhanced Eu3+ emission can be seen.
The 5D4 → 7F5 Tb3+ transition can excite the 7F0 → 5D1 transition of Eu3+ via resonant Coulombic
interaction. Tb3+ has a lifetime similar to Eu3+, facilitating energy transfer [94]. Tb3+ and Eu3+

have been implemented in different hosts, like CsPbBr3 [93], Y2SiO5 [94], and PMMA combined with
a mixed Tb3+/Eu3+ β-diketonate complex [91].

However, Tb3+ is a bad absorber that is mostly excited with UV light [94]. Van de Haar et al. (2020)
showed a system where Tb3+ can be excited with 460 nm light, and energy transfer to Eu3+ takes
place in an interparticle FRET mechanism, as can be seen in Figure 2.14. This results in red Eu3+

emission upon excitation with 460 nm light [9].

Figure 2.14: Interparticle FRET from Tb3+ doped material to Eu3+ doped material, resulting in
red emission. Tb3+ is excited with 460 nm light and transfers energy to Eu3+, which emits red light.
Figure from [9]
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2.5 Enhanced Eu3+ emission by doping in CsPbBr3

In this thesis, CsPbBr3 is investigated as a host matrix and energy donor for Eu3+. CsPbBr3 has high
absorption, and a bandgap close to the 5D1 level of Eu3+ [23]. These qualities make it a good candidate
as a potential energy donor. By incorporating Eu3+ in the CsPbBr3 lattice, the donor-acceptor distance
is small enough for Dexter energy transfer and FRET.

If CsPbBr3 forms a suited host material, the PLE spectrum would show intense Eu3+ excitation peaks,
combined with strong UV excitation, as is depicted by the purple line in Figure 2.15. When CsPbBr3
would transfer energy to Eu3+, Eu3+ excitation is possible until the bandgap of the perovskite. This
is shown by the red line in Figure 2.15.

Figure 2.15: PLE of Eu3+ peak. The purple line shows Eu3+ excitation if the host is suitable for
self-excitation. The red line shows Eu3+ excitation through energy transfer from CsPbBr3

Inorganic metal lead-halide perovskites can be doped by replacing the Pb2+ cation with other materials
like lanthanides. Doping can improve PLQY, and broaden the possible emission range [96]. Energy
transfer from CsPbBr3 to Yb3+ has been shown to enhance Yb3+ emission, and induce a quantum
cutting effect [97], [106].

Doping CsPbBr3 with Eu3+ results in a Eu3+-VPb-Eu3+ structure, with two Eu3+ ions and a vacancy
in the place of three Pb2+ ions, as can be seen in Figure 2.16 [85], [96]. The ionic radius of Eu3+ is
1.06 Å [98], compared to an ionic radius of 1.19 Å for Pb2+. These radii are similar enough for the
Eu3+ ion to be incorporated into the perovskite lattice. Doping of Eu3+ increases CsPbBr3 stability
and emission, as it can reduce microstrain in the lattice [1], [85], [96]. It can also lead to a blueshift in
CsPbBr3 emission because of tilting of the perovskite lattice [96].
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Figure 2.16: Atomic model where 2 Eu3+ ions and a vacancy replace 3 Pb2+ions. The pink octahedra
represent a replacement of Pb2+ with Eu3+. The white sphere corresponds to a Pb2+ vacancy. Figure
adapted from [99]

When Eu3+ is doped in large concentrations, concentration quenching can occur. Eu3+ will transfer
energy to nearby Eu3+ ions, increasing the probability of non-radiative radiation, and quenching
emission [56]. The critical distance Rc can be calculated.

Rc ≈ 2(
3V

2πXcN
)1/3

Rc is the distance where the energy transfer probability between Eu3+ ions is equal to Eu3+ emission
probability. For Eu3+ ions, Rc = 5 Å [100]. V is the volume of the host lattice, Xc the critical doping
concentration, and N the number of available sites in the unit cell. For CsPbBr3:10%Eu3+, Rc = 16
Å. This indicates that in 10% Eu3+ doped CsPbBr3 exchange interaction between Eu3+ ions is very
unlikely.

Many examples exist of Eu3+ doped perovskite nanocrystals embedded in a glass matrix. Different
types of glass are used to provide a host that allows both Eu3+ and CsPbBr3 emission. However, no
clear evidence for energy transfer between Eu3+ and CsPbBr3 was found.

A CaO-ZnO-Al2O3–B2O3–SiO2–CsPbBr3-Eu3+ glass shows high CsPbBr3 emission at 460 nm excita-
tion. However, Eu3+ emission is almost negligible at this wavelength [101]. ZnO-SiO2-B2O3 glass with
CsPbBr3:Eu3+ shows equal CsPbBr3 and Eu3+ peaks under 365 nm excitation, with a high PLQY of
74%. However, no Eu3+ emission can be shown at higher excitation wavelengths [102]. An example
of B2O3-SiO2-ZnO glass with CsPbBr3:Eu3+ shows increase of perovskite emission upon doping with
Eu3+. However, once again there is no clear Eu3+ emission [63].

A very striking example of a Eu3+ doped perovskite is shown in a paper by P. Li et al. (2020). A
Eu3+-doped CsPbBr3 system is shown where simultaneous blue, green and red emission is produced.
Blue emission is caused when Eu3+ reduces, and forms CsEuBr3. Green emission originates from
CsPbBr3, and red emission from free Eu3+ ions, upon UV illumination. They state this is caused by
energy transfer [103].

These examples show Eu3+ emission at wavelengths where the Eu3+ can self-excite, but show no clear
signs of energy transfer.

Eu3+ emission can be increased by utilizing a two-step annealing process, where a high temperature
annealing step is followed by a slow, lower temperature annealing step to alleviate stress in the glass
matrix [63], [101]–[103]. Many Eu3+ phosphors are fabricated at high temperatures, ranging from
950◦C up until 1400◦C [16], [17], [60], [68], [69], [104], [105]. High fabrication temperatures are crucial
for Eu3+ emission, as emission intensities drop significantly at lower fabrication temperatures.
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Chapter 3

Methods

Chemicals

CsPbBr3@SiO2

Caesium bromide (CsBr, >99%) was purchased from Alfa Aesar. Lead(II) bromide (PbBr2, ≥ 98%)
and hydrochloric acid (HCl, 37%) were purchased from Sigma Aldrich. Molecular sieve MCM-41 type
A was purchased from ACS Material, LLC.

Eu3+

Europium(III) bromide hexahydrate (EuBr3·6H2O, 99.99%) and europium(III) chloride (EuCl3, 99.99%)
were purchased from Sigma Aldrich. Y2O3:15%Eu3+ nanoplatelets and silicone gel Momentive IVS9520
were acquired from Seaborough.

Mesoporous yttria-stabilized zirconia
Zirconium(IV) chloride (ZrCl4, >99%) and yttrium(III) chloride (YCl3, 99.99%) were purchased from
Alfa Aesar. Pluronic F127 ((C3H6O·C2H4O)x) was purchased from Sigma Aldrich

Eu3+ β-diketonate
Thenoyltrifluoroacetone (Htta or 4,4,4,-trifluoro-1-(2-thienyl)-1,3-butanedione, 99%), tetraphenylphos-
phonium chloride (P(Ph)4Cl, 98%) and sodium hydroxide (NaOH) were purchased from Sigma Aldrich

All chemicals were used as received without further purification.

Synthesis

Substrates
All substrates used are 1.2 x 1.2 cm quartz substrates. Prior to use, substrates are washed with
deionized water and soap and rinsed with isopropanol. For measurements, samples are dropcasted on
a substrate.

CsPbBr3@SiO2

In a ceramic mortar, CsBr and PbBr2 are ground together in a 1:1 molar ratio, typically 1 mmol
CsBr:1 mmol PbBr2, together with a 1:3 weight ratio CsPb+PbBr2:MCM-41, in this case 1.739 gram
MCM-41. The mixture is ground for 5 minutes, and transferred to a ceramic crucible, which is placed
in a quartz tube in a CVD (chemical vapor deposition) oven in air. The powder is heated up to 300◦C
with a 10◦C/min heating ramp, dwelling for 3 minutes, and then heated to 700◦C with a 5◦C/min
heating ramp, dwelling for 30 min. It is then cooled to room temperature.
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The powder is washed by mixing with deionized water and sonicating for 5 minutes. The mixture is
then centrifuged for 5 min at 2500 rpm, and the water is pipetted off. This is repeated 3 times. Then
it is left to dry at 80◦C.

This process is shown in Figure 3.1.

Figure 3.1: Synthesis of CsPbX3 (X = Br) @ SiO2. Figure from [106]
Stability measurements
For stability measurements, CsPbBr3@SiO2 is kept in a vial with deionized water. Before measure-
ments, the vial is sonicated, and 100 µL of CsPbBr3@SiO2 in water is dropcasted on a substrate. This
sample is named H2O .

Two samples are made by encapsulating CsPbBr3@SiO2 in silicone gel Momentive IVS9520. Part A and
part B of the silicone gel are combined in a 1:5 weight ratio. A 1:30 weight ratio CsPbBr3@SiO2:silicone
gel is added. 0.06 g of this mixture is dropcasted on a quartz substrate. The substrate is desiccated
for 10 minutes to remove any air bubbles. Then it is cured in the CVD oven in air at 150◦C for 90
minutes, with a heating ramp of 5◦C/min.

One sample called Ambient is kept in a sample box at room temperature in the dark. The second
sample, called Heat & Ill., is kept on a hotplate set at 85◦C, illuminated by a laser with a power of
15 mW/cm2 (see Appendix A.1 for a schematic of the setup). This sample is not further heated and
illuminated after 50 days.

CsPbBr3:x%Eu3+@SiO2 (x = 5%, 10%, 20%, 50%, 100%)
Eu3+ doped CsPbBr3@SiO2 samples are made by grinding 1:1:x (x = 0.05, 0.1, 0.2, 0.5, 1) CsBr:PbBr2:
EuBr3 with a 1:1 weight ratio MCM-41:CsBr+PbBr2+EuBr3. After grinding for 5 minutes, this
mixture is treated as CsPbBr3@SiO2, and annealed in the CVD oven. It is heated to 300◦C with a
10◦C/min heating ramp, dwelling for 3 minutes, and then heated to 700◦C with a 5◦C/min heating
ramp, dwelling for 30 min. Afterwards, it is washed thrice and dried.

CsPbBr3:10%Eu3+@SiO2 900◦

10% Eu3+ doped CsPbBr3@SiO2 was made according to a usual synthesis. After cooling the sample
to room temperature, and undertaking washing steps, a second annealing step is done, by heating
CsPbBr3:10%Eu3+@SiO2 to 900◦C for 15 minutes with heating ramp 30◦C/min. Then, the sample is
cooled to room temperature.

CsPbBr3@SiO2+Y2O3:15%Eu3+

A 1:10 weight ratio CsPbBr3@SiO2:Y2O3:15%Eu3+ was mixed in H2O and dropcasted.

Mesoporous yttrium-stabilized zirconia (mYSZ)
A procedure from [107] and [108] is followed. 0.0832 gram Pluronic F127 is dissolved in 33 mL ethanol
by stirring at 500 rpm for 10 minutes. 1.192 mmol ZrCl4 and 0.208 mmol YCl3 are taken out of the
glovebox and added to the ethanol mixture whilst stirring. After stirring at 500 rpm for 10 minutes, 1
mL deionized water is added dropwise, and the mixture is stirred for 1 more minute. The mixture is
dried in air at room temperature for 1-3 days. The remaining substance is calcined in air by heating it
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in the CVD in a ceramic boat, at 600◦C for 4 hours, with a heating rate of 1◦C/min. It is then cooled
to room temperature.

CsPbBr3@mYSZ
Encapsulating CsPbBr3 in mYSZ is done by following the same procedure as used for encapsulation
with molecular sieve MCM-41. CsPb and PbBr2 in molar ratio 1:1 are ground together with a 1:1
weight ratio mYSZ:CsBr+PbBr2. The sample is annealed by heating to 300◦C with a 10◦C/min
heating ramp, dwelling for 3 minutes, and then heated to 700◦C with a 5◦C/min heating ramp,
dwelling for 30 min.

mYSZ:10%Eu3+

The procedure for making mYSZ was followed. EuCl3 was added at the same time as ZrCl4 and YCl3,
in molar ratio 1.192 mmol ZrCl4:0.208 mmol YCl3:0.119 mmol EuCl3.

CsPbBr3@mYSZ:10%Eu3+

CsPbBr3 was encapsulated in mYSZ:10%Eu3+ by following the steps for encapsulating in mYSZ, but
using a 1:1 weight ratio mYSZ:10%Eu3+:CsBr+PbBr2.

mYSZ:10%Eu3+ annealed at x◦C (x = 1000, 1300)
mYSZ:10%Eu3+ was made according to regular steps, but calcined at 1000◦C or 1300◦C instead of
600◦C for 4 hours with heating rate 1◦C/min

Eu3+ β-diketonate complex Eu(tta)4P(Ph)4
A procedure from [1] is followed. A 1M NaOH solution is made by dissolving 0.8 g NaOH in 20 mL
demiwater. 6.154 mmol Htta (thenoyltrifluoroacetone) is dissolved in 6.154 mL NaOH solution by
stirring at 500 rpm for 10 min. 3.692 mmol P(Ph)4Cl is dissolved in ethanol by stirring at 500 rpm for
10 min. This is added to the Htta solution. 1.539 mmol EuCl3 is dissolved in 5 mL ethanol by stirring
at 500 rpm for 10 min. Dropwise, this is added to the solution, whilst stirring at 60 rpm. The complex
precipitates immediately. It is washed with water thrice by adding water to the beaker, sonicating for
5 min, and pipetting the water away. The complex is dissolved with DCM, and either stored in DCM
or air dried.

Eu3+ β-diketonate + CsPbBr3@SiO2

Equal weight amounts of Eu3+ β-diketonate and CsPbBr3 were dispersed in acetone under vigorous
stirring and dropcasted on a substrate.

Instruments

PLQY
Photoluminescence quantum yield measurements were taken with a 405 nm ThorLabs S1FC405 laser
and a Labsphere integrating sphere, coupled to an Avantes AvaSpec dual channel spectrometer. A
procedure from [15] is followed, as is shown in Appendix A.2. For each PLQY result, three consecutive
measurements were averaged. The PLQY setup is accurate within a range of 5%.

Photoluminescence spectra with excitation wavelength 405 nm
PL spectra were taken by exciting a sample with a 405 m Thorlabs S1FC405 diode laser through a
WiTEC Alpha300 SR confocal microscope. The laser is focused on the sample with a P5-305A-PCAPC-
1 optical fiber. The photoluminescence was measured with a UHTC 300VIS WiTEC spectrometer.
The spotsize of the laser is between 2.0 and 2.4 micron in diameter, with a surface between 25 and 40
µm2. The laser was operated at 150 µW power. Intensity on the sample lies between 3.75 W/mm2

and 6 W/mm2

For stability measurements, an image scan was taken of a 20x20 µm surface. The FWHM and center
wavelength of all spectra in the image scan were calculated by applying a Jacobian transformation,
and fitting a Lorentzian to the emission peak, as can be seen in Appendix A.3. The resulting FWHM
and center wavelength were then averaged. Time traces were taken by measuring a spectrum every two
seconds, in dark and illuminated periods. The intensity of the total emission peak was then integrated
and plotted against the elapsed time.
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Photoluminescence spectra with excitation wavelength̸=405 nm and photoluminescence
excitation spectra
Photoluminescence spectra with excitation wavelength ̸=405 nm and photoluminescence excitation
spectra were taken with a Jobin Yvon FluoroLog spectrofluorometer (Horiba) with a 450 W xenon
lamp coupled to a monochormator as an excitation source. All spectra are corrected for the spectral
sensitivity of the spectrofluorometer.

Absorbance
Absorbance measurements were taken with a Perkin Elmer LAMBDA 750 UV/Vis/NIR spectropho-
tometer, with excitation wavelengths between 250 and 800 nm. It has a deuterium and a tungsten
lamp with an InGaAs detector. The bandgap of a sample can be calculated by using a Tauc plot, as
can be seen in Appendix A.4.

XRD
XRD patterns were measured with a Bruker D2 Phaser with a Cu x-ray source.

TEM
TEM measurements were taken with a FEI Tecnai G2 F20 X-TWIN transmission electron microscope.
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Chapter 4

Results and Discussion

CsPbBr3 is encapsulated in molecular sieve MCM-41. Stability is measured under conditions similar
to that on an LED-chip for 50 days.

Eu3+ is doped in the CsPbBr3 lattice to investigate if the perovskite forms a host where Eu3+ emission
is enhanced, either because it is incorporated in a suitable host lattice, or because CsPbBr3 can transfer
energy to Eu3+. CsPbBr3 is combined with commercial phosphor Y2O3:15%Eu3+, to research the
possibility of energy transfer from the perovskite to Eu3+.

Eu3+ is doped in a mesoporous yttria-stabilized zirconia host. This material is filled with CsPbBr3,
to facilitate energy transfer to Eu3+ in a host that enhances Eu3+ emission. β-diketonate ligands are
added to Eu3+ to enhance emission under UV light.

4.1 CsPbBr3@SiO2

CsPbBr3 was encapsulated in molecular sieve MCM-41. After annealing at 700◦C, a bright yellow
powder is formed that emits green light under UV illumination, as can be seen in Figure 4.1 a). In
Figure 4.1 b) the XRD patterns of encapsulated and washed CsPbBr3@SiO2 can be seen. Comparison
with peaks from literature shows that CsPbBr3 has formed in the cubic phase [109]. Small deviations
from literature are expected. A broader peak around 2θ/degree can be seen. This peak can be
attributed to the molecular sieve formed out of amorphous silica.

CsPbBr3 has formed inside the collapsed pores of MCM-41, as washing samples with water does not
quench emission. Non encapsulated perovskite would be destroyed in seconds by washing with water
[18].

The absorption spectrum of the sample is shown in Figure 4.1 c). CsPbBr3 can absorb light with
wavelength below 530 nm. A small peak in absorption can be seen around 310 nm, this corresponds to
absorption by SiO2. The bandgap is calculated using a Tauc plot, and is set at 530 nm (see Appendix
A.4). The PL spectrum in Figure 4.1 d) shows PL emission of CsPbBr3 excited with a 405 nm laser.
An emission curve with center wavelength 517 nm and a FWHM of 20 nm can be seen, characteristic
for CsPbBr3 [18].

26



Figure 4.1: CsPbBr3 was encapsulated in molecular sieve MCM-41, a) CsPbBr3@SiO2, left; am-
bient lighting, right; excitation at ∼395 nm, b) XRD patterns of CsPbBr3@SiO2, c) Absorbance of
CsPbBr3@SiO2, d) PL spectrum of CsPbBr3@SiO2, excitation wavelength = 405 nm

4.2 Stability of CsPbBr3@SiO2

To investigate the stability of CsPbBr3@SiO2, 4 parameters were analyzed over a course of 50 days, with
additional measurements taken after 184 days. Three different samples were measured, in conditions
similar to those on an LED-chip.

The center wavelength of CsPbBr3 emission can undergo a red- or blue shift as a result of changes in
particle size, as the particles are quantum confined. Changes in particle size affect the bandgap of the
perovskite, and can lead to broadening of the emission peak, which results in an increase in FWHM
[18]. Degradation of the perovskite decreases the PLQY [32]. For these reasons, the FWHM, center
wavelength, PLQY, and bandgap of the samples was measured.

The center wavelength and FWHM of CsPbBr3@SiO2 are shown in Figure 4.2 a) and b). Both
the center wavelength and FWHM do not shift significantly over this period for CsPbBr3@SiO2 in
ambient conditions, under heat and illumination, and in H2O. These results indicate that the size of
the CsPbBr3 crystals does not change significantly over time under these conditions.

The bandgap as calculated with a Tauc plot is shown in Figure 4.2 d). The bandgap remains constant
for all samples.

In the PLQY measurements, a large variation can be seen (see Figure 4.2 c)). This is presumably due
to a lack of precision measurements in the setup. However, no significant drop in PLQY can be seen,
even after 184 days.
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Figure 4.2: Stability of three samples CsPbBr3@SiO2. Ambient (green line) is stored at room
temperature in dark conditions, Heat & Ill. (red line) is kept at 85◦C and 15 mW/cm2 illumination,
H2O (blue line) is stored in water, a) FWHM of PL emission spectra under 405 nm excitation, b) center
wavelength of PL emission spectra under 405 nm excitation, c) PLQY, d) bandgap from absorption
spectra

4.2.1 Stability of CsPbBr3@SiO2 under industrial laser power

Stability of CsPbBr3@SiO2 under a higher power laser was investigated, since a power of 15mW/cm2

as used in the last section is orders of magnitude smaller than the power of an operating LED-chip
[20]. The intensity of CsPbBr3@SiO2 was measured over 8 minutes of alternated illuminated and dark
periods with a laser with power around 5 W/mm2. The PL emission intensity of CsPbBr3 can be seen
to drop (see Figure 4.3 a)). The total emission of the perovskite emission declines, however self-healing
behavior can also be observed, as the emission of the perovskite recovers after a dark period.

To analyze the effects of a laser power similar to that in an LED-chip, a 0.8 mW/mm2 laser was used
to excite CsPbBr3@SiO2. The total emission intensity was measured over the course of 2 minutes,
as can be seen in Figure 4.3 b). After a large initial spike in intensity, perovskite emission intensity
remains stable, and does not show further decay.
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Figure 4.3: Stability of CsPbBr3@SiO2 under high intensity illumination, a) Total integrated intensity
of CsPbBr3@SiO2 PL emission measured in 8 minutes consecutive illuminated and dark periods, with
laser power around 5 W/mm2, b) total intensity of CsPbBr3@SiO2 under 0.8 mW/mm2 laser power
for 2 minutes, c) total intensity of CsPbBr3@SiO2 under 12 consecutive 1 ms pulses of a 0.8 mW/mm2

laser, with 1 s recovery time between pulses. a), b), c) excitation wavelength = 405 nm

To further examine this fast initial decay, a 0.8 mW/mm2 laser was pulsed, and CsPbBr3 was excited
for 1 millisecond. After each pulse a dark period of 1 second followed. PL intensity declines quickly,
but recovers after 1 second in the dark (Figure 4.3 c)). Self-healing behavior is visible between i.a.
the first and second pulse, as is shown in the inset of Figure 4.3 c). Over the 12 pulses, a gradual
total decline can be seen. After 10 pulses, the intensity traces overlap, and no further overall decline
in emission intensity can be seen. The decay of CsPbBr3 can be attributed to light induced stress.

Concluding, encapsulated CsPbBr3@SiO2 is stable over a long period of time. Encapsulation in molec-
ular sieve MCM-41 effectively protects CsPbBr3 from environmental degradation induced by water,
oxygen, heat or weak illumination. However, the perovskite does not retain its full emission under high
intensity illumination. This decline in emission does stabilize after a short period of time. CsPbBr3
also exhibits self-healing behavior. For use as a wLED phosphor, stability under high laser power has
to be further researched.

29



4.3 Eu3+ doped CsPbBr3@SiO2

CsPbBr3@SiO2 was doped with different molar concentrations Eu3+. The XRD patterns in Figure
4.4 a) show that cubic phase CsPbBr3 has formed. A normalized PL spectrum of CsPbBr3:xEu@SiO2

(x = 5%, 10%, 20%, 50%, 100%) is shown in Figure 4.4 b). A typical CsPbBr3 emission peak can
be seen between 520-530 nm. With higher Eu3+ doping concentrations, this peak blueshifts. When
Eu3+ is incorporated into CsPbBr3, there is a strain on the perovskite lattice, and luminescence can
blueshift [96]. This indicates that Eu3+ gets incorporated into the lattice. A growing blueshift with
higher doping concentrations suggests that more Eu3+ is incorporated into the lattice at higher doping
concentrations.

Figure 4.4: CsPbBr3@SiO2 doped with different concentrations Eu3+, a) XRD patterns of
CsPbBr3:10%Eu3+@SiO2, b) normalized PL spectrum of CsPbBr3:xEu3+@SiO2 (x = 5%, 10%, 20%,
50%, 100%), c) close-up of PL spectrum, b), c) excitation wavelength 405 nm

In all samples, Eu3+ emission from the 5D0 → 7F2 transition can be seen (see Figure 4.4 c)) when
excited with a 405 nm laser. However, this emission is extremely weak in comparison to the perovskite
emission. This indicates CsPbBr3 is not a suited host matrix for Eu3+ emission.

A PLE spectrum was taken of a 50% doped CsPbBr3:Eu3+ spectrum (Figure 4.5), to examine whether
energy transfer occurs. Excitation of CsPbBr3 (green line) can be seen to drop after the bandgap of
CsPbBr3 at 530 nm. A slight dip in excitation can be seen around 310 nm, this can be attributed to
absorption of the light by SiO2. A large excitation peak can be seen around 514 nm, which is the point
where the emission wavelength corresponds to the excitation wavelength. This peak can be ascribed
to the lamp saturating the detector. A sideband of the emission of the lamp can be seen between 480
and 500 nm.
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The excitation spectrum of Eu3+ emission (red line) shows a large excitation peak below 300 nm. This
is due to the Eu-O charge transfer band. Two very small excitation bands can be seen at 395 nm and
465 nm. These bands are the 7F0 → 5L6 and 7F0 → 5D2 transitions, respectively. Around 520 nm, a
small rise in excitation can be seen in the Eu3+ excitation spectrum. This is due to a sideband of the
lamp. No signs of energy transfer can be seen.

Figure 4.5: PLE spectrum of CsPbBr3:50%Eu3+@SiO2. The green line is the excitation spectrum
of 514 nm CsPbBr3 emission, the red line is the excitation spectrum of 608 nm Eu3+ emission. A
close-up of the PLE spectrum shows Eu3+ excitation bands

4.3.1 CsPbBr3:Eu3+@SiO2 annealed at 900◦C

Many Eu3+ phosphors are produced at high temperature to enhance PL intensity [101]-[105]. Hence,
CsPbBr3:10%Eu3+@SiO2 was subjected to a double annealing procedure.

The PL spectrum in Figure 4.6 a) shows CsPbBr3 and Eu3+ emission. The perovskite emission
is slightly blueshifted compared to regular CsPbBr3:10%Eu3+@SiO2 as shown in Figure 4.4 b). High
temperature annealing could change the pore size of SiO2, and induce a stronger quantum confinement
effect, causing a blueshift in CsPbBr3 emission. The shape of the perovskite emission is distorted when
excited at 460 nm. A large peak can be seen at 460 nm, because of direct excitation of the spectrometer
by the lamp. The emission around 510 nm is a sideband of the emission of the lamp.
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Figure 4.6: CsPbBr3:10%Eu3+@SiO2 annealed at 900◦C, a) PL spectrum excited at 300 nm, 395 nm,
460 nm respectively, b) close-up of PL spectrum, c) PLE spectrum, the green line is the excitation
spectrum of 503 nm CsPbBr3 emission, the red line is the excitation spectrum of 606 nm Eu3+ emission

In Figure 4.6 a) and b), Eu3+ emission can be observed. This emission is strongest with excitation
at 300 nm, which indicates self-excitation due to the Eu-O charge transfer band. Multiple Eu3+

transitions can be observed. The hypersensitive transition 5D0 → 7F2 is the most intense. This
indicates Eu3+ has an asymmetrical environment. The appearance of the 5D0 → 7F0 peak indicates
J-mixing. MD transition 5D0 → 7F3 is visible. The 5D0 → 7F4 ED transition is also present, but is
not very bright. This transition is not completely visible due to the range of the spectrofluorometer.
The peaks are also visible at 395 and 460 nm excitation, albeit with a much weaker intensity.

From the PLE spectrum in Figure 4.6 c) it can be seen that Eu3+ is effectively excited with UV light.
This is due to the broad Eu-O charge transfer band. Compared to regular CsPbBr3:10%Eu3+@SiO2

this charge transfer band is broader, and shows Eu3+ excitation up to 350 nm. This indicates Eu3+

experiences a different crystal field from the host lattice [72] when annealed at higher temperatures.

The 7F0 → 5D4 , 7F0 → 5L6 , and 7F0 → 5D2 excitation peaks are visible. The rise in excitation
around 520 nm can be ascribed to a sideband of the lamp. There are no signs of energy transfer, the
Eu3+ emission is most likely due to self-excitation.

Compared to the sample annealed at 700◦C, Eu3+ emission is much stronger in relation to the per-
ovskite emission. This has two possible reasons. On one hand, the high annealing temperature could
partly destroy the CsPbBr3, leading to a decrease in perovskite emission [18]. On the other hand,
Eu3+ could be in an asymmetric site that allows more effective absorption and emission.
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4.3.2 CsPbBr3:Eu3+@SiO2 combined with red phosphor Y2O3:15%Eu3+

The commercially available phosphor Y2O3:15%Eu3+ was combined with CsPbBr3@SiO2. The phos-
phor is a host that is suitable for Eu3+ self-excitation [66]. In this system, CsPbBr3 could form an
energy donor to transfer energy to Eu3+ via a FRET mechanism.

In Figure 4.7 a) the PL spectrum of Y2O3:15%Eu3+ can be seen. As expected, hypersensitive transition
5D0 → 7F2 shows strong emission. Figure 4.7 b) shows the excitation spectrum of Y2O3:15%Eu3+,
where 7F0 → 5L6 , and 7F0 → 5D2 are the largest excitation peaks. This shows Y2O3:15%Eu3+ can be
excited by both UV light and 460 nm light. These transitions have many sidebands, which indicates
splitting of the Eu3+ energy levels.

Figure 4.7: CsPbBr3@SiO2 was combined with Y2O3:15%Eu3+, a) PL spectrum of Y2O3:15%Eu3+,
excited at 465 nm b) PLE spectrum of Y2O3:15%Eu3+ emission at 611 nm, c) PL spectrum of
CsPbBr3@SiO2 + Y2O3:15%Eu3+, excited at 405 nm, 450 nm, and 460 nm, d) PLE spectrum of
CsPbBr3@SiO2 + Y2O3:15%Eu3+. The green line is the excitation spectrum of 516 nm CsPbBr3
emission, the red line is the excitation spectrum of 611 nm Eu3+ emission

Figure 4.7 c) shows the PL spectrum of CsPbBr3@SiO2 + Y2O3:15%Eu3+. Excitation at 405 nm
induces the strongest CsPbBr3 emission peak, and excitation at 465 gives the largest Eu3+ 5D0 → 7F2

emission peak.

In the PLE spectrum of Y2O3:15%Eu3+ emission at 611 nm (red line in Figure 4.7 d)) the 7F0 →
5L6 and 7F0 → 5D2 absorption bands are clearly visible. CsPbBr3 excitation at 516 nm (green line in
Figure 4.7 d)) shows two small dips, around 395 nm and 465 nm. This shows that Eu3+ absorbs part
of the light at that wavelength. There are no clear signs of energy transfer.

Y2O3:15%Eu3+ was also combined with CsPbBr3 nanocubes (see Appendix A.5), no energy transfer
was found.

It can be concluded that Eu3+ directly with CsPbBr3 does not induce energy transfer. To enhance
this, a different host was found to enhance Eu3+ emission.
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4.4 Mesoporous yttria-stabilized zirconia

The emission and excitation spectrum of Eu3+ is heavily dependent on the environment [72]. To
enhance emission intensity, a different host matrix was chosen. Yttria-stabilized zirconia (YSZ) has
been used as a host for Eu3+, and it has been shown to enhance Eu3+ emission [71], [110]. Mesoporous
yttria-stabilized zirconia (mYSZ) was chosen as host material, since CsPbBr3 can be formed in the
pores. This results in a small distance between the Eu3+ ions in the mYSZ matrix and the CsPbBr3
nanocrystals, increasing FRET efficiency.

Mesoporous yttria-stabilized zirconia is a ceramic material that has high thermal stability, a uniform
porous structure, and high chemical stability [107]. The porous structure is stable until about 800◦C
[111].

Figure 4.8: TEM images of mesoporous yttria-stabilized zirconia. Right: Fourier transform of TEM
image

TEM images of mYSZ in Figure 4.8 show a mesoporous material. The pore size of the material was
calculated with a Fourier transform (Figure 4.8; right). The pores have a size between 3 and 4 nm in
diameter, with most pores <3.5 nm. This is a pore size similar to MCM-41, which has pore size 3.4
nm [46].

Peaks in the XRD spectrum confirm this is a mesoporous yttria-stabilized zirconia material with
comparison to literature as can be seen in Figure 4.10 a) [71], [110], [112] . A broad peak can be seen
between 20-30 2θ/degree. This indicates that part of the sample is amorphous. In Figure 4.9 a), the
absorption spectrum shows that mYSZ strongly absorbs light below 300 nm.

4.4.1 Encapsulating CsPbBr3 with mesoporous yttria-stabilized zirconia

CsPbBr3 is formed in the mYSZ pores. mYSZ forms a suitable encapsulant for CsPbBr3 because it
is impermeable for water or oxygen and has high thermal stability. Upon illumination with ∼395 nm
light, green emission can be seen (Figure 4.9 c)). From the XRD pattern in Figure 4.10 b), the presence
of mYSZ is confirmed. The peak at 21 2θ/degree can be attributed to the cubic phase of CsPbBr3
[109].

The mYSZ XRD patterns are much more well-defined compared to mYSZ without CsPbBr3 (Figure
4.10 a)), as the broad peak between 20-30 2θ/degree has disappeared. This indicates that additional
annealing can improve mYSZ structure.
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The absorption spectrum (Figure 4.9 a)) of CsPbBr3@mYSZ shows absorption up until 500 nm. This
can be attributed to absorption of CsPbBr3 up until the bandgap, which was calculated to be at 510
nm. This indicates that CsPbBr3 has a slightly smaller crystal size compared to CsPbBr3@SiO2 [25].

The PL spectrum in Figure 4.9 b) shows typical CsPbBr3 emission, with a FWHM of 23 nm, and
a center wavelength of 506 nm. This center wavelength is slightly blueshifted in comparison to
CsPbBr3@SiO2 (see Figure 4.1 d)), also indicating that CsPbBr3 has a slightly smaller crystal size.

CsPbBr3 is protected from the influences of oxygen and water by encapsulation in mYSZ. The per-
ovskite is luminescent, even when dispersed in water or 1M hydrochloric acid (HCl) (see Figure 4.9 c)).
After storing in water or 1M HCl for 5 months, the perovskite is still luminescent. Non encapsulated
CsPbBr3 emission would be quenched after seconds in water [18], [33]. The center wavelength is stable
at 506 nm, with a FWHM of 23 nm, as can be seen in Figure 4.9 d).

Figure 4.9: CsPbBr3 was encapsulated in mYSZ, a) absorption spectrum of mYSZ and
CsPbBr3@mYSZ, b) normalized PL spectrum of CsPbBr3@mYSZ and CsPbBr3@mYSZ after 5 months
in H2O, excited at 405 nm, c) CsPbBr3@mYSZ illuminated with UV light, right; powder in air, left;
in water, d) CsPbBr3@mYSZ illuminated with UV light, right; after 5 months in 1M HCl, left; after
5 months in water
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Figure 4.10: a) XRD patterns of mYSZ, b) XRD patterns of CsPbBr3@mYSZ, c) XRD pattern of
mYSZ doped with 10% Eu3+
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4.4.2 Eu3+ doped mesoporous yttria-stabilized zirconia

Eu3+ was incorporated in the mYSZ matrix. 10% Eu3+ doping (mYSZ:10%Eu3+) results in a weak
Eu3+ emission (Figure 4.11 a), inset). The structure of mYSZ is preserved, as can be seen from the
XRD patterns in Figure 4.10 c), although a slight broadening in peaks can be seen, indicating that
the structure is less well-defined.

PL measurements show Eu3+ emission (Figure 4.11 a)), mostly upon excitation with UV light, but
also under excitation with 460 nm light. The hypersensitive transition 5D0 → 7F2 is slightly stronger
than other 5D0 → 7FJ transitions. However, in an optimal host, this emission would be up to 100
times stronger than other transitions.

The PLE spectrum in Figure 4.11 b) shows effective Eu3+ excitation up to 380 nm. This indicates
effective excitation of the Eu-O charge transfer band. The band extends up until 380 nm, underlining
the sensitive nature of this band to the host environment. In the PLE spectra in Figure 4.5 and Figure
4.6 c) these bands are not as broad. Eu3+ emission intensity shows a dip in excitation below 300 nm,
which is likely due to strong absorption of the YSZ matrix. The inset shows the 7F0 → 5L6 and 7F0

→ 5D2 transitions.

Figure 4.11: mYSZ was doped with 10%Eu3+, and filled with CsPbBr3, a) PL spectrum
of mYSZ:10%Eu3+, inset; photo under ∼395 illumination, b) PLE spectrum of mYSZ:10%Eu3+

emission at 608 nm, c) PL spectrum of CsPbBr3@mYSZ:10%Eu3+, d) PLE spectrum of
CsPbBr3@mYSZ:10%Eu3+ emission at 608 and 498 nm
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CsPbBr3@mYSZ:10%Eu3+

CsPbBr3 was formed inside the pores of mYSZ:10%Eu3+. This sample emits green light under
∼395 illumination. After washing the sample with water, it was still emissive. This indicates that
mYSZ:10%Eu3+ has a mesoporous structure, in which CsPbBr3 can be formed. After storing this ma-
terial in HCl for 5 months, green emission could still be seen (see A.6 a) and b)). The luminescence of
this material was less bright than CsPbBr3@mYSZ, as can be seen in A.6. This could indicate that the
pore structure of mYSZ changes when doped with Eu3+, and is less suited for CsPbBr3 encapsulation.

The PL spectrum shows both CsPbBr3 and Eu3+ emission (Figure 4.11 c)). The high 5D0 → 7F1 and
5D0 → 7F3 Eu3+ emission peaks indicate strong J-mixing.

In the PLE spectrum in Figure 4.11 d) excitation below 320 nm is weak for both CsPbBr3 and Eu3+,
due to strong absorption of mYSZ. The strong Eu-O charge transfer band that extends up to 380 nm
in unfilled mYSZ:10%Eu3+ is also quenched. The 7F0 → 5L6 and 7F0 → 5D2 transitions are visible.

4.4.3 mYSZ:10%Eu3+ annealed at high temperature

Eu3+ doped YSZ has a higher emission after annealing at high temperature as more defects arise [71],
[110], [112]. This means Eu3+ can occupy more non-symmetric sites in the material, which increases
emission intensity [112].

After annealing mYSZ:10%Eu3+ at 1000◦C, Eu3+ emission showed a more narrow 5D0 → 7F2 emission
(see Figure 4.12 a)). The hypersensitive character of this transition is clear, as its intensity is about
10 times higher than that of the 5D0 → 7F3 transition. Annealing at 1300◦C does not induce further
narrowing of the 5D0 → 7F2 transition (see Figure 4.12 a)). Here, the hypersensitivity of the transition
is not optimal.

Figure 4.12: mYSZ:10%Eu3+ was annealed at higher temperatures and filled with CsPbBr3, a)
normalized PL intensity of mYSZ:10%Eu3+, annealed at 1000◦C and 1300◦C, excited by a 405 nm
laser, b) normalized PL intensity of CsPbBr3@mYSZ:10%Eu3+ annealed at 1000 ◦C , excited by a 405
nm laser
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CsPbBr3 encapsulated in mYSZ:10%Eu3+ annealed at 1000◦

mYSZ:10%Eu3+ annealed at 1000◦C was filled with CsPbBr3. Both perovskite and Eu3+ emission
could be detected upon excitation with a 405 nm laser, as is shown in Figure 4.12 b). To properly
analyze the effect of high temperature annealing of mYSZ:10%Eu3+ and CsPbBr3@mYSZ:10%Eu3+,
PL measurements at 460 nm excitation wavelength and PLE spectra are needed.

mYSZ proves to be a matrix in which CsPbBr3 is encapsulated, and partially protected from the
influence of oxygen and water. Doping the mYSZ matrix with Eu3+ provides a good host for self-
excitation of Eu3+ emission. When annealing at higher temperatures, the hypersensitive character of
the 5D0 → 7F2 transition can be observed. For use in a wLED, Eu3+ emission is not bright enough
under illumination with a 460 nm LED-chip. There is no strong evidence for energy transfer between
CsPbBr3 and YSZ:Eu3+.
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4.5 Eu3+ β-diketonate complex

In order to enhance Eu3+ emission, the Eu(tta)4P(Ph)4 β-diketonate complex was formed. This com-
plex produces a bright pink/red color under ∼395 nm illumination (see Figure 4.13 c)), characteristic
for the hypersensitive 5D0 → 7F2 transition. The PL spectrum in Figure 4.13 a) shows an extremely
narrow peak with a center wavelength at 613 nm and a FWHM of 3.2 nm upon excitation at 295
nm. This shows the hypersensitive transition of Eu3+ has high intensity emission. The PLQY of this
complex was measured up to 52% under 405 nm excitation.

Figure 4.13: Eu3+ β-diketonate complex Eu(tta)4P(Ph)4, a) PL spectrum of Eu3+ β-diketonate
complex, excited at 295 nm, b) PLE spectrum of Eu3+ emission at 609 nm, c) photo of Eu3+ β-
diketonate complex excited with ∼395 nm light, d) close-up of b)

The PLE spectrum in Figure 4.13 b) shows strong UV excitation. The tta ligands of the complex
absorb UV light and transfer it to Eu3+ via Dexter energy transfer [55]. Efficient UV excitation is
extended up until the 7F0 → 5L6 transition that absorbs around 395 nm, because of energy transfer
from the ligands. Further small excitation peaks can be seen at 460 nm, attributed to the 7F0 → 5D2

transfer band, and at around 535 nm. This very small peak indicates excitation through the 7F1 →
5D1 transition. However, this excitation is very weak, possibly because of low occupation density of
the 7F1 state at room temperature [72]. The PLE shows that although the Eu3+ β-diketonate complex
has a very bright emission, excitation wavelengths are not compatible with use in a wLED.

The Eu3+ β-diketonate complex is not stable under illumination, as is shown in Appendix A.7. How-
ever, it shows remarkable self-healing properties. The stability of the complex can be improved by
encapsulating it in PMMA (Figure A.7).
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4.5.1 CsPbBr3@SiO2 combined with Eu3+ β-diketonate

CsPbBr3@SiO2 was combined with the Eu3+ β-diketonate complex. A photo in Figure 4.14 c) shows
a warm white/yellow emission under UV illumination. The PL spectrum in Figure 4.14 a) shows a
green CsPbBr3 emission peak and a narrow red Eu3+ β-diketonate peak under 405 nm illumination.
This PL spectrum is how an emission spectrum for two phosphors should ideally look like [14]. The
green emission peak and the red emission peak are displayed in a CIE chromaticity diagram in Figure
4.14 b). It can be seen that combined with a 460 nm InGaN LED-chip a wide color gamut would be
achieved.

However, this system is not suited for use in a wLED, as Eu3+ emission would be drastically lower
under 460 nm excitation.

Figure 4.14: Eu3+ β-diketonate combined with CsPbBr3@SiO2, a) Emission of CsPbBr3@SiO2 mixed
with Eu3+ β-diketonate complex under 405 nm illumination, b) CIE chromaticity diagram with the
two peaks in a) as displayed as ♢, c) photo of CsPbBr3@SiO2 mixed with Eu3+ β-diketonate complex
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Chapter 5

Conclusions and outlook

Eu3+ was doped into CsPbBr3@SiO2 to investigate CsPbBr3 as host for Eu3+ self-excitation and
energy donor Eu3+. By enhancing Eu3+ 5D0 → 7F2 emission, Eu3+ can be used as a red phosphor.
CsPbBr3 can be used as a green phosphor under 460 nm illumination.

Encapsulating CsPbBr3 in silica mesoporous sieve MCM-41 enhances the stability of the perovskite.
The CsPbBr3 PL emission peak does not shift or broaden under influence of water, heat, or oxygen
for an extended period of time, and the PLQY also remains stable. However, under high laser power,
CsPbBr3 emission shows a quick initial decay, followed by a stabilization of intensity. For use on an
LED-chip, the influence of high intensity illumination has to be further researched.

Eu3+ was successfully doped into the CsPbBr3 lattice. Under 405 nm illumination, a clear CsPbBr3
emission peak could be seen, with an orders of magnitude smaller Eu3+ emission peak, suggesting
that CsPbBr3 is not a good host for Eu3+ self-excitation. The PLE spectrum showed weak Eu3+

self-excitation, but no signs of energy transfer. Eu3+ emission was slightly enhanced after annealing
at high temperature.

A mesoporous YSZ matrix proved to be suited for CsPbBr3 encapsulation, showing CsPbBr3 emission
after 5 months in H2O. Incorporating Eu3+ into the mesoporous YSZ matrix yields improved Eu3+

emission under 460 nm excitation, especially after annealing at 1000◦C. However, this emission was
not yet strong enough for use as an LED phosphor. Combining Eu3+ doped YSZ with CsPbBr3 results
in both Eu3+ emission and CsPbBr3 emission, but no signs of energy transfer between the two were
found.

By synthesising an Eu3+ β-diketonate complex, Eu3+ emission with PLQY up to 52% under 405 nm
excitation was achieved. Emission was very strong under excitation up to 410 nm, and drastically
declined upon excitation with higher wavelengths.

In this thesis, energy transfer from CsPbBr3 to Eu3+ could not be definitively proven. For future
research, a mixed halide CsPbCl3−xBrx perovskite can be employed. Matching the bandgap of of the
perovksite to the resonance 5D1 level of Eu3+ could optimize the energy transfer. In this way, back
transfer can be prevented.

Energy transfer could be improved by matching the lifetime of the perovskite energy donor to that
of Eu3+. Using an intermediate with a lifetime similar to that of Eu3+ could help to increase energy
transfer probability. A co-dopant that is able to accept energy transfer from CsPbBr3 should be
investigated.

By attaching Eu3+ to ligands that can effectively absorb light at 460 nm and then transfer it to the
5D1 resonance level of Eu3+, a complex can be made that can absorb light at 460 nm, without the
need for an energy donor.
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Another pathway to a red phosphor would be to optimize perovskite red emitters without Eu3+.
CsPbI3@SiO2 is an effective absorber and red emitter, and would make a good candidate as red
phosphor, even though the FWHM of CsPbI3@SiO2 is not as narrow as that of Eu3+. CsSnBr3@SiO2

is similarly a good option, although PLQY is still low.
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Appendix A

Appendix

A.1 Setup for testing stability of CsPbBr3@SiO2 under heat and
illumination

Figure A.1: Setup for testing stability of CsPbBr3@SiO2 under 150 µW/cm2 405 nm illumination
and 85◦C
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A.2 PLQY measurements

To calculate PLQY, three measurements were taken with the integrating sphere and laser according
to a procedure described in [15].

Measurement 1: The laser was focused in the integrating sphere without sample.
Measurement 2: The laser was focused in the integrating sphere, with the sample (the laser is not
focused on the sample).
Measurement 3: The laser was focused on the sample in the integrating sphere.

An emission pattern is shown in Figure A.2. Two peaks per measurement can be seen. The peak
around 450 nm is the result of the laser, the broad peak around 600 nm is the result of emission of the
sample.

Curves L1, L2, L3 correspond to the total intensity of the peaks around 450 nm of respectively the 1st,
2nd, and 3rd measurement.
Curves P2, and P3 correspond to the total intensity of the peaks around 600 nm of respectively the
2nd and 3rd measurement. These are calculated by integrating over the peak.

The PLQY is given by

η =
P3 − (1−A)P2

L1A

with

A = 1−
L3

L2

Figure A.2: PLQY measurements of MEH PPV. The dashed line is the result of measurement 1, the
dotted line the result of measurement 2, the solid line the result of measurement 3. Figure from [15]
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A.3 Lorentzian fit of CsPbBr3@SiO2

Figure A.3: Lorentzian fit of CsPbBr3@SiO2

A.4 Tauc plot of CsPbBr3@SiO2

Figure A.4: Tauc plot of CsPbBr3@SiO2
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A.5 Y2O3:15%Eu3+ on CsPbBr3 nanocubes

Y2O3:15%Eu3+ was dissolved in toluene and dropcasted on a substrate covered with CsPbBr3 nanocubes.
The PL spectrum is shown in Figure A.5 a). Both CsPbBr3 emission and Y2O3:15%Eu3+ emission
can be seen. The PLE spectrum in Figure A.5 b) shows clear self-excitation of Eu3+, and CsPbBr3
excitation. No energy transfer can be seen.

Here, Eu3+ is intense compared to CsPbBr3 emission. Large spatial variation of CsPbBr3 emission
could be seen on the sample. This indicates that Y2O3:15%Eu3+ is not evenly distributed on the
sample.

Figure A.5: Y2O3:15%Eu3+ on CsPbBr3 nanocubes, a) PL spectrum under 295 and 465 nm excitation,
b) PLE spectrum of 501 nm CsPbBr3 emission (green line) and 610 nm Y2sO3:15%Eu3+ emission (red
line)
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A.6 Luminescence of CsPbBr3@mYSZ and mYSZ:10%Eu3+ in
1M HCl

CsPbBr3 was encapsulated in mYSZ and mYSZ:10%Eu3+. Figure A.6 a) shows that both samples
are luminescent after immersion in 1M HCl, although CsPbBr3@mYSZ has brighter emission. This
indicates that the perovskite is protected from the environment, as unencapsulated CsPbBr3 emis-
sion would be quenched after seconds in 1M HCl. After 5 months in HCl, both samples were still
luminescent, as can be seen in A.6 b).

Figure A.6: Luminescence of CsPbBr3@mYSZ and mYSZ:10%Eu3+ in HCl, a) photo of
CsPbBr3@mYSZ in HCl (right) and mYSZ:10%Eu3+ in HCl (left), b) photo of CsPbBr3@mYSZ in
HCl after 5 months (right) and mYSZ:10%Eu3+ in HCl after 5 months (left). All photos taken under
∼395 nm illumination
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A.7 Stability of the Eu3+ β-diketonate complex

This complex is stable in water, but not under illumination or heat, as the ligands will detach [55].
The PL intensity of complex was measured under ∼5 W/mm2 illumination over time, as shown in
Figure A.7 a). Emission declines rapidly, but the complex also shows remarkable self-healing behavior
after time in the dark. After 5 minutes in the dark emission skyrockets and saturates the detector.

Multiple encapsulation methods were used to improve the stability of the complex. An encapsulation
method that could stabilize the complex was PMMA. Under illumination, stability was improved
significantly (see Figure A.7 b)).

Figure A.7: a) Stability of Eu3+ β-diketonate complex under ∼5 W/mm2 405 nm illumination, b)
Stability of Eu3+ β-diketonate complex encapsulated in PMMA under ∼5 W/mm2 405 nm illumination
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