
Ghent University
Faculty of Sciences

Sol-gel processes for protection
and synthesis of luminescent

materials

Thesis submitted in fulfilment of the requirements for the award of the
degree of doctor of philosophy in sciences: physics by

Nursen Avci

Promoters:

Prof. Dr. Dirk Poelman (Department of Solid State Sciences)
Prof. Dr. Philippe Smet (Department of Solid State Sciences)

Academic year 2011-2012









Members of the Exam
committee

Chairman

Prof. Dr. Freddy Callens (Ghent University, Department of Solid
State Sciences)

Reading committee

Prof. Dr. Philippe Smet (Ghent University, Department of Solid
State Sciences)
Prof. Dr. Klaartje De Buysser (Ghent University, Department of
Inorganic and Physical Chemistry)
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Chapter 1

Introduction

Throughout history, the fascination of glass and porcelain has always en-
couraged people to improve their quality. In the 19th century silica gel was
used as a glazing solution as binder for ceramic powders to make porcelain.
This gel was prepared using a technique which is remarkably similar to those
of today’s sol-gel chemistry. Meanwhile the first silicon alkoxide was syn-
thesized using silicon tetrachloride and alcohol by Ebelmen [1]. Although
sol-gel chemistry allows to synthesize a wide range of inorganic and organic
composite materials, till the 1930s the technique had little scientific impact.
The technique has been awarded deserved interest thanks to W. A. Patric
who understood very well the reproducibility of silica gel and introduced the
use of silica as desiccants, catalysts and absorbent materials [2]. Plenty of
patents, a lot of materials and useful information about the mechanism of
sol-gel processes have followed this progress.

Sol-gel chemistry has a very broad application area such as thin films and
coatings, monoliths, powders, grains and spheres, fibers, composites, porous
gels and membranes. From thin film to powder, different kinds of materials
with excellent control of stoichiometry, density and microstructure can be
synthesized using simple equipment without the need for vacuum and at rel-
atively low temperatures. Using sol-gel, it is also possible to obtain the same
material with different properties by changing only one parameter during
the preparation. The broad application range and specific advantages of the
technique make it very attractive.

Sol-gel techniques can be divided into two groups depending on the solvent:
aqueous and non-aqueous sol-gel techniques. The aqueous sol-gel method is
the more popular one but in some cases there are a few drawbacks in this
method. When precursors with strong reactivity towards water (like titanium
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2 Chapter 1. Introduction

alkoxides) are used, the hydrolysis reaction can result in precipitation [3]. In
addition to this, for the preparation of rare-earth doped layers, water en-
courages hydrolysis of the rare-earth ion and accordingly the dispensability
of the ion decreases [4, 5]. Also using water during the preparation of layers
to protect sulfide particles can damage their luminescent feature [6, 7].

In the LumiLab research group, different kinds of luminescent materials such
as oxides, nitrides and particularly sulfides are synthesized. Sulfides have
a special place in luminescent materials because of their relatively low syn-
thesis temperature and broad emission spectra upon doping with europium
and cerium [7]. In addition to their use as wavelength converters in LEDs,
alkaline earth sulfide phosphors are employed in different areas such as dis-
play applications [8], electroluminescent devices [9] and optical information
storage [10]. Nevertheless, the lack of stability with respect to water and
other atmospheric components hinders usage of the alkaline earth sulfides as
phosphor hosts [6,8,11–15]. Degradation of the alkaline earth sulfides is accel-
erated by temperature and decomposition products such as sulfur dioxide and
hydrogen sulfide gases evolve from the surface [11], finally forming sulfates
and carbonates [7]. Therefore the decomposition causes not only a decrease
in the light intensity, but also shifting of the emission wavelength. A num-
ber of encapsulation techniques have been utilized to improve the stability
of sulfide phosphors on a large scale [6, 14–18]. Upon encapsulation with an
inert film, the film should be thermally and chemically stable. In addition, it
should be transparent to the excitation and emission light of the incorporated
luminescent particles. The film should also homogeneously coat the particle
surfaces. Furthermore, the preparation of the inert film and the coating are
as important as the properties of the film. If there is an excess amount of
water and/or strong acid in these processes, it may cause the degradation of
moisture-sensitive material during the preparation. In this study, we started
with CaS:Eu luminescent particles prepared by solvothermal synthesis and
used two different techniques to encapsulate these particles: namely, overall
coating with TiO2 and Al2O3 via non-aqueous sol-gel technique and micro-
encapsulation with Al2O3 via Atomic Layer Deposition (ALD). The optical
and structural properties of the coating layers were thoroughly investigated.

Persistent luminescent materials are distinguished from ordinary luminescent
materials by their long decay time. They are for instance used in emergency
signs, toys and luminous paint. The LumiLab group is also working on the
synthesis and the nature of persistent luminescent materials. The alkaline
earth aluminates doped with Eu2+ and R3+ (R: rare earth) MAl2O4: Eu2+,
R3+ (M: Ca, Sr, Ba) are among the best known persistent luminescent ma-
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terials [19]. In most of the preparation techniques very high temperature,
vacuum or additional chemicals are required to synthesize MAl2O4: Eu2+,
R3+. Sol-gel is used as a promising alternative to these techniques due to rel-
atively low preparation temperature, control of the stoichiometry with simple
equipment and high homogeneity. In the last year of this study, we synthe-
sized Eu and Nd doped CaAl2O4 via the non-aqueous sol-gel technique.

Structure of the thesis

In the next three chapters, a general introduction on luminescence (Chapter
2) and details about experimental (Chapter 3) and characterization (Chapter
4) aspects of this work are given. The following chapter focuses on the
literature review of the materials studied during this research. In Chapter 6,
crystallographic and luminescent characterization and also the degradation
of CaS :Eu2+ particles are dealt with. The optical and structural properties
of TiO2 thin films and powders and Al2O3 thin films and their performance
as protection layer are evaluated in Chapters 7 and 8, respectively. Chapter
9 is devoted to the study of the persistent luminescent material CaAl2O4:
Eu2+, Nd3+. The last chapter summarizes the original contributions of this
work and states the main conclusions.
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Chapter 2

Luminescent Materials

Luminescence is a term used to describe the conversion of a certain type of
energy into light which is different than thermal radiation. Luminescence
can be classified depending on how the light is generated:

• Chemiluminescence and bioluminescence: The emission of light
by the release of energy from a chemical reaction is called chemilumi-

nescence. The reaction of Luminol (C8H7N3O2) with an appropriate
oxidant results in a striking blue glow. Bioluminescence is also known
as ”living light” and the most amazing examples of this phenomena
can be found in the deep seas. In the darkness of the oceans where sun
light can not reach, several living organisms produce light as the result
of chemical reactions.

• Triboluminescence: In this accidentally discovered type of lumines-
cence, light is generated by mechanical energy. Pulling apart, ripping,
scratching, crushing, or rubbing can result in the breaking of chemi-
cal bonds in the material which triggers light emission like in sugar or
silicon crystals.

• Thermoluminescence: The heating up of certain materials causes
the release of previously absorbed energy by emission of light. This is
called thermoluminescence.

• Cathodoluminescence (CL): The light emission is a result of elec-
tron beam excitation. Both in the case of cathode ray tube (CRT)
televisions or computer screens and a scanning electron microscope
(SEM), an electron gun is used for this purpose.
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6 Chapter 2. Luminescent Materials

• Electroluminescence (EL):Light is generated in response to an ap-
plied electric field on a certain material. The most used electrolumi-
nescent devices in daily life are certainly light emitting diodes (LEDs).

• Photoluminescence (PL): Emission of the light is the result of the
excitation by light with in general higher energy than the emitted light.
Photoluminescence has a very broad application area from whitening
substances in washing powder to plasma screens for large scale displays.
Some photoluminescent powders which are synthesized in our labora-
tory are indicated in Fig. 2.1. The powders are excited at 320 nm and
emit at different wavelengths. There is a special type of luminescence
which has a very slow decay with the emission continuing for minutes
or hours. This type of luminescence is called long lasting or persistent
luminescence and it is commonly used in safety and exit marking.

Figure 2.1: Examples of photoluminescent powders under UV excitation.

An inorganic luminescent material is also called a phosphor. The phosphor
name originates from the Greek words phos expressing light and phoros

expressing bearer. The meaning of phosphor has remained the same over
the centuries. The reported first phosphor was prepared by Japanese from
seashells in the 10th century. However, the ”phosphor” word has only been
used after Vincentinus Casciarolo of Bologna, Italy in the early 17th century.
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Casciarolo found a stone which is probably barite (BaSO4) and fired it with
the intention to convert it into a noble metal. Although he did not obtain
any metal, he discovered a material which glows (red light) in the dark after
exposure to sunlight. In 1866 Théodore Sidot prepared zinc sulfide (ZnS)
which was the prototype of phosphor used in the present day cathode ray
tubes. In Germany, between late 19th and early 20th centuries Philip E.A.
Lenard and colleagues worked on phosphors. They used different rare earth
ions in addition to heavy metal ions as luminescent ions in different host
materials [20].

2.1 How does luminescence work?

Most of the luminescent materials consist of a transparent host crystal and
a luminescent ion called an activator. The activator consists of a very small
amount of impurity atoms which are deliberately added into the host crystal.
Most of the time emission and excitation features of the luminescent material
are determined by the activator. Luminescent properties of activators such
as Eu3+ and Eu2+ are explained by the configurational coordinate model.

2.1.1 Configurational coordinate model

Although the activator is responsible for the luminescence properties of the
phosphor, the surrounding atoms’ vibrations also have an effect on opti-
cal properties. The configurational coordinate model [20] is used to explain
this fact by selecting a luminescent ion and its nearest neighbour sites like
an isolated molecule which is called the luminescent center. In this way, dis-
placement of the other atoms and their particular coordinates are generalized
by one coordinate. Thus, all other atoms’ positions are shown at once and
this generalized coordinate is called ”configurational coordinate” Q. In this
model, potential energy curves are used to explain optical properties of the
localized center (Fig. 2.2). The total energy (electron energy + ion energy)
of the molecule in the ground state (g) and excited state (e) is indicated by
the curves as a function of the configurational coordinate. For simplicity,
the vibrational frequencies of the ground and the excited states are often
assumed the same.

Usually only the totally symmetric vibrational mode or the ”breathing mode”
is taken into account, nevertheless this model introduces very useful infor-
mation such as:

• Stokes’ shift; the energy difference between absorption and emission.
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Figure 2.2: A schematic illustration of a configurational coordinate model
[20]. Transitions between ground (g) and excited (e) state are shown with
broken arrows A → B (the absorption of light) and C → D (the emission of
light). The parabola offset is ∆Q= | Q0-Q

′

0 | .

• The temperature dependence and the widths of absorption and emis-
sion bands.

• Thermal quenching of luminescence. This model gives only a qualita-
tive explanation of thermal quenching. It is necessary to use a multi-
dimensional model for quantitative explanation [20].

The parabolic shape of curves is inherited from the vibration motion of the
bonds between the luminescent ion and a nearest-neighbor ion which is as-
sumed to be harmonic and it is expressed by Hooke’s law [21];

Fg = −Kg (Q−Q0) (2.1)

Fe = −Ke (Q−Q′

0) (2.2)

Where Fg and Fe are the restoring forces in ground state and excited state,
respectively. Kg and Ke are the force constants of the chemical bonds, Q0

is the equilibrium position of the ground state and Q′

0 is the interatomic
equilibrium position of the excited state. This force corresponds to an energy
with parabolic dependency on Q. The total energy of the ground state Ug

and of the excited state Ue are given by the following equations [20].
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Ug = Kg
(Q−Q0)

2

2
(2.3)

Ue = Ke
(Q−Q′

0)
2

2
+ U0 (2.4)

Here U0 is the total energy of the excited state at Q=Q′

0.

The chemical bonds between the luminescent ion and the lattice (electron-
phonon coupling) in the excited state are different from those in the ground
state (usually weaker). Accordingly, a difference on the force constants
(mostly Kg > Ke) and the equilibrium distances is observed. The shift of the
parabolas are also seen in Fig. 2.2. The larger value of Q′

0 induces a larger
Stokes’ shift and broader absorption and emission bands.

The optical absorption and emission processes are indicated in Fig. 2.2. It
is assumed that these processes occur at 0 K and the nucleus of the lumi-
nescent ion does not change its position during the absorption (the Franck
Condon principle). The absorption from the lowest vibrational level of the
ground state is shown by the arrow A → B. The wave functions of the
levels are known and in the lowest vibrational level, the highest probabil-
ity of finding the system is near the equilibrium position. Nevertheless, for
higher vibrational levels the highest probability position is at the edges of the
parabolas [21,22]. The transition from state B to the equilibrium position C
is relaxation since in the same state the probability of losing energy by light
emission is about 105 times lower than by the generation of lattice vibrations.
Spontaneously, emission occurs (C → D) and the cycle is completed by the
second relaxation from a high vibrational level in the ground state D to the
equilibrium position A. In other words, after absorption (A → B), the lumi-
nescent center expands to a new equilibrium position Q′

0 at higher energy (B
→ C). Then a large part of the energy is lost by emission (C → D). By the
relaxation process (D → A) to the equilibrium position of the ground state,
the luminescent center contracts again.

As shown in Fig. 2.2 when two parabolas intersect, an electron in the excited
state can nonradiatively turn back to the ground state through the intersec-
tion E over a thermal barrier. The non-radiative transition probability,WNR,
exponentially depends on the activation energy ∆U which is required to ex-
cite the electron from the equilibrium position of the excited state to the
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intersection E of the parabolas.

WNR = s.exp

(−∆U

kT

)

(2.5)

Where k is the Boltzmann constant and s is the frequency factor. ∆U is a
thermal energy. At higher temperatures the non-radiative transition prob-
ability is higher due to the exponential dependence on T. The case, which
is explained above, is not the only possible way for the non-radiative transi-
tion. The non-radiative decay process may be observed when the equilibrium
position of the excited state is placed outside the configurational coordinate
curve of the ground state. In this case, the excited state intersects the ground
state in relaxing from B to C. Although WNR is usually governed by ther-
mal relaxation processes, it can be increased by the resonant energy transfer
between two luminescent ions. In this case, luminescent ions are very close
each other, accordingly their electronic wave functions overlap each other.
This will be dealt with again in section 2.1.4.

2.1.2 Electron-lattice interaction

The electron-lattice interaction (electron-phonon coupling) in the excited
state is different than in the ground state and this difference affects the
spectral shape.

If the excited and ground state have equal force constants (Kg=Ke=K) or
in other words if the parabolas have the same shape, the energy loss in
the relaxation process is equal to S~ν per parabola, where ~ν is the energy
difference between two vibrational levels. S is the number of emitted phonon
accompanying the optical transition and it is a integer which is called the
Huang-Rhys coupling constant and given as follows [22]:

S~ν = Ue (Q0)− Ue (Q
′

0)

= K
(Q0 −Q′

0)
2

2
+ U0 − U0

S~ν = K
(Q0 −Q′

0)
2

2
(2.6)

The Stokes shift is defined by [21]
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∆S = Ue (Q0)− [Ue (Q
′

0)− Ug (Q
′

0)]

= K (Q0 −Q′

0)
2

∆S = 2S~ν (2.7)

This equation shows the dependency of the Stokes shift on the S value. A
larger S value leads to a larger Stokes shift. Equation 2.6 indicates the
relation between S and the offset (∆Q= | Q0-Q

′

0 |) of the parabola in the
configurational coordinate model (Fig. 2.2), S is proportional to (∆Q)2 and
measures the strength of the electron-phonon coupling [21]. One distinguishes
weak coupling for S<1, intermediate coupling for 1<S<5 and strong coupling
for S>5.

2.1.3 Spectral shape

The effect of S can also be seen on the spectral shape of the absorption and
emission. At T=0 K, only the lowest vibrational level (n=0) of the ground
state is occupied. In case of weak electron-phonon coupling (S<1), the zero-
phonon (zero-vibrational) transition is dominant and the spectrum consists
of only narrow peaks as seen in Fig. 2.3a. The excited state is located ex-
actly above the ground state, ∆Q=0 and theoretically the band width of the
transition vanishes and ends up with a narrow line. The energy of this line
is equal to the energy difference between the minimum vibrational level of
(m=0) the ground state and (n=0) the excited state which is shown in Fig.
2.2 as U0.

In the intermediate coupling regime (1<S<5), in addition to the zero-phonon
line extra peaks are observed and the zero-phonon line is not the strongest
peak anymore in the absorption or emission spectrum. Figure 2.3b indicates a
specific example of the intermediate coupling transition which is the emission
spectrum of the uranyl ion (UO2+

2 ). An example of the strong coupling case
(S>5) is the broad emission band (M) in Fig. 2.3c. In this figure neither
zero-phonon line nor vibrational structure can be observed. Additionally,
when excitation and emission spectra are compared in the same chart, a
large Stokes shift stands out.

The shape of the bands changes as a function of the Huang-Rhys parameter,
S. Larger values of S lead to more symmetrical bands than smaller values
of S. In the latter case, the absorption transition ends on the excited state
parabola where curvature is changing rapidly and this causes an asymmetry
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Figure 2.3: (a) The emission spectrum of LaB3O6:Gd3+ as an example of
the weak coupling case. (b) The emission spectrum of UO2+

2 as an example
of intermediate coupling. (c) The emission (M) and excitation (X) spectra
of CaWO4. The emission spectrum is an example of the strong coupling
case. [22]

in the absorption band. The same phenomenon is also valid for the emission
spectrum.

The spectra in Fig.2.3c consist of many overlapping lines which are related to
transitions to every vibrational level of the ground state (m). If the ground
and excited states have the same angular frequency, at n=0, then the tran-
sition probability is expressed by

Wm0 = Sm e
−S

m!
(2.8)

This equation is useful to show the effect of electron-phonon interaction on
the optical spectrum [20].

In addition to the S value, the temperature of the system has also a big
influence on the band width. At a finite temperature, the transitions from the
higher vibrational levels occur in addition to transition from the minimum
energy level. The transition probability is proportional to the population
density of levels which obeys a Boltzmann distribution. The spectral band
width expressed as the full width at half maximum (FWHM) at a specific
temperature (Γ(T)) is given by [23]
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Γ (T ) = Γ (0)

√

coth
~ω

2kT
(2.9)

Where T is the absolute temperature, k is the Boltzmann constant and Γ(0)
is the band width at T=0 K and given by

Γ (0) = 2.36~ω
√
S (2.10)

Although the transition band width increases as a function of temperature,
the total intensity of the band is not changed, because the side bands’ in-
tensities increase while the intensity in the zero phonon line decreases with
temperature [23].

The energy fluctuation of the initial and final states of the optical transition
resulting from the uncertainty principle is the main reason of non-thermal
line broadening. This fact can not be explained using the configurational
coordinate model [20,23]. A spectrum can be considered as an envelope sur-
rounding the spectrum of sharp sidebands. The life times of the initial and
final states are represented by τ and the line width of this spectrum is given
by ~/τ [20]. The perturbation of energy states has two kinds of contribu-
tions on the band width of a photoluminescent spectrum: the first one is
absorption and emission of photons (natural width) and the second one is
absorption and emission of phonons. As an example, the shortest fluorescent
life time of a rare-earth ion is around 10−7s and this life time is correlated
with 10−5 cm−1 of spectral width. However, the actual width is around 10
cm−1. It means that there is an extra source in addition to ”natural width”.
The Raman scattering of phonons has a significant contribution to the width;
however, it does not affect the life time. The spectral width due to the Ra-
man scattering of phonons, ∆E, presents a strong dependency of temperature
(∆E∝T7). This kind of broadening is called homogeneous broadening [20].

In addition to temperature and energy fluctuations of the states, there are
different sources which can cause line broadening. In particular, strains and
defects such as impurities, vacancies or dislocations in host material around
the luminescent ion cause a distribution of crystal field strength. Because
of this distribution, the ions have a distributed energy and it results in an
inhomogeneous broadening in the spectral band. Precisely, the magnitude of
the inhomogeneous broadening is higher in disordered solids like glass than
in crystalline solids. Additionally, this kind of broadening is more readily
observed in line spectra than for broad spectra [20, 22].



14 Chapter 2. Luminescent Materials

2.1.4 Energy transfer between luminescent ions

After the excitation of a luminescent ion, it is possible to transfer this exci-
tation energy to another center instead of returning to the ground state by
emission. This energy transfer can occur between two chemically different
luminescent ions as well as between two identical centers.

2.1.4.1 Energy transfer between two different luminescent ions

Consider two luminescent ions which are S (sensitiser or donor) and A (acti-
vator or acceptor) and the distance between them is R. If R is small enough,
an interaction between the two centers can occur. If A is in the ground state
and S in the exited state, the energy of S may be transfered to A. Immediately
after this energy transfer, A may emit light. There are two requirements for
energy transfer [21].

1. The energy difference between ground and excited states of A and S
has to be equal (resonance condition). In other words, the emission
spectrum of S has to overlap with the absorption of A.

2. A suitable interaction between the two systems has to be present such
as an exchange interaction (wave function overlap) or an electric or
magnetic multipolar interaction.

When the emission band of S and the absorption band of A overlap, the
excited S can radiatively decay and the emission can then be absorbed by A.
Under this condition, the emission band of S disappears at the wavelengths
where A absorbs strongly. Band broadness determines the energy transfer
possibility. The energy transfer from a broad-band emitter to a line absorber
can only occur between nearest neighbours while transfer from a line emitter
to a band absorber can be observed over long distances [21].

The energy transfer rate strongly depends on the distance between A and S
and this dependency is often of the form R−n with n= 6 for electric-dipole
electric-dipole interaction and n= 8 for electric-dipole electric-quadrupole in-
teraction [21].

2.1.4.2 Energy transfer between two identical luminescent ions

In this case energy transfer occurs between two identical ions. This causes
energy migration which means that the emission can take place far from
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where the the absorption occurs. The probability of the energy migration
increases with the luminescent ion concentration. Contrary to expectations,
the emission intensity of the phosphor does not increase linearly by increasing
the concentration of luminescent ion, whereas one often observes a linear in-
crease in the absorption. After a certain value, the emission intensity begins
to decrease, this phenomena is called concentration quenching. The energy
migration between the luminescent ions is one of the main reasons of this
effect. By this way energy can reach remote killers or the crystal surface
acting as quenching centers [21]. The other reason can be the coagulation
of ions. The luminescent ions may gather as a pair or a cluster and form a
quenching center [20].

The other kind of energy transfer between two identical centres is sharing the
initial excitation energy by a pair of ions and it is called cross relaxation [21].
In this case, the energy from the relaxation of an excited ion to an intermedi-
ate excitation state is used to excite a neighbour ion from its ground state to
the excited state. Therefore emission from two centers can be obtained [20].

As an example of energy transfer between the same luminescent ions, Ca2SiS4

doped with Eu2+ (at low doping concentrations) can be given. Two emission
bands, yellow (at 564nm) and red (at 660 nm) are observed originating from
the presence of two different sites in the orthorhombic Ca2SiS4 lattice [24].
In this material, the emission band of the ’yellow’ center overlaps with the
excitation spectrum of the ’red’ center. Increasing the dopant concentration
leads to a relatively stronger contribution of the ’red’ center. Furthermore,
the intensity of the yellow band decreases with increasing Eu concentration
and this fact allows us to tune the emission color.

2.1.5 Photoionization

In addition to energy transfer between two different or identical luminescent
ions, photoionization can cause a drastic change or even complete quenching
of the emission. If the ground state of the luminescent ion is located in the
forbidden zone between valence and conduction band and additionally its
excited state is in the conduction band, an electron in the excited state can
readily be ionized from the center to the conduction band. As a next step
there are two possibilities:

1. The electron may recombine with a hole somewhere else, and it causes
quenching in luminescence.
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2. The electron in the conduction band and a hole on the ionized center
may attract each other and form an exciton. This exciton bonds to the
luminescent ion, therefore radiative recombination of this exciton can
be observed but non-radiative recombination is also possible [21].

Photoionization which is quenching of luminescence by electron transfer is
frequently observed in a combination of a center which can be easily oxidized
with a center which tends to become reduced [21]. It will be considered again
in § 2.1.8.2.

2.1.6 The decay of luminescence

Photoluminescence phenomena can be investigated in two groups as a func-
tion of the duration of emission in inorganic materials. Fluorescence as a
term is commonly used to identify light emission during excitation or with a
short decay time, while Phosphorescence implies an emission longer than 0.1
s after excitation is ended. However, the meaning of fluorescence and phos-
phorescence is different for organic luminescence. Emission from a singlet
excited state is called fluorescence which is usually observed while emission
from a triplet excited state is called phosphorescence which is rarely ob-
served. In order to prevent any confusion I will use persistent luminescence

for inorganic materials instead of phosphorescence [20].

2.1.6.1 Fluorescence

The fluorescence emission decay is depending on the life time of the emitting
state of the center and it is generally shorter than 10 ms. The emission
intensity (I(t)) at time t is described by [20]:

I (t) = I0 × exp

(−t
τ

)

(2.11)

Here I0 is the emission intensity at t=0, i.e. immediately after excitation and
τ is the radiative decay time or decay constant.

Equation 2.11 is the simplest form of the decay profile of the luminescent in-
tensity. Most of the time a decay profile consists of more than one component
and after decay measurement, this profile can be fitted using an extension of
equation 2.11 with multiple decay constants [24].
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2.1.6.2 Persistent luminescence

When a persistent luminescent material is excited with high energy photons
(usually UV light), it emits visible light from seconds to several hours after
the excitation has ended (longer decay time). The decay rate is determined
by the release of trapped charge carriers by thermal energy. Therefore the
depth of the charge carrier traps, which are states in the forbidden band gap
with long life time, and temperature strongly affect the afterglow property.
Depth of the trap means the required minimum energy to free a captured
charge carrier from the trap. Shallow (with a trap depth lower than 0.4 eV)
or deep (with a trap depth higher than 1 eV) traps hinder the use of per-
sistent luminescent materials at room temperature, therefore the trap depth
should be between these two extremes (around 0.65 eV). The most common
way to determine the trap depth is thermoluminescence. In this technique,
light output caused by the liberation of trapped charges is measured as a
function of temperature [19].

Although the exact origin of the afterglow phenomena has not been found
out yet, it is thought to be governed by a quasistable state of a center or a
trap and there are some suggested persistent luminescent mechanisms [19].

2.1.7 Host material

Although luminescence emission is often produced by dopant ions, the influ-
ence of the host lattice cannot be underrated. It is possible to change the
optical properties of the luminescent ion by changing the host lattice. The
main factors responsible for different optical properties of a luminescent ion
in different host matrices are listed below [21].

• Covalency. When the covalency between ligands and luminescent
ion increases, the interaction between the electrons of the luminescent
ion reduces and electrons spread out over wider orbitals. As a result,
electronic transition energy between energy levels shift to lower values
and this effect is called the nephelauxetic effect. [20, 21]. Additionally,
at higher covalency the interaction between luminescent ion and ligands
increases, consequently the charge-transfer transition occurs at lower
energy. This will be explained again in § 2.1.8.2 for a specific example.

• Crystal field. While covalency causes a global shift of the energy
levels, the crystal field, which is the electric field of the surroundings
on the ion under consideration, leads to a splitting of the energy levels.
More details will be given in § 2.1.8.2.
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Depending on the application area the required features of the host matrix
change. However, several basic requirements can be outlined.

• The band gap of the host materials should be wider than the emission
energy. In other words the host materials should be transparent at the
emission wavelengths of the luminescent ion.

• To facilitate the substitution of dopant ions and host cations, their
sizes should match. Furthermore, the oxidation state of the substituted
cation should preferentially be the same as that of the dopant ion.

• Since the disordered structure of the host materials can cause a decrease
in the luminescent intensity, crystalline materials are preferred [8].

Figure 2.4: Eu2+ emission peak positions as a function of the compound [25].

Figure 2.4 shows the emission peak positions of Eu2+ in different compounds
[25]. Different groups of host compounds are indicated with an ellipse. This
figure summarizes very well the effect of the host material on the emission
characteristics of a specific ion. As seen in the figure, in oxides and sulfides
emission almost covers the whole visible region. The crystallization temper-
ature of oxides is quite high when compared with that of sulfides [8]. Tun-
ability of emission color and low crystallization temperature (around 500◦C)
make sulfides very attractive as host material.
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2.1.8 Europium as luminescent ion

Europium is a member of the rare-earth metals (lanthanides) family. It was
discovered in 1901 by French chemist Eugène-Anatole Demarçay. Demarçay
named this element after the continent of Europe. Europium has two main
application areas: it is used in thin film superconductor alloys and in lumi-
nescent materials [26]. Well-known europium doped materials are Y2O2S:Eu
as red phosphor in television tubes [27], SrAl2O4:Eu,Dy as persistent phos-
phor [28] and Sr2Si5N8:Eu as LED conversion phosphor [29].

Europium can have two oxidation states depending on the material in which
it is doped. It can be trivalent (Eu3+), divalent (Eu2+) [25], or both of them
together [30] in a solid.

2.1.8.1 Eu3+

The electronic configuration of (Eu3+) is given by [Xe]4f6 and that of (Eu2+)
is [Xe]4f7. Since the incompletely filled 4f orbitals are well shielded from
the effects of the surrounding ions by the 5s2 and 5p6 orbitals, only a small
influence of the host lattice is observed. On the contrary, the host lattice has
a big influence on the 5d orbital, because it is not shielded by filled orbitals.

The energy levels of Eu3+ arise from a 4f6 configuration. These energy levels
for Y2O2S:Eu

3+ are indicated in the configurational coordinate model (Fig.
2.5). In the model, they are shown as parallel parabolas because of the well
shielded 4f orbitals. Excitation of Eu3+ starts from the bottom of the mini-
mum energy level of the ground state, 7F0, and the vertical transition ends on
the edge of the charge-transfer state (CTS) parabola or direct transition to
5DJ ′ parabolas. After the relaxation in CTS, excitation is transfered to 5DJ ′.
Another relaxation occurs to the minimum energy level of excited state, 5D0.
Immediately after that, radiative transition takes place from 5D0 to

7FJ . The
radiative transition from 5DJ ′ to 7FJ (J’=1,2) is possible with low probabil-
ity. However, for this phosphor it is not possible from 5D3 to 7FJ , because
5D3 lies far from the minimum of CTS curve [20, 21].

The emission spectrum of Y2O2S:Eu
3+ is shown in Fig. 2.6. The sharp peaks

(FWHM is around 5 nm) of the spectrum underline the intraconfigurational
4fn transitions, ∆Q=0 [21]. Although the 4f-4f transitions are forbidden
because of the parity selection rule, a relaxation in this rule arises due to
the local symmetry of the host lattice. In Y2O2S, Eu

3+ ions occupy two
sites with different symmetry. Magnetic-dipole transitions (5D0 - 7F1) are
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Figure 2.5: Configurational coordinate model of Y2O2S:Eu
3+ [20].

mainly observed from the site without inversion symmetry, forced electric-
dipole transitions (5D0 -

7F2,4) are predominantly observed from the site with
inversion symmetry [21, 27]. Because of the forbidden character of the 4f-4f
transition, the life time of the luminescence is in the range of milliseconds.

2.1.8.2 Eu2+

In most crystals, the lowest excited state of the 4f65d configuration of Eu2+

is located at lower energy than that of 4f7, which leads to a broad-band emis-
sion. The emission color depends on the host material and can be changed
from UV to red. Eu2+ has a relatively long life time (10−5-10−6 s) for an
allowed transition. The excited state 4f65d contains (spin) octets (8) and
sextets (6) while the ground state 4f7 (8S) contains only octets. Since only
states with the same total spin quantum number are ”spin-allowed”, the sex-
tet part of the exited state contributes to the ”spin-forbidden” transition and
it leads to a relatively long life time.

The 5d electron level of Eu2+ is responsible for broad-band emission. Since it
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Figure 2.6: Emission spectrum of Y2O2S:Eu
3+. 5D0 → 7FJ transitions are

indicated at top of the figure [27].

is not shielded from the surroundings in contrast to the 4f levels, the optical
transition energy from 4f65d to 4f7 and thus the emission color can easily be
tuned by changing the host material.

Figure 2.7: Schematic representation of the influence of the host lattice on
the free Eu2+ energy states [20].

Several effects influence the Eu2+ ion in a crystal and due to this effect
Stokes shift, centroid shift and crystal field splitting on the 4f65d can be
observed [31]. Figure 2.7 illustrates how the 4f65d state of the Eu2+ ion
is affected by the host lattice. The energy difference between the d- and
f-electrons is changed by the covalency between the Eu2+ ion and the lig-
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and bond, and the crystal field strength. When the covalency increases, the
interaction between the electrons of the Eu2+ ion reduces and the energy dif-
ference of the 4f-5d levels decreases (nephelauxetic effect). This decrease in
the energy difference of the 4f-5d levels is called centroid shift [27]. The aver-
age energy of the 5d state is shifting to lower values due to the centroid shift
and crystal field splitting. The total decrease because of these two effects is
called the red shift (D). Red shift of Eu2+ shows a strong dependency on the
host material. The lowest 4f65d level, which is already lowered due to the red
shift, is further lowered by the Stokes’ shift due to the lattice relaxation [31].

Figure 2.8: Energy separation of the centroid shifted 4f65d level in Eu2+ as
a function of the crystal field strength (∆) [20].

There are three types of Eu2+ emissions, namely 5d-4f broad band emission,
4f-4f line emission, and anomalous Eu2+ emission [25]. In most of the crystals
Eu2+ has broad band emission due to 5d-4f transition. Splitting in the d level
of Eu2+ as a function of the crystal field strength is indicated in Fig. 2.8. As
seen in this figure the energy levels of the 4f7 state, 6PJ , are located lower
than that of the 4f65d level. Sometimes, the 5d-4f broad band emission can
be observed together with 4f-4f line emission for low crystal field strength,
such as for BaAlF5 and SrAlF5 [25].

When an electron from the 5d level is photo-ionized to the conduction band,
it leaves a hole. The recombination of the electron with the hole can result
in an emission which is called anomalous emission. It is characterized by
a very large Stokes’ shift [20, 25].The emission at 878 nm from BaS:Eu2+

is an example for anomalous emission, normally a blue shift is expected in
the emission of the BaS:Eu2+ when compared to SrS:Eu2+ (620 nm) and
CaS:Eu2+ (652 nm) due to the smaller crystal splitting [32].
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Material Preparation

This chapter discusses the sample preparation techniques we utilized in this
research. The chapter starts with the synthesis of CaS:Eu luminescent par-
ticles via a solvothermal method. We use two techniques to encapsulate
CaS:Eu particles, the first one being a sol-gel method. After the introduc-
tion on the sol-gel method, the preparation procedures of TiO2 and Al2O3 via
the sol-gel technique are explained in detail. The second technique is atomic
layer deposition, which is briefly introduced. Then the experimental setup
to deposit Al2O3 on CaS:Eu is described. Finally, this chapter ends with the
description of the preparation of CaAl2O4:Eu,Nd luminescent powders.

3.1 Preparation of CaS:Eu

CaS:Eu particles were prepared with a solvothermal synthesis method [33].
The starting materials were CaCl2.2H2O (Alfa Aesar, 99%), EuCl3 (Alfa Ae-
sar, 99.9%) and sulfur powder. Ethylenediamine (C2H8N2), having a boiling
point of 117.3◦C, a critical temperature of 319.9◦C and a critical pressure
of 6.21 MPa, was used as solvent. CaCl2.2H2O and EuCl3.nH2O were dried
at 170◦C for 2 h under a nitrogen flow and ethylenediamine was cooled to
2◦C (Pvapour=14.3 hPa at 20◦C). An appropriate amount of CaCl2, EuCl3
and sulfur powder (in 15% excess) was added into a Teflon-lined autoclave
(Autoclave France Eze Seal, 60ml) and 12.5 ml cooled ethylenediamine was
added. The autoclave was maintained at 200◦C for 12 h (corresponding to
an ethylenediamine vapour pressure of 8300 hPa) and then cooled to room
temperature naturally (in about 4 h).

After cooling down, ethylenediamine was separated from the reaction prod-
uct, which precipitated at the bottom of the Teflon liner. The unreacted

23
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chlorides and sulfur in the autoclave were removed by washing the reaction
product with absolute ethanol. Chlorides and sulfur could be separated from
sulfides by sonicating the reaction product at about 50◦C. This procedure was
repeated several times, until only sulfides remained. In order to characterise
and make CaS:Eu particles ready for encapsulation, the reaction product
was dripped on (100)-oriented silicon wafers and dried in air at 40◦C. This
procedure was repeated a couple of times.

3.2 Non-Aqueous Sol-Gel

Figure 3.1: Schematic overview of the sol-gel process [34].

The sol-gel process can roughly be defined as the formation of an inorganic
solid from a precursor solution by chemical means [35]. By the chemical
transformation of the molecular precursor, a final oxidic network with dif-
ferent features can be synthesized [1, 2, 35] as illustrated in figure 3.1. This
technique offers the possibility of obtaining metastable materials, achieving
superior purity and compositional homogeneity of the products at moder-
ate temperatures with simple laboratory equipment. Generally, either an
inorganic metal salt or a metal organic species like a metal alkoxide or acety-
lacetonate is selected as precursor. Alkoxide precursors are more favourable
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than the inorganic metal salts since hydrolysis of the inorganic salts is quite
complicated [36] and extra impurities frequently remain in the final oxide
materials [3].

There are two crucial reactions leading to an oxide network starting from a
metal alkoxide:

(1) Hydrolysis:

M

OR

RO

OR

OR + H2O −−−−→ M

OR

RO

OR

OH + ROH (3.1)

(2) Condensation:

M

OR

RO

OR

OH + M

OR

HO

OR

OR −−−−→ M

OR

RO

OR

O M

OR

OR

OR + H2O

(3.2)
and/or

M

OR

RO

OR

OH + M

OR

RO

OR

OR −−−−→ M

OR

RO

OR

O M

OR

OR

OR + ROH

(3.3)
In these chemical equations, M indicates a four-valence metal ion, (OR) is
an alkoxy group, (OH) represents a hydroxyl group and (ROH) is an alcohol.
The reaction in which an (OH) becomes attached to the metal ion is called
hydrolysis. Depending on the water content and pH of the environment,
hydrolysis may be accomplished (all (OR) groups are replaced by (OH)) or
stopped as the metal is only partially hydrolyzed [1]. Simultaneously, in the
condensation reaction partially hydrolyzed molecules link together and pro-
duce metal oxide (M-O-M) bonds by producing water (equation 3.2) and/or
alcohol (equation 3.3). Polymerization takes place by continuous condensa-
tion reactions. The solution containing a stable dispersion of polymers is
called sol. There are some parameters which affect the reaction kinetic of
hydrolysis and condensation, and lead to variation on the final network and
product properties. These parameters are listed as follows [37]:
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• Characteristics of the precursor

• Water/alkoxide ratio

• Selection of alcohol

• Catalyst (pH of the environment)

• Reaction temperature

In addition to that, the order of the reaction has a significant effect on the
network formation. Heat treatment parameters (time, temperature and at-
mosphere) have also a big influence on the final product [37].

3.2.1 Effect of precursor

The reaction kinetic is primarily determined by the size and structure of the
alkyl group around the metal atom. Larger alkyl groups lead to more steric
hindrance and thus slower reactions [1, 2, 37]. For example, the hydrolysis
of Si(OCH3)4 (tetramethoxy silane) is faster than Si(OC2H5)4 (tetraethoxy
silane) and data for other silicon alkoxides are shown in table 3.1. The na-
ture of the alkyl chain affects not only hydrolysis but also the condensation
reaction. The gelation time of silicon alkoxides increases with the length of
the alkyl chain [36].

R k (10−2l.mol−1s−1(H∗)−1)
C2H5- 5.1
C4H9- 1.9
C6H13- 0.83

(CH3)2CH(CH2)3CH(CH3)CH2 0.30

Table 3.1: Rate constant k of hydrolysis of tetra-alkoxysilanes Si(OR)4 [2].

The other example of the reaction kinetic is the hydrolysis rate comparison
between Al(OC4H9)

s
3 (aluminium sec-butoxide) and Al(OC3H7)

i
3 (aluminium

isopropoxide): The alkoxides with short alkyl groups typically lead to larger
polymer units which are relatively rich with oxygen [37]. The last example
is related to the Ti(OC4H9)

s
4 (titanium butoxide) series, the bond structures

are shown in figure 3.2.
The hydrolysis rate decreases depending on the size of alkoxide group, the se-
quence of the rate from highest to lowest is in titanium butoxide
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Titanium butoxide normal Titanium butoxide secondary Titanium butoxide tertiary

Ti
OO

O O
Ti

OO

O O
Ti

OO

O O

Figure 3.2: Bond structure of the titanium butoxide series.

tertiary>secondary>normal [38].

Alkoxide δ(M)
Zr(OEt)4 +0.65
Ti(OEt)4 +0.63
Nb(OEt)5 +0.53
Vo(OEt)3 +0.46
W(OEt)6 +0.43
Si(OEt)4 +0.32

Table 3.2: Electronegativity δ(M) on the metal ion for selected metal ethox-
ides [36].

The nature of the metal atom is as important as the type of alkoxide groups.
Table 3.2 shows the comparison of partial charge of metal δ(M) in some
transition metal ethoxides with silicon ethoxide. As seen in the table, the
partial positive charge of the transition metals is higher than that of silicon.
It expresses why hydrolysis and condensation reactions of transition metal
alkoxides are faster than those of silicon alkoxides. The other parameter
which affects the hydrolysis and condensation kinetic is the unsaturation (N-
z). Here N is the coordination number, and z is the oxidation state of the
metal (M) atom. Larger (N-z) promotes the hydrolysis reaction [1]. Unsat-
uration (N-z) of a few tetravalent metals in alkoxides is listed in table 3.3.

As indicated in table 3.3 unsaturation decreases from Ce to Si, it means
that hydrolysis reactivity decreases as Ce≫Zr>Ti≫Si. Aluminium alkoxides
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Cation N (N-z)
Si 4 0
Ti 6 2
Zr 7 3
Ce 8 6

Table 3.3: Unsaturation (N-z) of a few tetravalent metals in alkoxides [39]
.

Al(OR)3 are quickly hydrolyzed in water by producing aluminium mono- or
tri-hydroxides [40]. It can simply be explained by unsaturation of the Al3+

cation, given that the coordination number of Al3+ is 6.

3.2.2 Effect of water/alkoxide ratio

The molar ratio of water to metal alkoxide precursor (h=H2O/M(OR)n) is
the main parameter affecting the nature of the oxide. For the hydrolysis
of M(OR)4, theoretically an h value of 2 is enough since water is formed
during condensation reaction as a by-product. Additionally, water can be
produced by different side reactions such as reaction between alcohols (OR)
and carboxylic acids (R’COOH);

ROH +R′COOH → RCOOR′ +H2O (3.4)

Nevertheless, an excess amount of water (h≫2) is not sufficient to complete
hydrolysis and condensation of M(OR)4 and obtain MO2 [1, 36] because of
a reaction kinetic δ(OR)>0 (table 3.4). The most obvious result of an in-
creasing h is acceleration of the hydrolysis reaction. It can also cause more
complete hydrolysis and formation of monomers before the condensation pro-
cess begins. This fact indicates condensation can be regulated by changing
the h value.

h<1: In this case,the alcohol producing condensation is prevalently observed.
Under this condition, an infinite network is rarely produced. Neither gelation
nor precipitation can be obtained unless hydrolysis is not carefully controlled.

1≤ h≤ z: Chain polymers can be obtained under such conditions. Table 3.4
indicates that the first step of the hydrolysis (h<2) quickly occurs because of
δ(OR)<0 and δ(Ti)>0. The partial charge of the (OR) group δ(OR) becomes
more and more positive when h≥2. This puts a limitation on replacing (OH)
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Precursor h δ(OiPr) δ(OH) δ(iPrOH) δ(H2O) δ(Ti)
Ti(OiPr)4 0 -0.15 - - - -

Ti(OiPr)3(OH) 1 -0.08 -0.38 +0.02 -0.28 +0.62
Ti(OiPr)2(OH)2 2 +0.04 -0.36 +0.15 -0.25 +0.64
Ti(OiPr)(OH)3 3 +0.28 -0.32 +0.41 -0.18 +0.67

Ti(OH)4 4 - -0.19 - +0.01 +0.76

Table 3.4: Effect of h=H2O/M(OR)n on the charge distribution in monomeric
Ti(OiPr)4 precursor [36].

with (OR).

h>z: If hydrolysis occurs under excess water condition, cross-linked poly-
mers, particulate gels or precipitation can be obtained. Yoldas [41] reported
that the oxide contents of the polymers increased as a function of hydrolysis
water.

3.2.3 Effect of alcohol

For alcohol interchange between a metal alkoxide and an alcohol, the equi-
librium reaction can be written as follows:

M (OR)n +R′OH ⇋M (OR)n−1 (OR
′) +ROH (3.5)

The alcohol interchange possibility has to be taken into account, when metal
alkoxide is dissolved in another alcohol than the parent one, because this
ligand exchange can change the molecular structure and hydrolytic proper-
ties of the metal alkoxide. Consequently, solvent modification by alcohol ex-
change changes the oxide properties. For example; the surface area of SiO2 is
305 m2/g for Si(OMe)4/MeOH and only 169 m2/g for Si(OMe)4/EtOH [42].
The facility for the interchange strictly depends on two parameters. The
first one is the nature of the metal atom; δ(M)≫0 facilitates the inter-
change. For example, transition metal alkoxides show faster exchange rates
than silicon alkoxides [36]. The second one is the steric hindrance of the
alkoxy group; if R’ is less sterically bulky than R, this promotes the in-
terchange reaction. As an example, the alcohol exchange rate decreases as
OMe>OEt>OiPr>OBut [1, 36].
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3.2.4 Effect of catalyst

To produce oxides with different properties, hydrolysis and condensation
rates are regulated by adding acids or bases. Depending on the type of
catalyst, the reaction mechanism changes.

Acid catalyst: When an acid is added into the solution, a quick protonation
of the negatively charged OR group occurs, this enhances the elimination of
ROH molecules. Hence, substitution of all OR groups becomes theoretically
possible. The protonation possibility of different alkoxide sides are not the
same, and it affects the condensation pathway. The figure 3.3 shows a typical
hydrolyzed polymer. [36]:

Ti

OR

HO

OR

O · · · O Ti

O

OR

O · · · O Ti

OR

OR

O · · · O Ti

O

OR

OR

(A) (B) (C) (D)

Figure 3.3: Partially hydrolyzed titanium oxo polymer.

Site δ(OR) δ(Ti)
A -0.1 +0.70
B +0.22 +0.76
C +0.04 +0.71
D -0.08 +0.68

Table 3.5: Charge distribution according to the partial-charge model within
a titanium oxo polymer.

Partial charges of the (OR) group depending on the sites A-D are listed
in table 3.5. As seen in the table the facility for protonation decreases as
D≫A>C≫B. Consequently, OH groups are mostly generated at the end
of the chain [38]. Therefore, under such an acidic condition, condensation
occurs between these rapidly formed hydrolyzed species and results in the
formation of linear polymers rather than highly branched ones [36]. If a non-
stoichiometric amount of water (h is low) is used in the presence of an acid,
spinnable sols (capable of being drawn into a fiber) or monolithic gels can be
obtained [1].
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Base catalyst: In the course of basic catalysts, the reactive precursor at-
tacks the positively charged metal atom. It was observed that using base
catalyst for the hydrolysis of Si(OR)4 increased the reactivity; however, the
hydrolysis of Ti(OR)4 with base catalyst was more difficult than in acidic or
neutral conditions [1, 36]. It can result from a decrease of positive charge of
Ti by nucleophilic addition of OH− [1,36]. Consequently, it is expected that
the condensation kinetic increases on a regular basis. δ(Ti) values depending
on the sites A-D are inserted in table 3.5. Based on these values, it can be
expressed that the order of the reactivity for nucleophilic attack decreases
as B≫C≈A>D [1, 36]. As seen in figure 3.3, under base catalyzed condi-
tions (also in hydrolysis) nucleophilic fragments such as M-O− are formed
at the middle instead of the end of the chain. Highly branched, more com-
pact polymers are expected to be formed [1, 36]. It may result in mass or
surface fractals or uniformly porous materials depending on hydrolysis and
condensation ratios.

3.2.5 Effect of reaction temperature

Reaction temperature has also an influence on the oxide product. Higher
reaction temperature leads to formation of larger polymers with higher metal
oxide contents since diffusion of the molecules is easier at higher temperature
[37, 40].

3.2.6 Aqueous versus non-aqueous

Depending on the solvent type, the sol-gel method can be divided into two
groups, distinguishing between aqueous and non-aqueous sol-gel methods. In
an aqueous sol-gel process, the oxygen for the formation of the nanoparti-
cles is supplied by the water molecules. In a non-aqueous sol-gel process,
the oxygen is provided by the solvent (ethers, alcohols, ketones, or alde-
hydes) or by the organic constituent of the precursor (alkoxides or acety-
lacetonates) [43]. Although the aqueous sol-gel method is a very powerful
technique to synthesize a wide range of materials, there are some limitations
on the applications. For example, when precursors with high chemical re-
activity such as transition metal alkoxides are used, the hydrolysis reaction
can result in precipitation [3,36]. Additionally, the aqueous sol-gel technique
has some drawbacks in specific application areas. Er3+ doped Al2O3 is a
well known material as planar waveguide and Al2O3 improves the dispersion
of Er3+, thus the luminescence efficiency and decay time increase. However,
using water during the preparation encourages hydrolysis of Er3+ and accord-
ingly the dispersion of Er3+ decreases [4,5]. Alkaline earth sulfide phosphors
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are very attractive for display applications, electroluminescent devices, opti-
cal information storage and phosphor-converted white light emitting diodes
(LEDs) [8]. Notwithstanding, because of the limited stability with respect to
water and other atmospheric components, it is not obvious to use sulfides as
phosphor hosts. This problem can be solved via encapsulation with an inert
film like Al2O3 [6,7]. But an excess amount of water used for Al2O3 synthesis
can lead to decomposition during the encapsulation process instead of protec-
tion. These problems can be overcome using a non-aqueous sol-gel technique.

During this study we used the non-aqueous sol-gel approach for two purposes.
The first one is the synthesis of metal oxides to encapsulate CaS:Eu parti-
cles prepared via solvothermal synthesis. We synthesized two metal oxides
namely TiO2 and Al2O3 for this aim. The second one is the synthesis of a
luminescent material. We obtained persistent luminescent CaAl2O4:Eu, Nd
via a non-aqueous sol-gel method.

3.3 TiO2 thin films powders and protection

layers

Titanium dioxide thin films and bulk powders were prepared using two non-
aqueous sol-gel techniques, summarized in Figure 3.4. The first technique
was published by Ungureanu et al. [44] and Legrand-Buscema et al. [45] and
the second technique was published by Kajitvichyanukul and Amornchat [46].

In the first technique (method 1), sols were synthesized using titanium(IV)
n-butoxide (Ti(O-nBu)4) (Alfa Aesar, 98%) as precursor and n-butyl alco-
hol (n-BuOH) (Alfa Aesar, 99.4%) as solvent. Acetylacetone (AcAcH) (Alfa
Aesar, 99%) was added as chelating agent to decrease the reactivity of Ti(O-
nBu)4 [44, 45]. In order to begin hydrolysis via an esterification reaction,
glacial acetic acid (Alfa Aesar, 99%) was used. To prepare a stable precur-
sor solution, first n-BuOH and acetylacetone were mixed, then Ti(O-nBu)4
was added to the solution. The molar ratio between acetylacetone and Ti(O-
nBu)4 was 0.3. This mixture was stirred for 30 minutes at room temperature.
Acetic acid was slowly added into the alkoxide solution under stirring for 30
minutes at room temperature. A molar ratio between acetic acid and Ti(O-
nBu)4 of 0.2 was utilized. Sols with two different concentrations (0.5 M and
2.4 M) were synthesized (Fig. 3.4a), with viscosity of 3.77 mPa.s and 6.85
mPa.s, respectively. Immediately after the preparation both sols were yel-
lowish and transparent. They remained stable for more than 6 months.
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Figure 3.4: The experimental procedure for preparing stable sol of titanium
dioxide by method 1 adopted from [44, 45] (a) and method 2 adopted from
[46] (b).

In the second technique (method 2), stable sols were synthesized using Ti-
isopropoxide Ti(OiPr)4 (Alfa Aesar, 97%) as precursor and ethanol (EtOH)
(Rotipuran, 99.8%) as solvent. Diethylene glycol (DEG) (Alfa Aesar, 99%)
was used to stabilize the sols [46]. Ti(OiPr)4 was introduced into the mix-
ture of ethanol and DEG. After the solution was stirred for 30 minutes at
room temperature, it was transparent and without precipitation. A sol was
prepared in this way. The composition of the sol was 1:1:20 for Ti(OiPr)4,
DEG and ethanol in molar ratio, respectively (Fig. 3.4b). The viscosity was
2.26 mPa.s.

In both cases, water was not added into the solution for the hydrolysis re-
actions. It was partially supplied via an esterification reaction between the
glacial acetic acid and n-BuOH for method 1 and via the residual water in
ethanol (0.1%) for method 2. Therefore the molar ratio between TiO2 and
water can be estimated at about 1:0.2 and 1:0.05, respectively. Thus, the hy-
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drolysis reactions were performed with substoichiometric amounts of water.
In this case, partially hydrolysed species are initially formed and concurrently
condensation reaction occurs between them [1].

Structural properties were studied for powder samples which were obtained
by heat treatment for 2 hours at different temperatures of 250, 320, 350, 400,
450, 500, 550, 600, 620, 700 and 800◦C with a heating rate of 10◦C/min in
air. Single TiO2 layers were deposited on (100)-oriented silicon wafers and
Corning 1737 sodium-free borosilicate glass by spin coating with different
spinning rates from 2000 to 6000 rpm for 20 seconds at room temperature.
Coated substrates were heat treated at 400 and 500◦C in air for 30 minutes
and the heating rate was 10◦C/min.

In order to protect CaS:Eu luminescent particles against moisture and CO2

in the air, particles were coated with TiO2 layers. TiO2 synthesized following
the first method was used for this purpose. Two sols with different concen-
trations (0.5 M and 2.4 M) were synthesized, with viscosity of 3.77 mPa.s and
6.85 mPa.s, respectively. CaS:Eu particles on silicon substrates were coated
with TiO2 solutions using spin coating with a rotation speed of 800 rpm for
both TiO2 sols for 20 seconds. The coated substrates were then heat treated
for 30 minutes in air at 400◦C with a heating rate of 10◦C/min.

3.4 Al2O3 thin films

Although the main purpose to synthesize Al2O3 is to encapsulate CaS:Eu
particles, it is also very important to understand the effect of the sol on
the luminescent particles. Therefore, during this study Al2O3 was prepared
via two different techniques. In the first year of this research, Al2O3 con-
densed solutions were synthesized following the route described by Yang et
al. [47]. Very stable (more than 1 year) alumina sols were synthesized us-
ing aluminium isopropoxide [Al(OC3H7)3] as precursor, isopropanol (

iPrOH)
as solvent, nitric acid as catalyst, and acetylacetone (AcAcH) as chelating
agent, summarized in Figure 3.5. The solution was prepared using iPrOH
and (2 mol/l) of AcAcH, then Al(OC3H7)3 was slowly added into the solu-
tion under stirring for 1 h at 65◦C. The molar ratio between Al(OC3H7)3 and
AcAcH is 1:2. Water was added into the solution for hydrolysis with a molar
ratio of 0.85:1 for water and Al(OC3H7)3, followed by adding iPrOH to adjust
the concentration of Al(OC3H7)3 to 30 g/l. After the modified solution was
stirred for 3 h at 65◦C, the pH was adjusted to 3 with concentrated nitric
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acid (HNO3). The water concentration was approximately 9.5 mg/ml. The
Al2O3 sol was kept at 75

◦C until getting a sol having a viscosity in the range
of 5-6 mPa.s. Silicon substrates covered with CaS:Eu particles were coated
with Al2O3 viscous solutions using spin coating with a rotation speed of 800
rpm for both Al2O3 sols. The coated substrates were then heat treated for
10 minutes in air at 500◦C with a heating rate of 10◦C/min. As explained
in the experimental procedure, for this synthesis water and a strong acid
(HNO3) were used and both of them are detrimental for CaS:Eu luminescent
particles. Therefore it was very useful for us to see the degradation effect of
the sol onto particles (§8.3.1.

Figure 3.5: The experimental procedure for preparing stable sol of alumina
by method 1 [47].

In the second technique, which was developed in-house, aluminium oxide
sols were prepared via a non-aqueous sol-gel technique. Three sols were syn-
thesized using anhydrous ethanol (EtOH) (Alfa Aesar, 90%), isopropanol
(iPrOH) (Acros, 99.5%) and n-butyl alcohol (n-BuOH) (Alfa Aesar, 99.4%)
as solvent. Aluminium sec-butoxide (Al[O(CH3)CHC2H5]3) (Alfa Aesar,
95%) was used as a precursor. Acetylacetone (AcAcH) (Alfa Aesar, 99%)
was added as chelating agent to decrease the reactivity of the precursor. The
molar ratio between acetylacetone and aluminium sec-butoxide was 1. The
concentration of the sols was adjusted to 0.5 M. To prepare stable sols, first
the solvent and acetylacetone were mixed, and then aluminium sec-butoxide
was added to this mixture. Eventually the solution was stirred for 6 hours at
40◦C. Transparent solutions were readily obtained using iPrOH and n-BuOH
as solvent via this route. To obtain a transparent solution using EtOH as a
solvent, it was necessary to stir at 40◦C. The sol prepared with n-BuOH was
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stable for more than 1 year while the sols prepared with EtOH and iPrOH
were stable for 1 and 8 months, respectively, after which precipitation oc-
curred.

Single aluminium oxide layers were deposited on (100)-oriented silicon wafers
by spin coating with different spinning rates from 1000 to 6000 rpm for 20
seconds at room temperature. Coated substrates were heat treated at 450
and 650◦C in air for 30 minutes and the heating rate was 10◦C/min. The
layers for IR measurements were deposited on double side polished and (100)-
oriented Czochralski-grown silicon wafers by spin coating with a spinning rate
of 2000 rpm for 20 seconds at room temperature. After the coating process,
samples were heat treated at different temperature from 200◦C to 500◦C in
air for 30 minutes and the heating rate was 10◦C/min. Aluminium oxide
layers for transparency measurements were also prepared by spin coating on
Corning 1737 sodium-free borosilicate glass substrates at 2000 rpm for 20
seconds at room temperature and then heat treated at 500◦C in air for 30
minutes (heating rate of 10◦C/min).

Protection layers were also prepared via the second technique using n-butyl
alcohol (n-BuOH) (Alfa Aesar, 99.4%) as solvent [7]. The deposition of the
alumina coatings on CaS:Eu2+ particles was performed by spin coating at
800 rpm for 20 seconds. After coating, the coated phosphor layers were heat
treated for 30 minutes in air at 500◦C with a heating rate of 10◦C/min to
remove the organic groups.

3.5 CaAl2O4:Eu,Nd

CaAl2O4:Eu,Nd luminescent powders were prepared in three stages via a
non-aqueous sol-gel method.

In the first stage, the optimum synthesis temperature was determined. Un-
doped calcium aluminium oxide (CaAl2O4) powder was successfully syn-
thesized using calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) (Alfa Aesar,
99%) and aluminium sec-butoxide (Al[O(CH3)CHC2H5]3) (Alfa Aesar, 95%)
as precursor, n-butyl alcohol (n-BuOH) (Alfa Aesar, 99.4%) as solvent and
acetylacetone (AcAcH) (Alfa Aesar, 99%) as chelating agent. The molar ra-
tio between acetylacetone and aluminium sec-butoxide and the molar ratio
between n-butyl alcohol and aluminium sec-butoxide were adjusted as 1 and
100, respectively. Initially, the 2/3 of n-butyl alcohol and acetylacetone were
mixed, and then aluminium sec-butoxide was added to this mixture. Then
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the solution was stirred for 4 hours at 40◦C. At the same time calcium nitrate
tetrahydrate was dissolved in the 1/3 of n-butyl alcohol at 40◦C, which took
around 20 minutes. Eventually, calcium nitrate tetrahydrate solution was
added into the aluminium sec-butoxide solution and the mixture was stirred
for 4 hours at 40◦C. Very stable and transparent solutions were readily ob-
tained via this route. CaAl2O4 powders were obtained by heat treatment for
1 hour at different temperature of 800, 900, 950, 1000, 1100 and 1200◦C with
a heating rate 5◦C/min in air.

In the second stage, the influence of the europium concentration was studied.
Eu doped CaAl2O4 powders were prepared in the same way as in the first
stage except from adding hydrated europium nitrate into the calcium nitrate
tetrahydrate solution and dissolving at 40◦C. Eu doped CaAl2O4 powders
were obtained by heat treatment for 1 hour at 900 and 1000◦C with a heat-
ing rate 5◦C/min in air. In this way, we prepared 0.5, 1, 2 and 3% Eu doped
CaAl2O4 powders. In order to reduce Eu3+ to Eu2+ two different methods
were used; namely, annealing under H2/N2 (10%/90%) atmosphere and elec-
tron beam annealing in vacuum. In the first annealing technique, powders
were annealed for 20 minutes at 500, 600, 700, 800, 900 and 1000◦C with a
heating rate 5◦C/min under H2/N2 (10%/90%).

In the last stage, the optimum ratio between europium and neodymium for
the best persistent luminescent property was examined. Eu and Nd doped
CaAl2O4 powders were synthesized in the same way as the preparation of
CaAl2O4:Eu except from adding neodymium(III) nitrate hexahydrate (Alfa
Aesar, 99.9%) into the calcium nitrate tetrahydrate and hydrated europium
nitrate mixture and dissolving at 40◦C. Eu3+ was reduced to Eu2+ via elec-
tron beam annealing.

3.6 Preparation Instruments

3.6.1 Classic tube furnace annealing

During this study all thermal annealing processes were performed in a Naber–
therm 65 cm-long tube furnace. This furnace with an uniform heated length
of 25 cm (± 5◦C at 1000◦C) features highly reproducible temperature profiles
and limited temperature fluctuations. The heating rate of the Nabertherm
tube furnace can be simply controlled (the maximum heating rate is about
25 ◦C/min). Alumina crucibles are used to place the samples in the furnace.
The tube furnace was also utilized for post-annealing under H2/N2 atmo-
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sphere. In this case samples in the alumina crucibles were placed in a silica
tube.

3.6.2 Electron beam annealing

After the preparation of CaAl2O4:Eu, Nd powder, it is necessary to reduce
Eu3+ to Eu2+ in order to obtain persistent emission [48]. For this purpose,
we used electron beam annealing in addition to post annealing under H2/N2

atmosphere. To facilitate the electron beam annealing, powder pellets of 5
mm diameter were pressed.

The electrons are produced by thermionic emission from a tungsten spiral
cathode in a Leybold Univex 450 vacuum system. Then, the electrons are
accelerated and the beam (8 keV) is focussed on the material in a spot about
1 mm in diameter by a magnetic deflection unit. The system is equipped with
a turbomolecular pump in combination with a rotation pump and the base
pressure is around 2x10−6 mbar. The maximum beam power (3.2 kW) can
be directed to the material by controlling the current through the cathode.
In order to avoid sublimation of the material, the electron beam intensity is
adjusted to heat the material around its melting point.

3.6.3 Spin coating

Spin coating is an interesting and facile technique to obtain homogeneous
thin films. The substrate mounted horizontally on a rotating platform spins
very rapidly and the coating solution is dispensed onto it. Because of the
high speed rotation, most of the solution is thrown off, leaving behind a
thin, uniform coating. By changing the rotation speed of the substrate and
the duration of the spinning, film thickness can precisely be regulated. The
other factors assigning the film thickness are the viscosity of the solution and
the evaporation rate of the solvent. Combination of cheap instrumentation,
homogeneity of films as well as short coating times makes the spin coating
technique one of the most applied methods for sol-gel based thin film pro-
duction.

In this study, a Headway Research Inc., Model EC101 photo-resist spinner
was used to obtain homogeneous TiO2 and Al2O3 thin films and protection
layers. By changing the spin speed from 1000 to 6000 rpm and the viscosity
of sols, we prepared thin films with different thickness. CaS:Eu particles
were coated with TiO2 and Al2O3 for 20 seconds at 500 rpm and 800 rpm,
respectively.
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3.7 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a technique based on the pulsed exposure
of a surface to a precursor and a reactive gas. The precursor (elemental
vapor or volatile compound of the element) reacts in a self-limiting manner
with the surface until a monolayer of molecules is chemisorbed (Fig. 3.6a).
The excess of the reactant, which is in the gas phase or physisorbed on the
surface, is then pumped out of the chamber with an inert gas pulse before
exposing the substrate to the other reactant (Fig. 3.6b). The second gas
pulse leads to the removal of the ligands around the metal in the precursor
(Fig. 3.6c) and the formation of a compound film (Fig. 3.6d).

Figure 3.6: Schematic representation of an ALD process [49].

By varying the number of pulses, ALD enables a well controlled deposition
of nanometer thin, conformal pinhole-free films on complex substrates with
uniformity over large areas. The deposition temperature is low compared to
traditional chemical vapor deposition (CVD).

In this work, ALD was used to encapsulate CaS:Eu luminescent particles
with conformal Al2O3 layers. The deposition of the ALD alumina coating
was performed in a home-built system which is shown in figure 3.7 [50]. The
reactor was constantly evacuated with a turbomolecular pump and heated to
95◦C. The base pressure prior to deposition was about 10−4 Pa. Trimethy-
laluminium (TMA, Sigma Aldrich, 97%) and deionized water were used as
aluminium precursor and reactive gas, respectively [51]. The TMA and H2O
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Figure 3.7: Home-built ALD setup in the CoCooN research group.

containers were stored at room temperature and connected to the reactor
via heated lines. Using needle valves, the effective pressure of TMA was
set to 0.1 Pa and the pressure of H2O to 0.3 Pa. Gas pulses were deliv-
ered by opening computer controlled pneumatic valves. The samples were
placed on a resistive heating element, resulting in a deposition temperature
of 200◦C. One ALD cycle consisted of 2s of TMA, 5s pumping, 5s H2O vapor
and 10s pumping. About 0.1 nm of aluminium oxide was deposited during
one cycle. In order to investigate the crystal structure and transparency of
the aluminium oxide films, 20 and 100 nm thick aluminium oxide films were
deposited on quartz substrates (Heraeus). Aluminium oxide thin films with
a thickness of 10 and 20 nm were grown on CaS:Eu. No post-deposition
treatments were performed.
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Characterization Techniques
and Instruments

In this chapter, the instruments which were utilized to characterize the sam-
ples are introduced. Additionally, brief information about the characteriza-
tion techniques can be found in the present chapter.

4.1 X-ray diffraction

4.1.1 in situ XRD

Crystallization kinetics of the TiO2 powders were studied in detail via an ef-
ficient approach consisting of collecting XRD spectra during the heat treat-
ment, i.e. ”in situ” X-ray diffraction (XRD) (Bruker D8-Discovery with
Vantec linear Detector and home-made heating stage). The phase transi-
tion of the samples was followed during heating from room temperature to
1000◦C with a heating rate of 0.1◦C/s in a purified helium atmosphere and
the diffracted X-rays are collected with a linear CCD detector covering 14
degrees in 2θ.

4.1.2 ex situ XRD

XRD (X-ray Diffraction) measurements were employed to characterize the
crystal structure of powders and thin films. A θ-2θ Siemens D5000 diffrac-
tometer, equipped with a Cu-Kα X-ray source with a wavelength of 0.15406
nm, and a scintillation detector was used for powder samples. A θ-θ Bruker
D8-Discovery diffractometer, equipped with a Cu-Kα X-ray source with a
wavelength of 0.15406 nm, and a Lynx eye linear detector was preferred for

41



42 Chapter 4. Characterization Techniques and Instruments

thin films characterizations. Figure 4.1 is a schematic representation of a
diffractometer. The incident angle θ is always half of the detector angle 2θ.

Figure 4.1: Schematic representation of the X-ray diffractometer.

In θ-2θ instruments, when the tube is fixed, the sample and the detector ro-
tate at θ ◦/min and 2θ ◦/min, respectively. If we consider a θ-θ configuration,
the sample is fixed and the X-ray tube and the detector rotate at a rate -θ
◦/min and θ ◦/min, respectively. However, the main difference between the
two diffractometers used is the detector. Linear detectors are around one
hundred times faster than point detectors (scintillation and solid-state). The
speed of these detectors is advantageous for weakly diffracting materials such
as thin films.
There are some requirements which need to be fulfilled to take the XRD
measurement, as described in paragraphs below.

4.1.2.1 Orientation of the planes

Whether in powders or thin films, only diffraction from diffracting planes
parallel to the sample surface can be detected. This condition is easily met in
powder samples thanks to crystalline grains with random orientations. When
the subject is thin films, certain diffraction peaks can dominate because of
the preferential orientation of the grains. However, the XRD pattern of a
polycrystalline thin film is often very similar to powder one due to the random
orientation of the crystallite grains.

4.1.2.2 Bragg’s law

When a crystal is irradiated with X-rays of a fixed wavelength and at cer-
tain incident angles, an intense reflection occurs when the wavelengths of
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the scattered X-rays interfere constructively. In order for this constructive
interference to occur, the differences in the path length must be of the same
magnitude as the wavelength of the X-rays. This condition is summarized
by Bragg’s law and demonstrated in Fig. 4.2.

nλ = 2dhkl sin θ (4.1)

and for an orthogonal lattice

dhkl =
1

√
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)2
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)2
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c

)2
(4.2)

where λ is the wavelength of the incident X-rays, n (a positive integer) is the
”order” of reflection, dhkl is the distance between the (hkl) diffracting planes,
a, b and c are the lattice parameters, and θ is the scattering angle.

Figure 4.2: Schematic representation of Bragg’s law.

4.1.2.3 Intensity of the diffraction peaks

When the Bragg condition is satisfied, the incident X-ray beam is diffracted
which appears as a peak in the XRD pattern. Each diffraction can be asso-
ciated with a set of planes of certain Miller indices. Diffraction from certain
planes may not be observed because of the geometrical structure factor Fhkl.
The shape and content of the unit cell affect the structure factor which is
given by

Fhkl =

N
∑

j=1

fje
2πi(huj+kvj+lwj) (4.3)



44 Chapter 4. Characterization Techniques and Instruments

Here, fj represents the scattering power of the atom j in the unit cell and
(uj,vj ,wj) is the position of this atom. The summation is over the entire unit
cell. The square of the structure factor is proportional to the diffraction peak
intensity.

I ∼ |Fhkl|2 (4.4)

4.1.2.4 Details of diffraction patterns

After the scan of the crystalline sample, the reflected X-ray intensity is plot-
ted against 2θ to produce an XRD pattern. Combining diffraction peak
positions, intensities and widths in the pattern, one can obtain crucial in-
formation about the material. For example, an unknown compound can be
easily identified using JCPDS (Joint Committee on Powder Diffraction Stan-
dards) powder diffraction files. For thousands of compounds, the position,
intensity and Miller indices of the diffraction peaks are listed on this file. In
addition to that, the crystallite size of the material can be estimated using
the width of the diffraction peak by Scherrer’s formula.

D =
Kλ

(B − b) cos θ
(4.5)

Where D is the average crystallite size, K is the Scherrer constant depending
on the shape of the crystallites and the (hkl) values (between 0.7 and 1.7),
λ is the wavelength of the X-rays, B is the full-width at half maximum
(FWHM) of the diffraction peak, b is the instrumental broadening and θ is
the Bragg angle. This equation shows that a small crystallite size leads to
broad diffraction peaks.

4.2 Scanning electron microscopy

SEM (Scanning Electron Microscopy) is a surface analyzing technique which
is based on electron material interactions. A Scanning Electron Microscope
with its high resolution (when bulk objects are examined, instrumental res-
olution is on the order of 1-5 nm) and its large depth of field is one of the
most versatile instruments for the observation and the characterization of
heterogeneous organic and inorganic materials [52]. The imaging part of a
SEM is formed by the electron column, for which the schematic structure is
indicated in Fig. 4.3. The electrons generated and accelerated by an electron
gun are focused by electron lenses. The spot size of the electron beam is less
than 10 nm. Scan coils sweep the beam across the specimen. When image
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magnification is increased, the scan coils are excited less strongly, so that
the beam deflects across a smaller area on the specimen. When the electron
beam enters the specimen, several signals are produced: secondary electrons
(SE), backscattered electrons (BSE), diffracted backscattered electrons which
can be that are used to determine crystal structures and orientations, high
energy photons (characteristic X-rays that are used for elemental analysis),
visible light (cathodoluminescence) and heat as shown in Fig. 4.4. Sec-
ondary electrons and backscattered electrons are most often used to produce
an image. The intensity signal of secondary electrons and backscattered elec-
trons collected by detectors are amplified for display on the screen. While
secondary electrons are used for showing morphology and topography on
samples, backscattered electrons are used for illustrating compositional con-
trast [52].

Figure 4.3: Schematic illustration of a SEM setup.

Surface morphology of the specimens was studied using a FEG-SEM (Field
Emission Gun Scanning Electron Microscope, FEI Quanta 200F). The FEG
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offers a high spatial resolution (< 2.5 nm at 30 kV) and can operate at a wide
range of acceleration voltages (between 200 V and 30 kV). It is possible to
operate it in high vacuum mode for characterization of conductive materials,
low vacuum and environmental SEM (ESEM) modes. The latter allows the
imaging and X-ray analysis of wet, nonconductive, unprepared samples, in
addition to that the ESEM mode offers a possibility for in situ experiments
e.g., in corrosion and oxidation.

Figure 4.4: Electron interaction volume within a sample.

4.2.1 Energy dispersive analysis of X-rays (EDX)

Electron microscopy does not only offer high resolution imaging, it can also
provide elemental analysis via the combination with EDX (Energy Disper-
sive X-rays spectroscopy). During this research EDX was used to make a
quantitative chemical analysis of the samples, by means of a liquid nitrogen
cooled Si-Li detector.

When an accelerated electron interacts with the inner shell electron of an
atom, it can kick out the electron, leaving a hole (or vacancy). Eventually,
this results in the neighbouring outer electron to move into the vacant inner
electron shell and in the process emitting an X-ray. The energy of the X-ray is
depending on the difference in energy between the energy level that is vacant
and the energy level from which an electron falls. Each element produces
X-rays which are called ”characteristic X-rays” with a unique energy. They
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are used to identify the elements present in the sample. Additionally, the
concentration of the elements in the sample can be determined in a semi-
quantitative way from the intensity of the characteristic X-ray signal. Thus,
using SEM in combination with EDX can be used for simultaneous imaging
and elemental mapping.

4.3 X-ray photoelectron spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) also known as Electron Spectros-
copy for Chemical Analysis (ESCA), is an analysis technique used to de-
termine the chemical state and composition of a materials’ surface. The
maximum information depth is approximately 10 nm. Furthermore, XPS
can be utilized for depth profiling by sputtering the sample layer by layer.
The sample placed in an ultra-high vacuum environment is irradiated by soft
X-rays. The incident X-rays stimulate the ejection of core-level electrons
from the atoms of the sample. Although the penetration depth of the X-rays
is around 1µm, due to the relatively short mean free path of the electrons,
photoelectrons are only emitted from the sample surface. Because an escape
of electrons from an insulator surface can cause charging of the sample sur-
face, it is necessary to neutralize this charge effect. A low-energy electron
flood-gun is utilized for this purpose. The kinetic energy of a photo-emitted
core electron is a function of its binding energy and is characteristic of the
element from which it was emitted (equation 4.6).

EK = hν − EB − Φ (4.6)

In this formula, EK is the kinetic energy of the photoelectron, hν is the en-
ergy of the incident X-ray, EB is the binding energy of the photoelectron,
and Φ is the work function of the spectrometer.

When the inner shell electron is ejected by the incident X-ray, an outer elec-
tron moves to the core hole. Simultaneously, an Auger electron or a char-
acteristic X-ray is emitted to balance the transition energy. Auger electrons
in addition to emitted photoelectrons are used in XPS analysis. An XPS
spectrum is obtained by counting the number of photoelectrons as a function
of their binding energy. The binding energy corresponding to each peak rep-
resents an element present in the sampled volume since the binding energy
of a core electron is the finger print of an atom. Moreover the peak area is
a measure of the relative amount of the element represented by that peak,
the shape and precise position of the peak yield information on the chemical
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state for the element.

The chemical composition of the TiO2 and Al2O3 thin films was investi-
gated with XPS. The spectra were acquired on an S-Probe XPS spectrometer
from Surface Science Instruments (VG) using monochromatic Al-Kα radia-
tion (1486.6 eV). The angle between the axis of the detector and the sample
was 45◦ and the base pressure of the chamber was 2x10−9 mbar. The X-ray
source was operated at 10 kV, 200 W. Spectra were acquired at 157.7 eV pass
energy with a resolution of 0.15 eV. Depth profiles were carried out by Ar+

sputtering at 4 keV with an argon partial pressure of 1.5x10−7 mbar and a
spot size of 16 mm2. To avoid artifacts caused by charging of the insulating
samples, a charge neutralizer (1 eV) was utilized and the peak positions were
calibrated on the C1s peak at 284.6 eV.

4.4 Steady state fluorescence spectrometer

In steady state fluorescence spectroscopy, the material is excited with a con-
tinuous light beam and the intensity of the emitted light is recorded. The
steady state fluorescence spectrometer at our laboratory is a FS920 (Edin-
burgh Instruments). It is a sensitive steady state fluorescence spectrometer
for accurately collecting photoluminescent excitation and emission spectra
in the UV-VIS-NIR spectral range. The spectrometer consists of a xenon
arc lamp, two excitation monochromators, a sample chamber, an emission
monochromator and a detector (Fig. 4.5).

Xenon arc lamps produce a continuous spectral distribution from 190 to 2600
nm with intense lines between 800 and 1000 nm. The xenon arc lamp is aimed
at the entrance slit of the first excitation monochromator. The light from
the lamp impinges on the first excitation monochromator in which it is dis-
persed and the desired excitation wavelength is selected. Low stray light (to
about 10−8) and higher spectral resolution (down to 0.05 nm) are achieved by
double monochromators. The transmitted beam with a certain bandwidth
and spectral resolution passes through the exit slit of the second excitation
monochromator and reaches the beam splitter. For monitoring the excitation
intensity, a small percentage is diverted to a Si-diode reference detector, while
the main part is focussed onto the sample. Emission light from the sample
is directed to the emission monochromator by collecting with a lens system.
At that point, emission light is filtered to avoid excitation light entering the
emission monochromator, which is scanned to determine the wavelength of
this emission. The spectral resolution can be controlled by manually adjust-
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Figure 4.5: Schematic drawing of the Edinburgh Instruments steady state
fluorescence spectrometer [53].

ing slit width, using a micrometer screw. The emission light from the sample
is detected by a Hamamatsu 928 photomultiplier tube (PMT) in which the
signal is amplified (about 1x107) and creates a voltage that is proportional
to the emitted intensity. The limit of sensitivity of the PMT is related to the
level of dark current which is caused by thermal activation and reduced by
cooling the PMT. A Peltier element is used to cool the PMT to about -20◦C.

Emission and excitation measurements are done fully automated and con-
trolled by software. When emission spectra are recorded, excitation monochro-
mators are fixed and the diffraction grating in the emission monochromator
sweeps. However, during the excitation measurement, the emission monochro-
mator is fixed at a certain wavelength and the excitation wavelength is
changed in a specific range. Dwell time of each position has an effect on
the emission intensity and signal-noise ratio of the spectrum and it can be
varied from 0.1 to 5 s. It is very import to have emission or excitation spectra
which are free from any instrumental effect; therefore, spectral correction is
done for the entire emission and excitation range by software using standard
correction files.
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4.4.1 In situ steady state fluorescence spectrometer

The chemical stability of the phosphor layers was inspected with an in situ
photoluminescence measurement during accelerated aging of the uncoated
and coated samples at 80◦C and 80% relative humidity. The measurements
were executed in a Clima Temperature Systeme (CST), CS-40/200 humidity
chamber in the Centre for Microsystems Technology (CMST) laboratory.
The experimental setup is indicated in Fig. 4.6. PL intensities of the sample
in the humidity chamber were measured with an HR2000+ luminescence
spectrometer (Ocean Optics). This spectrometer provides a resolution of 0.75
nm (FWHM) and also it can capture and store a full spectrum into memory
almost every millisecond when the spectrometer is interfaced to a computer
via USB. Samples were excited by a LED with an emission wavelength of 440
nm. Using a Bif400-UV/VIS Y-shaped optical fiber cable (Ocean Optics)
with a 400µm core diameter excitation light from the LED to the sample
and emission light from the sample to the spectrometer were separated. The
spectra were recorded every 10 minutes during at least 15 hours.

Figure 4.6: Experimental setup for the aging test.

4.4.1.1 Optical transmission measurements

Transparency measurements of the films were executed by means of a Cary
500 UV-Vis-NIR spectrophotometer. Using this instrument is it possible to
obtain very accurate transmission spectra between 175 and 3000 nm in a
short time. The spectrometer consists of two light sources; namely, tungsten
halogen from visible to near-IR and a deuterium arc lamp for UV, and two
detectors; namely, a high performance R928 photomultiplier tube as UV-Vis
detector and an electrothermally controlled lead sulfide photocell as near-IR
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detector. Corning 1737 sodium-free borosilicate glasses and quartz were used
as substrate.

4.5 Spectroscopic ellipsometry

Spectroscopic Ellipsometry (SE) is a very sensitive optical technique devoted
to the analysis of surfaces. The measurement is based on the change in po-
larization caused upon specular reflection from a surface. Linearly polarized
incident light with parallel (p) and perpendicular (s) electric field components
is generally elliptically polarized after reflection (fig 4.8).

Figure 4.7: Reflection and transmission of the light.

The reflected light has undergone amplitude and phase changes for both p-
and s-components of the incident beam. Ellipsometry measures the changes
of these components, commonly written as:

ρ =
rp

rs
= tan(Ψ)ei∆ (4.7)

In this formula, Ψ and ∆ indicate the amplitude ratio and phase shift, re-
spectively. rp and rs are the reflection coefficients of p- and s-components
of the electric field and they are directly related to optical constants of the
material by assuming the ambient is air (Fresnel equation):

rp =
n cos θi − cos θt
n cos θi + cos θt

and rs =
cos θi − n cos θt
cos θi + n cos θt

(4.8)

where n is the refractive index of the material.
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In order to acquire information about the film thickness and optical con-
stants, it is necessary to construct an appropriate optical model. Ellipso-
metric parameters Ψmodel and ∆model are calculated using parameters in the
model. Then the calculated Ψmodel and ∆model are used to compare the cal-
culated data to experimental (measured) data. Fitting quality is determined
by a comparison between model-generated curves and experimental data.
The mean squared error (MSE) quantifies the difference between model and
experimental curves. Although a small MSE is necessary, it is not sufficient
to decide the proposed model is correct. To determine the best model in
addition to knowledge about the sample, physical laws should be considered.
Otherwise a fitting with a small MSE without physical significance can be
easily obtained.

Optical constants and thickness of TiO2 and alumina thin films were deter-
mined via SE, J.A. Woollam Co. Inc., M-2000FI at an angle of incidence of
65◦. Fitting was performed over the region of 250- 1700 nm, using the Com-
plete Ease software (Woollam Inc.). The refractive index of the thin films was
calculated at 632.8 nm. Porous thin films have different optical properties
than the bulk of the same material. To estimate the average effective optical
and/or electrical parameters of porous thin films, Bruggeman’s or Maxwell
Garnett’s equation can be used. The effective refractive indices of the films
were calculated using the Bruggeman effective medium equation [54]. The
Bruggeman effective medium equation for two-component systems is given
by

f
n2
1 − n2

eff

n2
1 + 2n2

eff

+ (1− f)
n2
2 − n2

eff

n2
2 + 2n2

eff

= 0 (4.9)

where neff is the effective refractive index of the thin film. The refractive
index of the first and second component is represented by n1 and n2. The
volume fraction of the first component is indicated by f.

4.6 Thermal analysis

Thermogravimetric analysis (TGA) measures the changes in substance weight
as a function of temperature or time in a controlled atmosphere. The TGA
technique is very useful to analyze materials that exhibit either mass loss or
gain due to decomposition, oxidation or loss of volatiles. Differential thermal
analysis (DTA) measures the temperature difference between the substance
and an inert reference as the heat flow to the substance and reference re-
mains the same. This differential temperature (∆T) is then plotted against
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temperature. Two kind of peaks can be observed in a DTA curve, namely
endothermic and exothermic peaks. The endothermic peaks where ∆T is
negative may represent melting, vaporisation, sublimation and desorption.
The exothermic peaks where ∆T is positive may indicate crystallisation, ad-
sorption, polymerisation and catalytic reactions. Simultaneous TGA-DTA
measures both heat flow and weight changes in a material as a function of
temperature. This simultaneous measurement allows to determine melting,
crystallization and degradation steps of the materials [55, 56].

TGA and DTA of the sols were carried out using a SDT 2960-TA instrument
in the Department of Inorganic and Physical Chemistry. The measurements
were done at a heating rate of 10◦C/min beginning from room temperature
in a flowing air environment.

4.7 Fourier transform infrared spectroscopy

Infrared (IR) spectroscopy is based on the fact that molecules absorb spe-
cific frequencies that are characteristic of their structure. Fourier transform
infrared (FT-IR) spectroscopy uses a measurement technique in which an
interference pattern is converted to an IR spectrum [57, 58]. The IR beam
from the source enters the interferometer where the beam is split towards the
moveable mirror and the fixed mirror. If there is no sample between inter-
ferometer and detector, the two reflected beams recombine and interference
of them is measured by the detector. The signal is called an interferogram
which is a kind of spectral encoding consisting of information about every
infrared frequency which comes from the source. If a sample is present, an
absorption occurs, thereby modifying the interferogram. The final infrared
spectrum is formed from the interferogram by Fourier transformation. The
resulting spectrum is the intensity of IR light as a function of the frequency.
It consists of specific regions related to different kinds of bonds and vibration
of these bonds (stretching or bending). Using a reference table in which the
absorption frequencies for different types of bonds are listed, an unknown
material can be identified [58]

In this work, the spectra were recorded from 400 to 4000 cm−1 with a Bruker
IFS66V spectrometer. The resolution was 3 cm−1, and 600 scans were used
for every sample. The background spectra were recorded using an uncoated
double side polished Si substrate.
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Chapter 5

Literature data

5.1 White-light emitting diodes (LEDs)

White-light emitting diodes (LEDs) challenge traditional incandescent, fluo-
rescent and halogen lamps for general lighting. They have several advantages
such as long life time (longer than 30000 hours), low power consumption,
small size and short light up time. Additionally, LEDs do not contain toxic
chemicals like mercury [59]. There are two primary ways to produce white
light from LEDs. The first one is the multi-colored method in which white
light is produced by mixing different colors from three different LEDs [60,61].

Figure 5.1: (a) Structure of a white LED consisting of a GaInN blue LED
chip and a phosphor encapsulating the chip. (b) Detailed view [62].

The second and also the more popular one is the phosphor-converted method.
In this method, a blue emitting semiconductor diode based on gallium nitride
(GaN) or indium gallium nitride (InGaN) is covered with a phosphor layer
commonly Ce3+ doped (Y,Gd)3Al5O12 (YAG:Ce) [27, 60, 61]. A schematic

55
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representation of the phosphor-converted white LED is shown in Fig. 5.1.
The emission spectrum, which is a combination of blue light from the LED
chip and yellow light from the phosphor, is shown in Fig. 5.3. Using this
YAG:Ce based approach, only cold white light can be obtained. As seen
in the spectrum, the emission from YAG:Ce lacks a significant contribution
in the red part of the spectrum. Therefore, using this material warm-white
light sources cannot be obtained, and also the color rendering index is low.

Figure 5.2: Emission spectrum of a phosphor-based white LED manufactured
by Nichia Corporation (Anan, Tokushima, Japan) [62].

The poor color rendering problem can be overcome by trichromatic white
LEDs comprising two phosphors, the first emitting between 520 and 570nm
(green) and the second emitting between 590 and 660 nm (red) [11, 17, 27].
CaS:Eu2+ with an intense red emission can be used as red phosphor for
phosphor-converted white LEDs [11, 17, 60]. CaS:Eu2+ is also an interesting
electroluminescent material, as it can be used in flat panel displays as red
phosphor [63, 64].
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5.2 CaS:Eu2+

5.2.1 Luminescence of CaS

Although the emission of CaS:Eu2+ is much stronger, undoped CaS can also
show luminescence. Pandey and Sivaraman [65] reviewed the luminescence
properties of calcium sulfides prepared with different methods (table 5.1).
They compared CaS single crystals prepared with floating hot zone and iodine
transport techniques. They reported that the emission spectrum of undoped
CaS exhibits a strong dependency on the preparation method. This is quite
evident, since this emission is related to defects in the CaS.

Crystal type Synthesis method Emission wavelengths (nm)
Single crystal floating hot zone 352
Single crystal iodine transport 352 425
Polycrystalline reduction of sulfates 360 485 530

Table 5.1: Maxima of the emission peaks of undoped CaS prepared by dif-
ferent techniques [65]. Dominant emission peaks are underlined.

The single crystal CaS prepared by floating hot zone method has only one
emission peak at 352 nm, while the CaS prepared by the iodine transport
method has two emission peaks at 352 nm and 425 nm, with the latter be-
ing stronger. At room temperature, the polycrystalline CaS has three peaks
which are located at 360, 485 and 530 nm. The last two emission peaks are
very weak. The peaks accompanying the main emission peak around 360
nm were assigned to presence of trace levels of oxygen [12,65]. Brightwell et
al. [12] observed that at 77 K, the emission wavelength of the polycrystalline
CaS shifts from 360 to 380 nm and no extra peak is present in the spectrum.
Moreover, the emission intensity at 77 K is twice as high as at room temper-
ature [12]. The excitation spectra of CaS at 360 and 380 nm consist of one
peak with a maximum at 240 nm [12]. This excitation peak corresponds to
band gap transition in CaS (band gap energy of CaS is around 4.88 eV [66]).
It is interesting to know these defect emissions to distinguish and identify
the luminescence characteristics of doped CaS.

5.2.2 Luminescence of CaS:Eu2+

There are several reports in literature regarding the luminescence proper-
ties of CaS:Eu2+ prepared with different techniques such as solid state re-
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action, wet chemical synthesis, solvothermal synthesis and microwave heat-
ing [33, 63, 67, 68]. It has an emission at 652 nm with a FWHM (Γ) of 1460
cm−1 (68 nm) [25, 69]. The red shift (D) is the energy difference between
the lowest 4f65d excited state of Eu2+ when incorporated in CaS and when
Eu2+ is in the free (gaseous) state. It is a combination of the crystal field
splitting and the centroid shift. The red shift for CaS:Eu2+ is 17766 cm−1.
The Stokes’ shift (∆S) is 1329 cm−1 [25].

Figure 5.3: Crystal field splitting diagram of 5d orbital in an octahedral
symmetry.

In the case of octahedral symmetry the 5d orbital of Eu2+ is split into eg
and t2g levels by the crystal field and the crystal field splitting parameter
(∆o) is approximately 15000 cm−1. Detailed explanation of the crystal field
splitting can be found in § 2.1.8.2. The excitation spectrum consists of two
bands which are located at the high energy side (250-400 nm) and low energy
side (400-600 nm) [32,70,71]. While the direct excitation from the 4f7(8S7/2)
ground state to the 4f65d (t2g) excited state is responsible for the low energy
side excitation band, the high energy side excitation band is due to the
combination of the CaS bandgap transition and the excitation to the 4f65d
(eg) state in Eu2+ [32, 70, 71].

5.2.3 Degradation of CaS

CaS:Eu2+is a promising material for phosphor-converted white LEDs and
flat panel displays as red phosphor [63,64]. Nevertheless, the lack of stability
with respect to water, oxygen and carbon dioxide in air hinders usage of CaS
as phosphor host [8, 11–15, 17, 18]. As an example, during the operation of
high power LEDs, the chips can reach relatively high temperatures of 450 K.
Degradation of the alkaline earth sulfides is accelerated by temperature and
decomposition products such as sulfur dioxide and hydrogen sulfide gases
evolve from the surface. Therefore, the decomposition causes not only a de-
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crease in the light intensity, but also a reduction in the reflectivity of silver
inside the LED due to the chemical reaction between the released hydrogen
sulfide gas and the silver pad under the LED chip [11].

Suzuki et al. [72] investigated the degradation of CaS at room temperature
in different conditions such as under N2 and in air, water or KOH solutions
(with different concentrations). They observed that

• Presence of O2 enhances the hydrolysis of CaS. Moreover, contact with
atmospheric CO2 results in CaCO3 formation and it also accelerates
the hydrolysis of CaS.

• The fastest hydrolysis occurs when they used water as a solvent.

• Lower and higher pH values increase the hydrolysis. The slowest hy-
drolysis takes place when pH is around 11.

Garćıa-Calzada and colleagues [73] studied the decomposition of CaS at room
temperature in air saturated with water. They reported that sulfur as H2S
gas is released during the first 48 hours, then there is no change in sulfur
concentration. They concluded that calcium carbonate (CaCO3) and sulfur-
oxygen salts of calcium (such as CaSO3, CaSO4) are formed due to decom-
position of CaS and they create an impervious layer on the CaS particles.
This layer shows a high resistance to pass gases and water. Therefore, they
impede the further degradation.

In addition to atmospheric conditions, particle size is another factor which
influences the degradation process. Madarász et al. reported [13] that, as
expected, in the same conditions small particles degrade faster than bigger
ones. In the same study [13] they compared the oxidation ratio of SrS with
CaS and concluded that SrS oxidizes slower than CaS.

5.2.4 Luminescence of CaSO4:Eu

Formation of CaSO4 due to degradation of CaS can be determined by dif-
ferent techniques such as XRD, potentiometry and SEM-EDX [72–74]. In
addition to these techniques, PL measurements can be utilized to determine
the formation of CaSO4 due to the decomposition of Eu doped CaS.

CaSO4:Eu can accommodate both divalent and trivalent Eu ions [75–78].
The emission and excitation wavelengths of CaSO4:Eu are indicated in Fig.
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Figure 5.4: Typical photoluminescence of Eu2+ and Eu3+ in CaSO4: (a) Eu
2+

emission (for 320 nm excitation), (b) Eu3+ emission (for 245 nm excitation),
(c) Eu2+ excitation (for 385 nm emission), (d) Eu3+ excitation (for 615 nm
emission) [75].

5.4 [75]. The emission peak located at 385nm is associated with the 5P7/2-
8S7/2 transition of Eu2+ [77] and the excitation peaks at 270, 320, 335 and
350 nm are due to the f-d transitions of Eu2+ [78]. The emission peaks at
593, 618, 695 and 702 nm indicate the f-f transition for Eu3+ ion [77, 78].
While the excitation peak at 255 nm is correlated with the charge transfer
band of Eu3+, the excitation peaks at 315, 385 and 395 nm are related to the
f-f transitions of Eu3+ [78].

5.2.5 Stability improvement of CaS:Eu2+

In order to overcome the stability problem of CaS, a number of studies were
reported. Brightwell et al. tried to improve the stability of CaS by producing
highly crystalline samples using two different ways. In 1982, they used vapour
phase transport with a halogen carrier [79] and in 1988, they utilized H2S
flow [12]. However, the use of H2S gas is not recommended due to its toxicity.
The most common way to improve the stability of sulfides is covering the
phosphor surface with a coating layer. Plenty of encapsulation techniques
have been utilized to enhance the stability of sulfide phosphors [11, 14–18,
80–83]. Organic materials [84], nitrides [83] and oxides [11, 14–18, 82, 83]
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have been used as protection coating for sulfide phosphors. The properties
of the protection coating are as important as the coating technique. In order
to improve the stability of sulfides by encapsulation with an inert film, the
film should be thermally and chemically stable. Organic coatings can not
resist high temperature thus they are not favorable for coating application.
In addition, the encapsulation should be transparent to the excitation and
emission light of the incorporated luminescent particles. The film should also
homogeneously coat the particle surfaces. Nishio et al. [80] coated ZnS:Cu
with a double layer using chemical vapor deposition (CVD). The first layer
is a metal oxide film as heat resistive coating and the second layer is a silicon
nitride film for moisture resistance. They claimed that even coating with
only the first layer improves the stability of the phosphor but the second
layer is necessary for better stability. They compared the times for which
the brightness of uncoated and coated phosphors falls to half its initial value
at 50◦C and 90% relative humidity (RH); it is only 10 hours for the uncoated
phosphor while it is 100 and 400 hours for phosphor coated with only the first
layer and double coated phosphor, respectively. Fan et al. [81] used atomic
layer deposition (ALD) to coat the ZnS:Cu surface with AlOOH and they
compared it to CVD. They have shown that after 100 hours at 50◦C and
90% RH, the phosphor coated with ALD retains 70% of its initial brightness,
while the one coated with CVD has 57% left of the initial brightness (the
brightness of the uncoated sample is not measurable anymore after 100 hours
ageing). The results are impressive, however these techniques need special
equipment and expensive instruments, therefore sol-gel is the an interesting
option to explore.

Ca0.8Sr0.2S:Eu
2+,Tm3+ Initial PL intensity PL intensity

(%) after 20 days (%)
uncoated 100 18
coated with 2wt.% Al2O3 88 83
coated with 5wt.% ZnO 83 74
coated with 2wt.% SiO2 94 84
coated with 5wt.% TiO2 98 82

Table 5.2: Luminescent intensities of uncoated and coated
Ca0.8Sr0.2S:Eu

2+,Tm3+ before and after 20 days treatment at room
temperature and 90% RH [14, 15].

A wet chemical technique was used by Guo et al., to coat Ca0.8Sr0.2S:Eu
2+,Tm3+

particles with a particle size of 40 µm by ZnO, Al2O3, TiO2 and SiO2 [14,15].
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In this technique, they have dispersed the Ca0.8Sr0.2S:Eu
2+,Tm3+ particles in

aqueous solution of ZnO, Al2O3, TiO2 and SiO2 precursors. They examined
the degradation of the uncoated and coated particles at room temperature
and at 90% RH. Their observations are listed in table 5.2. They reported
that coating with oxides using wet chemical techniques causes the loss of
some luminescence intensity due to irregular reflection of emission light by
the coated particles. Nevertheless, it is still worth coating; they observed
that after 20 days, the uncoated phosphor has only 18% of the initial in-
tensity. However, coated with Al2O3, ZnO, SiO2 and TiO2 they retain 83%,
74%, 84% and 82% of the initial intensity, respectively.

5.3 Optical and structural properties of TiO2

Among the inorganic oxides, TiO2 is a well known material due to its broad
application area. In order to prepare TiO2 fine powders and films, a wide
range of techniques has been used such as hydrothermal methods [85,86], elec-
tron beam evaporation [87, 88], DC and RF magnetron sputtering [44, 89],
solvothermal synthesis [90,91] and sol-gel methods [44,92–95]. Among these
techniques the sol-gel method offers several advantages: fine powders and
films with high homogeneity can be prepared using simple equipment, the
thickness and the porosity of the films can be easily controlled by changing
the concentration of the sol and large surface areas can be coated by spin or
dip coating.

When precursors with strong reactivity towards water (like titanium alkox-
ides) are used, the hydrolysis reaction can result in precipitation [35]. The
problem can be overcome using nonaqueous sol-gel techniques with titanium
chloride [92, 96, 97] or titanium alkoxides [44–46] as precursor. In case of
the reactions using TiCl4 as a precursor, TiO2 forms under release of a large
amount of HCl gas. Because HCl gas is toxic and chlorine impurities often
remain in the final oxide material [98], titanium alkoxides like titanium n-
butoxide and titanium isopropoxide as precursor may be preferred. In order
to increase the stability of the solutions from titanium alkoxide precursors, it
is not sufficient to switch to a non-aqueous sol-gel route. Indeed, a chelating
agent is still needed in a non-aqueous sol-gel route to obtain highly stable
sols [44–46, 90, 95].

Crystalline TiO2 has three polymorphs which are brookite, anatase and ru-
tile. Although anatase and rutile have the same crystal structure (tetragonal,
D4h), their lattice parameters are different (c/a>1 for anatase, c/a<1 for ru-
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tile). Brookite has an orthorhombic structure with space group D2h. Brookite
is rarely found in nature and to synthesize brookite thin films certain con-
ditions are required [99]. Therefore there is a lack of information on optical
properties of brookite thin films. Band gap (Eg) values and refractive indices
of anatase and rutile titanium dioxides are listed in table 5.3. In the table,
ne represents the refractive index for light perpendicular to the optical axis
of the crystal and no is the refractive index for light parallel to the optical
axis of the crystal. Note that refractive indices can strongly depend on the
preparation technique of the material, e.g. in the case of high porosity.

Structure Band gap Eg (eV) no ne

Anatase 3.20 2.49 2.56
Rutile 3.03 2.61 2.91

Table 5.3: Band gap of bulk anatase and rutile TiO2 [100–103]. The refractive
indices (no and ne) are at 589 nm.

Hu et al. [94] investigated the effect of solvents used in the preparation on
properties of TiO2 thin films. They reported that adding isopropanol as co-
solvent into ethanol and titanium isopropoxide solution reduces the refractive
index. An increase in the annealing temperature results in a decrease in re-
fractive index. Film thickness and optical constants of a number of thin
films were determined using spectroscopic ellipsometry. The Cauchy disper-
sion model has been used to calculate the refractive index of TiO2, films by
Wang [104] and Jiang [90]. Eiamchai et al. [105] and Horprathum et al. [106]
used the Cody-Lorentz dispersion model to calculate band gap energy and
refractive index of TiO2 films and they claimed that the Cody-Lorentz dis-
persion model offers more realistic results than the Cauchy dispersion model.
Using the Cauchy dispersion model, the refractive index close to the band
gap cannot accurately be determined [105, 106] but it results in good fitting
in the transparent region of the material [107].

5.4 Optical and structural properties of Al2O3

Al2O3 has several metastable polymorphs (so called transition aluminas) such
as γ , δ, θ, η but the best known one is the thermodynamically stable α-
Al2O3 (corundum form) [108, 109]. α-Al2O3 is one of the most widely used
ceramics [110]. Amorphous Al2O3 is as attractive as crystalline Al2O3. It
is frequently used as protective coating [15, 111–113] and it can be used as
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water repelling coating [114].

To synthesize aluminium oxide films several techniques have been used such
as E-beam evaporation, laser deposition, reactive magnetron sputtering, RF
magnetron sputtering, atomic layer deposition and sol-gel [115–117]. De-
pending on the preparation technique, the optical properties and thickness
of the films can change easily. The refractive index which is typically in the
range of 1.4-1.72 is lower than that of bulk α-Al2O3 (1.76) because of the
higher density of bulk α-Al2O3. Al2O3 has a broad transparency window
from UV to IR [118, 119] thus it can be used as optical coating [15, 112].

Besides the techniques listed above, non-aqueous sol-gel synthesis has been
also used to prepare Al2O3 but there is a very limited number of publications
about this subject. The non-aqueous sol-gel method is commonly used to pre-
pare Er3+ doped Al2O3 powder [5,47,120–122]. Dong et al. [5,120,121], Zhu
et. al [122] and Yang et al. [47] used aluminium isopropoxide ((Al(OC3H7)3)
as precursor and isopropanol (iPrOH) as solvent. Different from these prepa-
ration techniques, Acosta et al. synthesized alumina gels using aluminum
isopropoxide ((Al(OC3H7)3) and aluminum chloride (AlCl3) as starting ma-
terials [123]. Additionally, Zhou and colleagues [124] synthesized γ-Al2O3

nanocrystals using aluminum acetylacetonate as precursor and benzylamine
as the solvent.

5.5 CaAl2O4

Monocalcium aluminate, CaAl2O4 (CA) is a system which consists of CaO
(C) and Al2O3 (A). It is frequently used as cement in very different areas
from construction to dental applications [125–127]. It can also be used as op-
tical and structural ceramic [125–127]. Some amorphous calcium aluminate
compositions show photosensitivity, therefore they are potential candidates
for optical information devices [127]. Vijaya et al. suggest Sr added CaAl2O4

for the detection of volatile organic compounds [128]. In addition to these
application areas, rare earth doped CaAl2O4 is a well known luminescent
material [19, 48, 129–131].

Calcium aluminate has different phases such as C3A (Ca3Al2O6), CA (CaAl2O4),
C5A3 (Ca5Al6O14),and C12A7 (Ca12Al14O33). When CaAl2O4 is prepared by
conventional methods, one of the main problems is the formation of multi-
phase systems. Besides calcium aluminates in different phases it is possible
to have CaO and some aluminium oxide compounds in monocalcium alumi-
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nate [125, 127, 128, 131–133]. Presence of extra phases in CaAl2O4 depends
on heat treatment conditions, the mole ratio of Ca and Al and presence of
extra chemicals such as boric acid (H3BO3) [131, 134]. The phase diagram
of calcium aluminates prepared using solid-state reaction between CaCO3

(CaO) and Al2O3 and is given in Fig. 5.5 [131]. This figure summarizes the
temperature and composition dependency of phases.

Figure 5.5: Phase diagram of CaO-Al2O3 systems [131].

Figure 5.5 indicates that monocalcium aluminate can be obtained up to
1600◦C. Monocalcium aluminates in two different crystal structures can also
be synthesized by the sol-gel method, they are hexagonal and monoclinic
[130,135,136]. The hexagonal one is formed at relatively lower temperatures
than the monoclinic one. Aitasalo et al. [130] and Janáková [137] obtained
metastable hexagonal CaAl2O4 with space group P63 (Z=6) and lattice pa-
rameter a=8.74 Å and c=8.08 Å at 850◦C using the sol-gel method and they
also reported that the transition from hexagonal to monoclinic phase occurs
around 1050◦C, although it depends on the duration of the heat treatment.
However, using a spray-drying and calcination process at 930◦C orthorhom-
bic CaAl2O4 with lattice parameters a=8.744 Å, b=8.093 Å, and c=15.148 Å
was prepared by Douy and Gervais [133]. They also reported that at 1500◦C
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pure monoclinic CaAl2O4 was obtained [133].

The reported minimum temperature to synthesize monoclinic CaAl2O4 is
1250◦C [135]. In literature, it is possible to find two monoclinic CaAl2O4

structures with different lattice parameters but crystallized in the same space
group. The first one was reported in 1976 by Hörkner and Müller-Buschbaum
[138]. They claimed that monoclinic CaAl2O4 has a stuffed tridymite type
structure with P121/n1 as the space group (a=8.700 Å, b=8.092 Å, c=15.191
Å, and β=90.17◦) [138]. In this monoclinic CaAl2O4, there are three different
Ca sites. Two of them are six coordinated sites with octahedral symmetry
where the Ca-O average distances is 2.4 Å and the other one is a nine co-
ordinated site with trigonal anti-prism symmetry, which has longer Ca-O
distances (average 2.8 Å) [135, 139]. The second one was published by Ito
et al. They reported that CaAl2O4 has high pressure monoclinic phase with
space group of P121/c1 (a=7.950 Å, b=8.620 Å, c=10.250 Å and β=93.10◦).
In this monoclinic CaAl2O4, there are two different sites for the Ca cation,
each with 9-fold coordination [140].

5.6 Luminescence of doped CaAl2O4

CaAl2O4 was doped with Mn by Singh et al. [141]. They observed two broad
peaks at 540 and 710 nm under laser excitation at 488 nm. Wang et al. [142]
prepared CaAl2O4:Ce

3+ and CaAl2O4:Mn2+, Ce3+ using solid state reaction
and investigated the luminescence properties of this material. Under excita-
tion at 362 nm the single doped system shows an emission with a maximum
at 412 nm while the double doped system has an emission with a maximum
at 522 nm [142]. They also observed persistent luminescent emission at 525
nm during over 10 h for CaAl2O4:Mn2+, Ce3+ [142]. Nevertheless, the most
popular doping element for CaAl2O4 is europium in the case of persistent
luminescence. Europium can be trivalent (Eu3+), divalent (Eu2+), or both of
them together in CaAl2O4. Janáková and et al. [137] prepared Eu3+ doped
hexagonal and monoclinic CaAl2O4.

They observed 5D0 → 7F1 and
5D0 → 7F2 transitions in the emission spectra

of both Eu3+ doped CaAl2O4 phases. This reveals that Eu3+ occupies at
least two different sites in both structures (this has already been explained
in section 2.1.8.1) [137]. However, there is a main difference in the emission
spectra between monoclinic and hexagonal phases. The strongest emission
peak is located at around 616 nm for the monoclinic phase while it is at
around 611 nm for the hexagonal one (Fig. 5.6). The excitation spectrum
of the Eu3+ doped monoclinic phase is also slightly different from that of
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Figure 5.6: Steady-state photoluminescence spectra of monoclinic and hexag-
onal CaAl2O4: Eu3+ at room temperature. Emission was recorded at
λexc=300 nm and excitation at λem=613 nm [137].

the hexagonal one, the spectrum of the hexagonal phase is dominated by the
intraconfigurational 7F0 → 5L6 transition peaking at around 395 nm, while
the spectrum of the monoclinic phase is dominated by a strong UV band
peaking at around 260 nm which is ascribed to O2− → Eu3+ charge trans-
fer [137](Fig. 5.6).

Different techniques have been used to prepare Eu2+ doped CaAl2O4 such as
solid state reaction, co-precipitation, microwave, Pechini, combustion, spray-
drying, laser-heated pedestal growth, floating zone and sol-gel [129,130,133,
140, 143–147]. In most of the techniques a heat treatment under reducing
atmosphere is necessary to obtain Eu2+ [130, 135, 136]. Aitasalo et al. [135]
synthesized hexagonal and monoclinic CaAl2O4:Eu

2+. The single lumines-
cence band of the hexagonal CaAl2O4:Eu

2+ is at 448 nm which is at slightly
longer wavelength than that of the monoclinic one (440 nm). They associated
the band position shift with crystal field splitting of the 5d configuration be-
ing strongly affected by the environment [135]. They also concluded that the
monoclinic phase is the most favorable phase of CaAl2O4 for luminescence
application due to its higher luminescent intensity [135].

Eu2+ doped CaAl2O4 shows persistent luminescence characteristics [130,135,
143]. Murayama et al. [148] used several co-dopants to increase the afterglow
luminescence of Eu2+ doped CaAl2O4. They compared the afterglow char-
acteristics of them with CaAl2O4: Eu

2+. Their observations are summarized
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in table 5.4. Clearly, CaAl2O4: Eu, Nd (Eu: 0.5 mol%, Nd: 0.5 mol%)
presents the longest decay profile. Co-doping does not always improve the
afterglow luminescence of CaAl2O4: Eu. For example, using La, Mn, Sn or
Bi as co-doping activator results in a lower afterglow luminescence intensity.

Co-dopant Relative
afterglow
intensity

after 100 min
- 1.00
Nd 27.78
Sm 13.89

Dy (2.5 mol%) 1.99
Tm 20.67
La 0.90
Ce 2.18
Pr 1.26
Gd 1.40
Tb 2.31
Ho 2.66
Er 1.09
Yb 1.42
Lu 1.38
Mn 0.54
Sn 0.81
Bi 0.53

Table 5.4: Influence of co-dopants on the afterglow of CaAl2O4: Eu. Co-
dopant concentration is 0.5 mol%,otherwise it is specified [148].



Chapter 6

Luminescence and degradation
of CaS:Eu2+

6.1 Motivation

Rare earth doped alkaline earth binary and ternary sulfides have a spe-
cial place in luminescent materials because of their relatively low synthesis
temperature and broad emission spectra upon doping with europium and
cerium [8, 149]. Particularly to obtain red or orange emission CaS:Eu2+ and
SrS:Eu2+ are considered suitable candidates [11, 33, 69]. Ca1−xSrxS:Eu

2+

phosphors with a strong absorption in the blue region are currently also
used in white-light emitting diodes. Compared to the standard phosphor,
YAG:Ce, the emission of Ca1−xSrxS:Eu

2+ peaks at longer wavelengths, which
allows the fabrication of light emitting diodes (LEDs) with lower color tem-
perature and improved color rendering [8]. In addition to wavelength con-
verters in LEDs, alkaline earth sulfide phosphors are employed in different
areas such as displays [8], electroluminescent devices [9] and optical informa-
tion storage [10]. Nevertheless, the lack of stability with respect to water and
other atmospheric components hinders usage of the alkaline earth sulfides as
phosphor hosts [8, 11–15]. One of the main goals of this study is to find a
way to improve the stability of sulfides and we chose CaS:Eu2+ as a model
system due to its very high sensitivity against atmospheric conditions. If
we can enhance the stability of CaS:Eu2+, we can apply the same technique
to other sulfides as well. But first of all, it is very important to know the
properties and also the decomposition profile of the material which has to
be protected. Therefore, a separate chapter on CaS:Eu2+ is included in this
thesis.

69
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All CaS:Eu2+ micro-particles in this thesis were prepared using a solvother-
mal synthesis method. This technique is described in section 3.1. This
method has several advantages over traditional preparation techniques and
some of them are listed below:

• Lower synthesis temperature. For example, crystalline CaS:Eu2+ is
synthesized using the solvothermal method at only 170◦C. When crys-
tallites of the same material are prepared using a solid state reaction,
typically 1000-1200◦C [70, 150, 151] is required.

• Environmentally friendly. In solvothermal synthesis, no toxic gases
like H2S are used. In addition to that the required energy for the
synthesis is quite low when compared to traditional methods.

• Diffusion and growth control. These can be done by choosing a
suitable solvent. Also by adding capping agents, size and shape of the
materials can be controlled.

After the synthesis, CaS :Eu2+ particles were kept in ethanol, to prevent
degradation caused by humidity. Typical particle sizes were between 0.25
and 0.75 µm, with clearly defined crystal faces. Phosphor layers were ob-
tained by dripping the suspension on a (100)-oriented silicon substrate and
drying in air at 40◦C. This process was reiterated a number of times until
complete coverage of the substrates with CaS :Eu2+ particles was obtained.

This chapter begins with crystallographic and luminescent characterization
of CaS :Eu2+ particles. Then we will deal with the degradation of CaS :Eu2+

in two conditions.

6.2 Crystallographic and luminescent charac-

terization of CaS :Eu2+

CaS:Eu particles have a face-centered cubic crystallographic structure with
a lattice constant of 0.57 nm. Figure 6.1 indicates the XRD spectrum of a
drop-coated CaS:Eu layer and the reference peak positions and diffraction
intensities of CaS (ICDD file no. 65-7852). When the reference peak ratios
are compared with the experimentally obtained ratios, it observed that they
are almost equal. This means that there is no specific orientation for the
CaS:Eu particles when deposited on a substrate.
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Figure 6.1: Diffraction pattern of CaS:Eu crystallites. The red lines indicate
the peak positions and diffraction intensities of CaS (data from ICDD file
no. 65-7852).

A SEM image of CaS:Eu particles is shown in Fig. 6.2. Octahedral shaped
particles are seen and particle size range is rather limited (between 0.25 and
0.75 µm).

Due to the cubic crystal structure of CaS, the 5d orbital of Eu2+ splits in
two levels eg and t2g. Explanation in detail about the crystal field splitting of
Eu2+ can be found in section 2.1.8.2. The PL excitation and emission spectra
of CaS:Eu layer are shown in Fig. 6.3. Measurements were carried out at
room temperature. The excitation measurement is probed at an emission
wavelength of 650 nm. While the direct excitation from the 4f7 ( 8S7/2)
ground state to the 4f65d (t2g) excited state is responsible for the low energy
(high wavelength) side excitation band peaking at 450-500 nm, the high
energy (low wavelength) side excitation band between 250 and 300 nm is
due to the combination of the CaS bandgap transition and the excitation to
the 4f65d (eg) state in Eu2+. The emission measurement is carried out at an
excitation wavelength of 450 nm. A single peak at 650 nm with a FWHM of
68 nm is seen in the emission spectrum of CaS:Eu layer which is in line with
the literature data [32, 69]. This peak is assigned to the transition from the
4f65d (t2g) excited state of Eu2+ to the 4f7 ( 8S7/2) ground state of Eu2+ [20].
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Figure 6.2: SEM image of CaS:Eu.

Figure 6.3: Normalized emission and excitation spectra of CaS:Eu. The
excitation spectrum is recorded at an emission wavelength of 650 nm. The
emission spectrum is recorded at an excitation wavelength of 450 nm.

6.3 Degradation study of CaS:Eu2+

CaS:Eu2+ is unstable with respect to water, oxygen and carbon dioxide in
air (§5.2.3). During this study, to improve the stability of CaS:Eu2+, it was
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coated with TiO2 or Al2O3 layers. However, it is also important to know the
details of the decomposition of CaS:Eu2+. Therefore, the degradation study
of CaS:Eu2+ is observed under two conditions. In the first one, a CaS:Eu2+

layer is put in a humidity chamber at 80◦C and 80% relative humidity (RH)
and this is called ”low temperature degradation”. The chemical stability of
the phosphor layers is inspected with an in situ photoluminescence measure-
ment during accelerated aging of samples in the humidity chamber. Addi-
tionally after this treatment, the effects of the degradation of the CaS :Eu2+

particles are investigated.

In the course of this study TiO2 and Al2O3 prepared via sol-gel method are
used as protection layer for CaS:Eu2+. After the coating, heat treatments
at 400◦C and 500◦C are necessary to remove the organic compounds from
the TiO2 and Al2O3 layers, respectively. To assess the influence of the heat
treatment on particle decomposition, uncoated phosphor layers were also
subjected to heat treatment at 400◦C, 450◦C and 500◦C for 30 min in air
(second condition). This experiment is called ”high temperature degrada-
tion”. The influences of the degradation of the particles are studied after the
heat treatment.

6.3.1 Low temperature degradation

Figure 6.4: PL intensity of CaS:Eu layer as a function of time at 80◦C and
80% RH.

Low temperature degradation of CaS:Eu is observed in a humidity chamber
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at 80◦C and 80% RH. PL intensities of the CaS:Eu layer as a function of the
exposure time are shown in Fig. 6.4. This figure expresses that after 30 h
the PL emission of uncoated CaS:Eu has almost entirely disappeared. After
75 h, the PL intensity of the uncoated phosphor is not detectable anymore.

Figure 6.5: XRD spectra of CaS :Eu2+ particles, before (blue line) and after
(green line) 100 h of accelerated ageing at 80◦C and 80% RH. The reference
diffraction peaks of CaS (ICDD file No. 65-7852) are indicated. Red lines
represent the peak positions of CaCO3 (data from ICDD file No. 72-0506).

The XRD patterns of CaS:Eu before (blue line) and after (green line) 100 h
aging are presented in Fig. 6.5. The peaks related to CaS disappear after
the accelerated ageing process and only CaCO3 peaks with small intensity
are observed. This is evidence of the decomposition of CaS to CaCO3 in the
presence of CO2 and H2O at lower temperature (equation 6.1) [72,152]. Since
amorphous components can not be detected by means of the XRD measure-
ment, we could not identify the amorphous reaction products, which might
be formed during reaction of CaS with H2O.

CaS + H2O+ CO2 → CaCO3 +H2S (6.1)

Garćıa-Calzada and colleagues [73] also studied decomposition of CaS powder
with an average particle size of 18.6 µm. They investigated the decomposition
at room temperature in air saturated with water. They observed that while
sulfur as H2S gas is released during the first 48 hours, there is no change
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in sulfur concentration afterwords, since CaCO3 and sulfur-oxygen salts of
calcium such as CaSO3 and CaSO4 created an protection layer on the CaS
particles. In contrast to our observation, the strongest peak still belongs to
CaS in the XRD diffraction pattern of the solid sample decomposed for 11
days in the Garćıa-Calzada and colleagues’ study. We attribute this change
to particle size difference. The particles which we used during this study
are almost 20 times smaller in diameter than that of Garćıa-Calzada and
colleagues used. As Madarász et al. reported [13], small particles decompose
faster than bigger ones. It could be that small particles decompose before an
impervious layer forms.

6.3.2 High temperature degradation

Figure 6.6: PL emission and excitation spectra of CaS:Eu before (blue line)
and after heat treatment (red line) at 500◦C for 30 min in air. The excitation
spectrum is recorded at an emission wavelength of 650 nm. The emission
spectrum is recorded at an excitation wavelength of 450 nm.

PL excitation spectra of CaS:Eu2+ before (blue line) and after (red line) heat
treatment at 500◦C for 30 min in air are shown in Fig. 6.6. The excitation
spectra are recorded at an emission wavelength of 650 nm. The shape of the
low energy side excitation band, which is the excitation to the 4f65d (t2g)state
in Eu2+, does not change. Nevertheless, the intensity of the peak decreases
after treatment. The high energy side excitation band between 250 and 300
nm is a combination of the CaS band gap transition and the excitation to
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the 4f65d (eg)state in Eu2+. A decrease of the CaS:Eu2+ particle size due to
the partial decomposition results in a relative increase of the intensity of the
excitation peak from the CaS band gap because of the different absorption
lengths for both processes. This changing of the relative ratio between these
two peaks results in a shift of the high energy side band in the excitation
spectrum of CaS:Eu2+ [7]. PL emission spectrum of CaS:Eu before (blue line)
and after heat treatment at 500◦C for 30 min in air (red line) are presented
in Fig. 6.6. The emission spectra are recorded at an excitation wavelength of
450 nm. As expected, the PL intensity decreases after heat treatment. The
PL intensity reduces to 21% of the initial intensity after a heat treatment at
500◦C.

Figure 6.7: Normalized PL emission spectra of CaS:Eu2+ before (blue line)
and after (red line) heat treatment at 500◦C for 30 min in air recorded at an
excitation wavelength of 275 nm.

To monitor whether CaSO4 is formed or not upon degradation, the PL emis-
sion spectra recorded at an excitation wavelength of 275 nm of CaS:Eu2+

before (blue line) and after (red line) heat treatment at 500◦C for 30 min
in air are shown in Fig. 6.7. The small emission peak at 385 nm is formed
after heat treatment and this peak is correlated with CaSO4:Eu

2+ [75–78].
This indicates the (partial) decomposition of CaS:Eu2+ to CaSO4:Eu

2+. The
broad peak at 500 nm could not be identified. As seen in Fig. 6.7, there is a
deformation in the red emission peak after the heat treatment. This presum-
ably suggests the formation of other luminescent centres such as Eu3+ [75–78].
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Number of PL intensity PL intensity PL intensity
cycles after annealing after annealing after annealing

at 400◦C at 450◦C at 500◦C
(%) (%) (%)

0 100 100 100
1 74 50 21
2 49 34 31
3 42 38 33
4 39 42 33
5 35 38 34

Table 6.1: PL emission intensity at 650 nm as a function of annealing tem-
peratures and the number of treatments.

In order to do further research on decomposition process of CaS:Eu, succes-
sive heat treatments at three different temperatures were performed. The
results are summarized in table 6.1. As seen in this table, using higher tem-
peratures accelerates the decomposition process. The first heat treatment at
400◦C results in 74% of the initial PL emission intensity, while the samples
have only 50% and 21% left after annealing at 450 and 500◦C, respectively.
After the second treatment, the PL intensities at 650 nm of the samples do
not decrease anymore and they have almost the same values. It indicates the
formation of a protective layer such as CaCO3, CaSO3 or CaSO4 as Madarász
et al. suggested [13].

The PL emission spectrum recorded at an excitation wavelength of 275 nm
already indicates the formation of CaSO4 and for more details about the
compounds, which are formed during degradation of CaS:Eu, XRD mea-
surements were performed. The XRD spectra of CaS:Eu before and after
annealing at 400◦C and 500◦C are presented in Fig. 6.8. The XRD spectrum
indicates the formation of two CaSO4 phases after the first heat treatment
at 400◦C and 500◦C. No peaks related to CaCO3 are seen in the spectrum.
This expresses that at low temperatures, CaS decomposes to CaCO3 while at
higher temperatures it decomposes to CaSO4. The XRD spectrum also high-
lights the acceleration of CaS decomposition with an increase in temperature.
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Figure 6.8: XRD spectra of CaS:Eu2+ particles, before (a) and after heat
treatment at 400◦C (b) and 500◦C for 30 min in air. The reference diffraction
peaks of CaS (data from ICDD file No. 65-7852) are indicated. Purple lines
represent the peak positions of CaSO4 (data from ICDD file No. 37-1496)
and orange lines represent the peak positions of γ-CaSO4 (data from ICDD
file No. 89-1458).

6.4 Conclusions and perspectives

In this chapter degradation of CaS:Eu2+ particles prepared with solvother-
mal synthesis was investigated under two conditions. In the first condition,
a silicon substrate covered with CaS:Eu2+ particles was kept in a humidity
chamber at 80◦C and 80%. Under this condition, formation of crystalline
CaCO3 was observed by the partial decomposition of CaS (Fig. 6.5). How-
ever, the diffraction peaks of CaCO3 are much smaller than those of CaS.
This expresses the formation of amorphous phases whose chemical composi-
tion can not be determined by XRD. It is also observed that in 18 hours, the
PL emission intensity reduces to half of the initial intensity (Fig. 6.4).

In the second condition, decomposition of CaS:Eu2+ is examined after heat
treatment at 400, 450 and 500 ◦C in air. Under this condition, degradation
of CaS to CaSO4 is recorded by XRD and PL emission measurements (Figs.
6.7 and 6.8). Additionally, it was observed that while in the first stage of
heat treatment, temperature has a big influence on the degradation rate
(degradation rate is increased by temperature), after a second treatment
there is a limited effect of temperature on the degradation. This fact is
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presumably related to formation of CaSO4 which covers the CaS surface and
acts as protection layer. After the second treatment this layer reaches a
certain thickness and does not allow to pass gases and water (table 6.1).
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Chapter 7

TiO2 powders and thin films

7.1 Motivation

TiO2 is a well known inorganic oxide due to its broad application area. Al-
though for most of these applications anatase TiO2 is favoured, rutile TiO2

is commonly used in the paint industry as a white pigment in paints, as it
scatters light more efficiently, is more stable and more durable than anatase
pigments [153]. TiO2 is transparent in the visible range and has a wide optical
band gap [90,104,105,154,155]. This, together with its chemical and thermal
stability, makes TiO2 an excellent candidate for optical coatings [44,92,156].
During this study TiO2 prepared with a non-aqueous sol-gel method was
used as protection coating but we could not disregard the other potential
application areas like water and air purification. TiO2 coatings with high
photoactivity are attractive as photocatalytic, self-cleaning or anti-fogging
materials (due to their superhydrophylicity) and for solar energy conver-
sion [94, 95, 157]. Therefore, TiO2 prepared during this study as protection
layers, was also subject of Lisanne Van Puyvelde’s master thesis [158] as
photocatalytic material.

This chapter focuses on TiO2 prepared with two non-aqueous sol-gel ways,
more details about the preparation methods can be found in section 3.3.
Using the first way, two sols with different concentrations (0.5 M and 2.4
M) were synthesized. The viscosity of the 0.5 M sol is 3.77 mPa.s and that
of the 2.4 M sol is 6.85 mPa.s. The TiO2 sol prepared in the second way
has a viscosity of 2.26 mPa.s. Using these methods powders, thin films and
protection layers were fabricated. This part starts with thermal analysis
of the sols. After discussing crystallization and phase transformations of
powder samples, morphology, thickness and optical properties of thin films
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will be exposed. Lastly, the performance of TiO2 as protection layer will be
evaluated. Several results in this chapter were published in the Journal of
Sol-Gel Science and Technology [3].

7.2 Thermal analysis (TGA/DTA)

Figure 7.1: The TGA/DTA analysis of TiO2 sols synthesized by method 1
(a) and 2 (b) with a heating rate of 10◦C/min in an air flow.

Figure 7.1a and b show TGA and DTA on TiO2 sols prepared using method
1 and method 2, respectively. For method 1, most of the solvent evaporates
below 100◦C (boiling point of n-butyl alcohol is 118◦C). Weight loss between
100 and 270◦C is considered to be due to the volatilization and thermal
decomposition of the remaining organics like butanol, acetyl acetone and
acetate groups during gelation. The weight loss in the temperature range
270-535◦C is related to loss of carbon groups in the structure. Above 535◦C
the weight loss curve levels off. The TGA-DTA on the sample prepared with
method 2 shows that three important weight loss steps from room temper-
ature to 510◦C take place. The first weight loss (from room temperature to
65◦C) results from evaporation of the solvent, note that some of the solvent
(ethanol) has already evaporated before the measurement due to its low boil-
ing point (78◦C). Therefore, the first weight loss is lower when it is compared
to Fig. 7.1a. This also affects the total weight loss, total weight loss is only
69% in method 2, while it is 89% for method 1. The second weight loss (from
65 to 325◦C) corresponds to the calcination of organic compounds and the
last (from 325 to 510◦C) is due to loss of carbon groups in the structure [44].
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7.3 Crystallization and phase transformations

of powders

Figure 7.2: XRD spectra of TiO2 powders prepared using method 1 (a) and
2 (b) heat treated at various temperatures in air for 2 h with anatase and
rutile peaks representing data from ICDD file No. 21-1272 and ICDD file
No. 21-1276, respectively.

Figure 7.2 presents the XRD spectra of TiO2 powders prepared with both
methods and heat treated at different temperatures for 2 h with a heating
rate of 10◦C/min in air. The powder heat treated at 250◦C is amorphous
while the one heat treated at 320◦C is pure anatase. This is in line with the
DTA result at 320◦C (Fig. 7.1a) where we observed an exothermic peak. In
method 1 samples, the rutile phase begins to form when the temperature is
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around 500◦C which is also revealed in the DTA result (Fig. 7.1), but the
anatase phase is still present. When the XRD spectra at 500 and 600◦C are
compared, it is clear that rutile TiO2 is getting more dominant at 600◦C,
with still some small peaks which are related to the anatase phase, while the
peaks for the rutile phase are relatively intense. At 700◦C the TiO2 powder
has been converted to pure rutile for the samples prepared with method 1.
The transition from anatase to rutile begins around 550◦C for TiO2 powders
prepared with the second method (Fig. 7.2b). The sample heat treated at
700◦C still has the mixed anatase-rutile phase, in contrast to TiO2 powders
prepared with the first method. Pure rutile phase formation for the samples
synthesized with method 2 was obtained at 800◦C. When the TGA, DTA
and XRD results for methods 1 and 2 are combined, it indicates that the
preparation technique does not have a pronounced effect on the transition
temperatures in powders from amorphous to anatase and from anatase to
rutile when heated in air.

The colour of the powder heat treated at 250◦C is gray. Although crystal-
lization occurs around 320◦C in air for both types of samples (methods 1 and
2), the colour of the powder remains gray upon annealing to 320◦C, while the
powder annealed at 350◦C in air is white. There are two reasons for the gray
colour of the TiO2 powders; the first one is the low annealing temperature
which is not enough to remove organic constituents from the structure [159],
the second one is the lack of oxygen in the structure [89]. Increase of the
heat treatment temperature in air results in rapid oxygen uptake, leading to
more stoichiometric titanium dioxide.

The X-ray diffraction peaks of the powders show a significant broadening
due to the small size of crystallites. The average crystallite sizes (D) were
calculated from the most intense diffraction peak (101) using Scherrer’s for-
mula (equation 4.5). Variation of the crystallite size of anatase TiO2 powder
prepared via method 1 as a function of heat treatment temperature is shown
in Fig. 7.3. It is seen that with increasing annealing temperature, the size of
the anatase crystallites increases from 12.8 nm at 320◦C to 23.1 nm at 450◦C.
Another important parameter for particle grown is reaction time. The par-
ticle size is 15 nm after annealing at 350◦C for 2 h, but increases to 19.5 nm
after annealing at 350◦C for 10 h. The formation of the rutile phase around
500◦C is accompanied by a drastic increase in anatase crystallite size, as seen
in Fig. 7.3. TiO2 powder prepared with method 2 shows a similar tendency
but with slightly smaller crystal size. For example, at 350◦C the crystal size
of powder prepared with method 2 is 9 nm, while that of powder prepared
with method 1 is 15 nm.
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Figure 7.3: Crystallite size of anatase TiO2 powder prepared using method
1 as function of annealing temperature (annealing for 2 h in air).

In order to investigate the effect of the heating atmosphere, helium was used
as an inert atmosphere during heat treatment. The powder samples were
heat treated in He atmosphere for 2 h at different temperatures of 400, 500,
and 600◦C with a heating rate 10◦C/min. Upon comparison, it was obvi-
ous that changing the heating atmosphere from air to helium is shifting the
phase transition temperature from anatase to rutile to higher values for both
methods. Upon heating in air, transition temperatures from anatase to rutile
for methods 1 and 2 are around 500 and 550◦C, respectively (Fig. 7.2) while
for both synthesis methods, TiO2 powder heat treated at 600◦C in helium
atmosphere is still anatase. Although the powder annealed at 350◦C in air
is already white, the colour of powders annealed at 600◦C in He is still gray.

The effect of the preparation technique on the phase transition was studied
by in situ XRD. Figure 7.4 indicates the evolution of the intensities of the
main XRD-peaks for anatase and rutile from TiO2 powder prepared using
method 1 and method 2, during heating under helium atmosphere from room
temperature to 1000◦C with a heating rate of 6 ◦C/min. Both TiO2 pow-
ders were heat treated beforehand at 250◦C in air with a heating rate of 10
◦C/min, in order to remove most of the organics. For the powder synthesized
by method 1, the transition from amorphous to anatase under He begins at
around 500◦C and the transition from anatase to rutile starts around 820◦C
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Figure 7.4: Evolution of the intensities of the main XRD-peaks for anatase
and rutile from TiO2 powder prepared using method 1 (a) and method 2 (b)
as a function of anneal temperature in helium atmosphere with heating rate
6 ◦C/min.

(Fig. 7.4a). The transition from amorphous to anatase in helium atmosphere
for the powder prepared using method 2 occurs at lower temperature than
for synthesis method 1 (Fig. 7.4b). However, the transition temperature
from anatase to rutile in helium atmosphere is higher than for method 1. It
is clear that using method 2 to prepare the samples and heat treating them
in helium atmosphere results in a broader temperature range for obtaining
anatase TiO2. Note that even after a heat treatment at 1000◦C in helium at-
mosphere, the colour of the powders is gray instead of white which indicates
the presence of oxygen vacancies in the structure [89].

7.4 Morphology, thickness and optical prop-

erties of thin films

Figure 7.5 shows XRD spectra of TiO2 thin films prepared with method 1
after spin coating on a Si substrate, annealed at 320 and 700◦C in air with a
heating rate of 10 ◦C/min for 2 h. The XRD spectrum of the film annealed
at 320◦C indicates that the formation of anatase occurs just like for the TiO2

powder prepared with method 1 annealed at 320◦C. The XRD spectrum of
the TiO2 thin film annealed at 700◦C shows peaks related to both anatase
and rutile. A thin film prepared with method 2, after heat treatment at
750◦C in air with a heating rate of 10 ◦C/min for 2 h was still anatase (Fig.
7.5). When the XRD results of powders and thin films are compared, it is
clear that the anatase phase remains stable at higher temperatures in thin
films. This may be attributed to stress effects related to structural limitation
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Figure 7.5: XRD spectra of TiO2 thin films on silicon substrate prepared
using method 1, heat treated at 320 and 700◦C and prepared using method 2,
heat treated at 750◦C in air for 2 h with anatase and rutile peaks representing
data from ICDD file No. 21-1272 and ICDD file No. 21-1276, respectively.

on reorganisation and changing the phase on the film ans substrate interface.

For all thin films heat treated in air, crystallization begins at 320◦C no mat-
ter which substrate (glass or silicon) is used. XRD spectra of TiO2 films on
silicon and glass substrate are shown in Fig. 7.6. The films were synthesized
with method 2 and then heat treated at 550◦C in air with a heating rate of
10 ◦C/min for 2 h. As seen in Fig. 7.6, TiO2 films have only anatase phase
at 550◦C unlike the corresponding powder samples, where some rutile was
present (see Fig. 7.2b). It is also clearly seen in Fig. 7.6 that there is no
effect of substrate type on the crystallization of films.

Film thickness and optical constants of a number of thin films were deter-
mined using spectroscopic ellipsometry. The optical properties of the TiO2

films were modelled using the Cody-Lorentz dispersion model. This model
includes the normal dispersion and the absorption behaviour of typical films
in the vicinity of the band gap and thus it offers more realistic result in both
transmitting and absorbing regions [105] [106] [160]. The optical model in-
cluded surface roughness [105] [106]. The latter was found to be below 6.5
nm in all cases and not accounted for in further analysis.
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Figure 7.6: XRD spectra of TiO2 thin films prepared using method 2 on glass
and silicon substrates heat treated at 550◦C in air for 2 h with anatase peaks
representing data from ICDD file No. 21-1272.

Figure 7.7: Experimental and fitting result of ψ - λ (a) and ∆ - λ (b) of
TiO2 thin film prepared using method 1, spin coated at 2000 rpm on silicon
substrates and heat treated at 400◦C.

As an example, figure 7.7 shows the measurement and fitting results of the
ellipsometric angles ψ and ∆ as a function of wavelength (λ) of a TiO2 film
prepared using method 1 and heat treated at 400◦C. As seen in this figure
the experimental data are in excellent agreement with the model fit curves.

Table 7.1 summarizes the results from spectroscopic ellipsometry analysis on
TiO2 films. The influence of the viscosity was investigated using the films
prepared in the same way but with different viscosity. Comparing sample
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Sample Viscosity Substrate Spin Annealing Thickness n Band gap
(mPa.s.) speed temperature (nm) @ 632.8 nm energy

(rpm) (◦C) and time (eV)
A 3.77 Si 5000 400, 30 min 29.9 2.22 3.43
B 6.85 Si 5000 400, 30 min 149.9 1.92 3.39
C 6.85 Si 2000 450, 120 min 161 2.11 3.33
D 6.85 Si 2000 700, 120 min 141 2.32 3.38
E 6.85 Si 2000 500, 30 min 81.8 2.09 3.34
F 6.85 Glass 2000 500, 30 min 163.5 1.96 3.43
G 6.85 Si 6000 400, 30 min 138.3 1.92 3.38
H 6.85 Si 2000 400, 30 min 201.5 2.05 3.38
I 6.85 Glass 5000 500, 30 min 107.9 1.95 3.40

Table 7.1: Influence of deposition conditions on the thickness and optical
properties of TiO2 films prepared by method 1.

A and B, it was observed that increasing the viscosity leads to thicker films
with lower refractive index. This indicates that increasing the viscosity re-
sults in an increased porosity of the films. Increasing the heating temperature
induces thinner films with higher refractive index. The influence of the heat-
ing temperature was studied using the same thin films heated to different
temperatures (e.g., samples C and D). These two samples were prepared to
investigate the differences between thin films and powders; hence they were
heat treated for 120 min. An increase in temperature results in denser and
thinner films. This effect is expected: at higher temperature, grain growth
(Fig. 7.3) and compacting of the film leads to a decrease in porosity and
consequently to decrease in thickness. The substrate type also influenced the
thickness and the refractive index of films. Using a glass substrate resulted
in thicker films with lower refractive index such as sample E and F in table
7.1. It may be related to different surface morphology of glass and Si sub-
strates. The effect of the spin speed was also investigated (samples G and H).
Using lower spin speed to coat the substrate led to thicker layers and higher
refractive index. In these two synthesis techniques no additional water was
used; partial hydrolysis of precursors occurs with esterification reaction for
method 1 and residual water in ethanol for method 2. Therefore condensa-
tion starts before hydrolysis is complete. Condensation between incompletely
hydrolyzed species gives rise to weakly branched (extended) cluster-cluster
growing. Such weakly branched systems finally yield densely packed film af-
ter heat treatment [1].

Using the measurement and equation 7.1, the absorption coefficient, α, was
calculated between 250 and 1700 nm:
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Figure 7.8: Fit of α1/2 as a function of the photon energy of the same thin
films as in figure 7.7 with a linear trend line.

α =
4πk

λ
(7.1)

Where λ is the wavelength and k is the extinction coefficient (the imaginary
part of the refractive index). When the square root of the absorption coeffi-
cient is plotted as a function of photon energy, E, the indirect allowed optical
band gap energy, Eg, can be deduced from the intersection of the linear part
of the curve with the x-axis [104, 105, 154].

α = αo (E − Eg)
2 (7.2)

Here αo is a constant. An example of the plot of α1/2 versus photon energy
of the thin film mentioned in Fig. 7.7 is illustrated in Fig. 7.8, including a
trend line of the linear part of the curve. The optical band gap energy of
the thin films prepared with the solution with the viscosity of 6.85 mPa.s
(method 1), spin coated on Si substrate at different speeds and heat treated
at different temperatures from 400 to 700◦C is 3.37±0.03 eV. The optical
band gap energy of the former films on glass substrate is 3.43±0.03 eV. Sim-
ilar values can be found in the literature [104,105,154,155]. As seen in table
7.1, no significant effects of the film preparation on the band gap were found,
even when the film was partially converted to the rutile phase.

Figure 7.9a presents high magnification SEM images of a TiO2 film prepared
using method 1; the thickness of the film is 201.5 nm, the refractive index
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Figure 7.9: SEM images of TiO2 films on Si prepared using (a) method 1,
(b) method 2.

is 2.05 and the average crystal size (as calculated from XRD) is 15.2 nm.
Figure 7.9b presents the SEM images of a TiO2 film prepared using method
2; the thickness of this film is 110.8 nm, its refractive index 2.17 and the
average crystal size is 25.7 nm. Both films present a homogeneous and crack
free surface. It is seen in Fig. 7.9a, b that the film prepared with method 2
has a larger grain size, consistent with the XRD results.

7.5 TiO2 as a protection layer

It was mentioned at the beginning of this chapter that the main purpose to
prepare TiO2 thin films is to use them as protection layer. So far we only
dealt with the characteristics of standalone TiO2 powders and thin films.

One of the main requirements for protection layers is transparency. If the
film is not fully transparent at the excitation (450 nm) and emission (650
nm) wavelengths of CaS:Eu, it causes a decrease in the emission intensity.
Transmission spectra of TiO2 films on Corning 1737 substrates prepared by
method 1 are shown in Fig. 7.10. After the spin coating at 2000 (F) and 5000
rpm (I), samples were heat treated at 500◦C for 30 min. Optical constants of
these samples were also calculated using spectroscopic ellipsometry and they
are listed in table 7.1.

A 0.7 mm thick Corning 1737 substrate has a 70% transmission at 300 nm
and the refractive index at 589.3 nm of the Corning 1737 substrate is 1.518.
The transmission spectra were divided by the transmission of Corning 1737
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Figure 7.10: Transmission spectra of TiO2 films prepared by method 1, spin
coated at 2000 rpm (solid line, sample F) and 5000 rpm (dashed line, sample
I) on Corning 1737 substrates. Thin films were heat treated at 500◦C for 30
min.

glass. As seen in the Fig. 7.10, interference fringes are getting visible by
increasing the thickness of the films. As also seen in the transmission spec-
tra of the TiO2 films, they are fully transparent at excitation and emission
wavelengths of CaS:Eu.

Before examining the effectiveness of TiO2 as protection layer, we inves-
tigated the compatibility of TiO2 sols and CaS:Eu2+ particles by adding
the particles into the TiO2 sols. The PL emission intensities at 650 nm of
CaS:Eu2+ particles in ethanol, in TiO2 sols prepared with method 1 and 2
were recorded as a function of time (Fig. 7.11). Measurements were recorded
at an excitation wavelength of 450 nm. CaS:Eu2+ particles settle down with
time, thus a decrease in the emission intensity is observed (Fig. 7.11, line
a and b). During the preparation of both sols, although water is not added
into the solutions, it is produced as a side product and it is used during
hydrolysis. However the presence of water is still possible in the sols af-
ter the preparation. In this case, water quantity is crucial for coating the
CaS:Eu2+ particles to protect against moisture. If the water quantity is high,
the CaS:Eu2+ particles decompose immediately in the TiO2 sol as seen in Fig.
7.11(line c). Using method 1 to prepare TiO2 looks better than method 2
due to the higher emission intensity of CaS:Eu2+ in the sol. Therefore we
continued with TiO2 prepared with method 1 to protect CaS:Eu2+. The
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Figure 7.11: Kinetic scans of CaS:Eu2+ particles in ethanol (a), in TiO2 sols
prepared with method 1 (b) and 2 (c). The measurements were recorded at
excitation wavelength of 400 nm and emission at 650 nm.

coating technique of CaS:Eu2+ with TiO2 is explained in section 3.3.

The XRD spectrum of the CaS:Eu2+ particles coated with TiO2 (1 layer) pre-
pared using the sol with a viscosity of 6.85 mPa.s is presented in Fig. 7.12.
This XRD spectrum shows that during the coating the reaction between
CaS:Eu2+ and TiO2 sol results in the partial degradation of CaS:Eu2+ to
CaCO3. However, we observed that after the annealing of uncoated CaS:Eu
at 400◦C for 30 min, CaS:Eu decomposed to CaSO4:Eu (§6.3.2 and Fig. 6.8).
The formation of CaCO3 indicates that during the heat treatment of coated
particles, the reaction between CaS:Eu and released carbonate groups from
the TiO2 layer may dominate the other reactions which may result in forma-
tion of CaSO4.

Figure 7.13 shows the SEM image of the coated CaS:Eu using TiO2 (1 layer)
with viscosity of 6.85 mPa.s. After the coating a deformation on the particles’
surfaces is observed. It is associated with the decomposition of the particles.
The TiO2 layer around the particles is not homogeneous in contrast to TiO2

films (Fig. 7.9) and also it is seen in Fig. 7.13 that the TiO2 layer is peeling
from the Si substrate. These effects may be due to the large thickness of the
film (thicker than 300 nm) and the presence of particles on the Si substrate
surface.
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Figure 7.12: XRD spectrum of the CaS:Eu2+ particles coated with TiO2

(1 layer) prepared using the sol with a viscosity of 6.85 mPa.s. Red lines
represent the peak positions of CaS (data from ICDD file No 65-7852). Red
stars show the peak positions of anatase TiO2 (data from ICDD file No. 21-
1272). Green and red triangles indicate aragonite CaCO3 (data from ICDD
file No. 41-1475) and calcite CaCO3 (data from ICDD file No. 72-1937),
respectively.

Figure 7.13: SEM image of the coated CaS:Eu using TiO2 (1 layer) with
viscosity of 6.85 mPa.s.

The PL excitation and emission spectra of uncoated (blue line) and coated
(red line) CaS:Eu are shown in Fig. 7.14. TiO2 (1 layer) with a viscosity
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Figure 7.14: PL emission and excitation spectra of uncoated (blue line) and
coated (red line) CaS:Eu using TiO2 with a viscosity of 6.85 mPa.s. The
excitation spectrum is recorded at an emission wavelength of 650 nm. The
emission spectrum is recorded at an excitation wavelength of 450 nm.

of 6.85 mPa.s was used for coating. The optical band gap energy of TiO2

is about 3.4 eV (365 nm). The excitation spectra were recorded at an emis-
sion wavelength of 650 nm. The peak at low energy side of the excitation
spectrum of CaS:Eu2+ does not change by coating with TiO2. However, the
peak at high energy side of the excitation spectrum disappears by coating.
When CaS:Eu2+ particles are coated with TiO2, optical absorption of TiO2

(at 350 nm) suppresses the high energy transition of CaS:Eu2+ if TiO2 is
thick enough. A dramatic decrease of the high energy side peak intensity
in the excitation spectra (Fig. 7.14) indicates that CaS:Eu2+ particles are
rather well coated with TiO2. The emission spectrum is recorded at an exci-
tation wavelength of 450 nm. Coated CaS:Eu2+ has a broad emission band
at 650 nm, which is the same as that of uncoated CaS:Eu2+ (Fig. 7.14).

We also investigated the effect of the number of coatings. TiO2 with a vis-
cosity of 6.85 mPa.s was used for coating. After each coating, the coated
CaS:Eu2+ layer was heat treated at 400◦C for 30 min. The emission spectra
of CaS:Eu2+ before and after coating are given in Fig. 7.15. The emission
spectra were recorded at an excitation wavelength of 450 nm. After the first
coating, the emission intensity decreases to 50% of the initial intensity. Af-
ter the second coating, the emission intensity reduces to 23% of the initial
intensity and after that the emission intensity does not decrease anymore.
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Figure 7.15: PL emission spectra of CaS:Eu2+ before and after coating using
TiO2 with viscosity of 6.85 mPa.s recorded at an excitation wavelength of
450 nm.

When we compare the degradation of uncoated CaS:Eu after a number of
heat treatments at 400◦C for 30 min (table 6.1) with CaS:Eu coated with a
number of TiO2 layers (Fig. 7.15), it can be clearly seen that coating with
TiO2 accelerates the decomposition of CaS:Eu at 400◦C.

Although we observed that TiO2 accelerates the decomposition of CaS:Eu at
400◦C, we thought that maybe one layer of TiO2 can already protect CaS:Eu
against moisture. To evaluate TiO2 as protection layer, CaS:Eu coated with
1 layer of TiO2 with viscosity of 6.85 mPa.s was kept in a humidity chamber
at 80◦C and 80% RH. PL intensities of the uncoated and coated CaS:Eu lay-
ers as a function of time at 80◦C and 80% RH are shown in Fig. 7.16. The
figure expresses that coating TiO2 layer does neither slow down nor prevent
the degradation of CaS:Eu.

All these experiments were also done using TiO2 with viscosity of 3.77 mPa.s,
but no spectacular differences were observed.

7.6 Conclusions and perspectives

This chapter focused on the crystallization, morphology and optical prop-
erties of TiO2 powders and thin films. In addition to that it included the
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Figure 7.16: PL intensities of the uncoated sample and samples coated with
TiO2 film (1 layer) samples as a function of time at 80◦C and 80% RH.

investigation of TiO2 films as protection layer. TiO2 bulk powder as well
as TiO2 thin films on Si and glass substrates were obtained using two non-
aqueous sol-gel techniques. Powders prepared by both methods crystallize
around 320◦C. Anatase TiO2 powder is obtained over a broader temperature
range when using method 2. Using helium atmosphere instead of air during
the heat treatment delayed the formation of the rutile phase for both meth-
ods, although it did not affect the transition temperature from amorphous to
anatase. The films were homogeneous and their thickness was less than 250
nm for a single coating. By changing the heating temperature, spin speed and
viscosity of the solution, films with several thicknesses and refractive indices
were obtained. The crystallization of the films was similar on single crystal Si
(100) and amorphous Corning 1737 glass substrates. During the examination
of the performance of TiO2 films as protection layers, we observed 50% loss
in the emission intensity of the coated particles. This fact is associated with
reaction between CaS and the TiO2 layer during heat treatment. In addi-
tion to that, an accelerated aging tests at 80◦C and 80% RH reveal that the
TiO2 layer does not protect particles in these conditions. It can be related to
the pore structure of the TiO2 layer. TiO2 films are anatase at 400◦C. The
grain boundaries may act as shortcut for diffusion of atmospheric gases [161].
Therefore the lack of protection by TiO2 layer may associated with this. A
wettability test of the TiO2 films revealed that films had hydrophilic surface.
The bad protection feature of the TiO2 layers may also be related to this
property. Although the main purpose of all these examinations is to asses
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the performance of TiO2 as protection layer, we observed that TiO2 prepared
by both methods is not suitable for this application.



Chapter 8

Al2O3 thin films

8.1 Motivation

Aluminium oxide is a versatile and technologically important material be-
cause of its wide transparency window from ultra-violet to mid-infrared
[6, 119, 162], good thermal and chemical stability [4, 110], and superior elec-
trical and mechanical properties [163, 164]. Especially aluminium oxide in
thin film form has a broad application range including use as water-repellent
coating [114, 165], dielectric [164] and sensing layer [5] and optical [166] and
protective coating [6, 15, 111, 115, 118]. These application areas make syn-
thesis and characterization of aluminium oxide films attractive. Sol-gel is an
interesting technique to synthesize aluminium oxide films, as it has several
advantages over other techniques (see section 1).

In this study we synthesized Al2O3 thin films for use as protection layer.
Al2O3 sols were prepared using two different non-aqueous sol-gel methods to
understand the effect of the sol on the luminescent particles. Details about
the preparation techniques are given in section 3.4. While a strong acid was
used in the first technique, no acid was used in the second one. The optical
properties of the Al2O3 thin films, which are prepared by method 2, were
investigated. In order to observe the influence of the solvent on the optical
properties of films, three different alcohols were used. In this chapter, after
discussing the optical properties of Al2O3 thin films, we assess Al2O3 for
protection purposes and in the end we will compare Al2O3 protection layers
prepared by non-aqueous sol-gel and ALD techniques.

99
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8.2 Optical and structural properties of Al2O3

thin films

All Al2O3 thin films, which are discussed in this section, were prepared with
a non-aqueous sol-gel method developed in-house using anhydrous ethanol
(EtOH), isopropanol (iPrOH) and n-butyl alcohol (n-BuOH) (method 2).

Figure 8.1: The TGA/DTA analysis of aluminium oxide sol synthesized using
n-BuOH as solvent with a heating rate of 10◦C/min in an air flow.

To find the optimum heat treatment temperature for amorphous aluminium
oxide, TGA and DTA were performed. Since the TGA and DTA results of
the three sols are quite similar, we only show them for aluminium oxide sol
prepared with n-BuOH as an example (Fig. 8.1). In the TGA curves, two
main weight loss stages are observed, in the range from 35 to 200◦C and 200
to 500◦C (Fig. 8.1). The first weight loss is around 92.4% and induced by
evaporation of water and thermal decomposition of the organics. The sec-
ond one is correlated with the loss of carbon groups in the structure [3] and
weight loss is only 4.3%. The weight loss during the dehydroxylation is very
low as compared with the weight loss during the evaporation of water and the
decomposition of organics [167]. Therefore it is not entirely clear from these
measurements whether hydroxides are still present after the heat treatment.
Consequently, other analytical techniques, such as XPS and FTIR, were ap-
plied to evaluate whether pure alumina thin films, without hydroxides, were
obtained after heat treatment.
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Figure 8.2: XPS spectra of Al and O in aluminium oxide thin films prepared
with EtOH (a), iPrOH (b) and n-BuOH (c) after heat treatment at 500◦C.

For the characterization of amorphous materials x-ray diffraction techniques
are not suitable. Hoewever, XPS can be useful, as information on the chem-
ical composition and elements’ binding state can be obtained. In addition
to this, it can also be used to determine different phases of amorphous alu-
mina. The binding energy of Al hardly varies (0-0.5 eV) between the different
alumina phases. However, oxygen core level binding energies have a larger
sensitivity to changing environments and can thus be used for phase identi-
fication [168]. If the thin films would contain more than one phase, two or
more peaks and also shifting in the peak position can be expected in the O1s
photo peak. Figure 8.2 shows the high resolution XPS spectra of Al2p and
O1s core lines of the thin films prepared using EtOH, iPrOH and n-BuOH
as solvent. The spectra were recorded after the surface of the thin films was
sputtered by argon to remove the surface contaminants. All thin films for
XPS analysis were coated on Si substrates and heat treated at 500◦C. As seen
in the figure, the peaks of Al2p and O1s are very symmetrical. This suggests
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only one contribution to the peaks. Table 8.1 summarizes the results of the
XPS measurements of the thin films. The peak positions and the symmetry
in the O1s core lines of the samples imply that the samples only consist of
an aluminium oxide phase. The peak positions and the oxygen/aluminium
ratio are consistent with Al2O3 [118,168,169]. The reported binding energies
of Al2p and O1s are at around 74.30 eV and 531.0 eV, respectively. In case
of the presence of hydroxide in the films, a shoulder at around 532.3 eV in
the O1s peak would be expected [118, 168, 169].

Film Al2p (eV) O1s (eV) O/Al ratio
Prepared with EtOH 74.2 530.7 1.46
Prepared with iPrOH 74.2 531.2 1.50
Prepared with n-BuOH 74.3 530.9 1.53

Table 8.1: XPS results of aluminium oxide films heat treated at 500◦C.

The chemical composition and bonds of the aluminium oxide thin films on
double side polished silicon wafers were also analyzed by FT-IR spectroscopy.
Figure 8.3 shows the FT-IR absorption spectra of the thin films before and
after heat treatment at 200 and 500◦C, for the three solvents.

Based on the temperature dependency, the spectra can be divided into two
parts. The first part consists of the peaks at frequencies higher than 1020
cm−1, and the second part comprises the peaks below 1020 cm−1. As clearly
seen in Fig. 3, after the heat treatment at 200◦C the peaks located in the
second part give place to two weak and broad peaks.

The broad peak with a maximum at 3620 cm−1 in Fig. 8.3 is due to the
stretching mode of O H groups [118, 170–173]. This peak disappears af-
ter a heat treatment at 500◦C. This implies that after a heat treatment at
500◦C neither water nor aluminium oxide hydroxide are present in the sam-
ples. This result is in line with XPS measurements. The absorption bands
between 3000 and 2850 cm−1 result from asymmetric and symmetric stretch-
ing of aliphatic C H bonds [169] and they disappear after heat treatment
at 200◦C as confirmed by TGA curves (Fig. 8.1). Two intense absorption
peaks located between 1650 and 1500 cm−1 are assigned to C O stretching
vibration of acetylacetone and acetic acid [118, 173, 174]. There may be a
contribution of the H2O rocking vibration at 1600 cm−1 to the spectra. The
peaks between 1500 and 1320 cm−1 are assigned to a mixture of C H bend-
ing coming from carbon-hydrogen bonds in the CH2 and CH3 groups. C H
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Figure 8.3: FT-IR absorption spectra of aluminium oxide films prepared with
EtOH (a), iPrOH (b) and n-BuOH (c) before and after heat treatment at
200 and 500◦C. For clarity, the spectra of the samples annealed at 200 and
500◦C are vertically shifted.

wagging and twisting vibrations occur at 1290 cm−1. The peaks between
1200 and 1120 cm−1 are assigned to various C C band vibrations. Two
peaks between 1120 and 1020 cm−1 are identified as C O stretching bands.
The broad bands located at lower frequency region (between 1000 and 400
cm−1) are related to aluminium oxide [4, 175–177]. When the samples were
heated at 200◦C, the shape of these bands changed due to the formation
of aluminium oxide or oxide hydroxide from aluminium hydroxide. In alu-
mina, aluminium can occupy three different geometries with oxygen which
are octahedral (AlO6), pentahedral (AlO5) (amorphous structure) and tetra-
hedral (AlO4). When aluminium ions have octahedral coordination (AlO6),
the Al O stretching and bending modes are seen in the region 500-750 cm−1

and 350-450 cm−1, respectively. If they have tetrahedral symmetry (AlO4),
the Al O stretching and bending modes appear in the narrow range 750-850
cm−1 and 250-320 cm−1, respectively. The transition alumina phases consist
of octahedral (AlO6) and tetrahedral (AlO4) geometries [4, 175, 176]. The
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broad and smooth absorption band without any fine structure in the wave
number range from 500 to 900 cm−1 characterizes the amorphous aluminium
oxide [177]. As seen in Fig. 8.3, although the samples prepared with EtOH
and n-BuOH after annealing at 500◦C contain both octahedrally (AlO6) and
tetrahedrally (AlO4) bound aluminium ions, in the sample prepared with
iPrOH after annealing at 500◦C the amorphous structure is dominant. Note
that the apparent negative absorption peak at 1110 cm−1 is due to a dif-
ference in interstitial oxygen concentration in the Czochralski-grown Si sub-
strates [178]. The reduction of interstitial oxygen might be explained by the
formation of oxygen thermal donors [179] due to the heat treatments.

Optical constants and thicknesses of a number of films were determined via
spectroscopic ellipsometry. Because of the transparency of aluminium oxide
from UV to IR [6, 119, 162], the Cauchy dispersion model was used to cal-
culate the optical constants. The optical model included surface roughness;
however, it was found to be lower than 12 nm for all samples. Porosity of the
films was calculated using the Bruggeman effective medium approximation
(EMA) [54]. Reference data such as Cauchy coefficients and refractive index
for aluminium oxide were supplied from literature (1.76 at 632.8 nm) [180].

Sample Solvent Spin Annealing Thickness n Porosity MSE
speed temperature (nm) @ 632.8 nm (%)
(rpm) (◦C)

A EtOH 4000 450 69 1.56 26 6.80
B iPrOH 4000 450 82 1.55 27 8.99
C n-BuOH 4000 450 55 1.57 25 7.20
D EtOH 4000 650 48 1.54 28 4.87
E iPrOH 4000 650 75 1.54 29 10.55
F n-BuOH 4000 650 51 1.54 29 5.05
G EtOH 6000 450 59 1.58 24 6.43
H iPrOH 6000 450 70 1.57 25 7.83
I n-BuOH 6000 450 47 1.60 22 7.10

Table 8.2: Spectroscopic ellipsometry results of aluminium oxide films.

Table 8.2 summarizes the results from the spectroscopic ellipsometry analysis
on aluminium oxide thin films. The effect of the solvent on the film properties
was studied by preparing thin films with different solvent but using the same
conditions. When the samples heat treated at 450◦C are compared (A, B
and C and G, H, and I), changing alcohol from iPrOH to EtOH and n-BuOH
decreases the thickness of films by 16 and 33%, respectively. When D, E,



Chapter 8. Al2O3 thin films 105

Figure 8.4: SEM image of an aluminium oxide thin film prepared with EtOH
and heat treated at 500◦C. (a) and (b) top view of the sample, (c) cross-
section of the sample, observed at a grazing angle of 15◦.

and F (heat treated at 650◦C) are compared, changing alcohol from iPrOH
to EtOH and n-BuOH results in a thickness decrease of 36 and 32%, respec-
tively. Because of the different sizes, polarities and also evaporation rates of
the solvents, they present different behaviours during hydrolysis and conden-
sation. Although substitution of the alcohols has an effect on the thickness,
it does not have noteworthy effects on the porosity and consequently also
not on the refractive index. Increasing the heating temperature from 450 to
650◦C results in a significant decrease of the thickness of the film prepared
with EtOH and a small increase of the porosity in all samples. A decrease in
the film thickness with an increase in heating temperature can be expected
due to the densification of the film. Because of dehydroxylation during the
heat treatment, removing OH groups leaves behind pores in the film and an
increase in the porosity has been observed. The effect of the spin speed on
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thickness and refractive index was also investigated (e.g., A, B, C and G,
H, I). When the spin speed is increased, a thinner film is obtained with the
same refractive index.

The surface properties of the films were investigated via SEM and the films
prepared with the three solvents had similar surface properties, all of them
homogeneous and crack free. As an example, SEM images of the thin film
prepared with ethanol and spin coated at 2000 rpm then heat treated at
500◦C are presented in Fig. 8.4.

8.3 Al2O3 as a protection layer

8.3.1 Al2O3 prepared with sol-gel

As we have shown in section 6.3, the presence of water causes decomposition
of CaS:Eu particles. In section 7.5, degradation of CaS:Eu particles was ob-
served when they were immersed in TiO2 sols (Fig. 7.11). Even the presence
of tiny amounts of water results in a drastic decrease in emission intensity
which indicates degradation of particles (Fig. 7.11). In this section we go
further and use a strong acid (HNO3) to prepare Al2O3 sols (method 1). The
PL emission intensities at 650 nm of CaS:Eu2+ particles in ethanol and in
Al2O3 sol prepared with method 1 were recorded as a function of time (Fig.
8.5). Measurements were recorded at an excitation wavelength of 450 nm.
As clearly seen in the figure, the PL emission intensity drops to 80% of the
initial intensity immediately after the particles are added into the Al2O3 sol.
After only 70 seconds, no more than 7% of the initial intensity is measured.
Clearly a very fast degradation of CaS:Eu is associated with the presence
of a strong acid and water in the Al2O3 sol. These measurements reveal
that an excess amount of water or strong acid used for Al2O3 synthesis can
lead to decomposition during the encapsulation process instead of protection.
Therefore Al2O3 synthesized using method 1 was not used as protection layer.

After showing the detrimental effect of strong acid and water on CaS:Eu par-
ticles, in the remainder of this chapter we will limit the discussion to Al2O3

protection layers prepared with method 2. In the previous section, we have
already shown the optical properties of the Al2O3 layers synthesized using
EtOH, iPrOH and n-BuOH. However, we tested only Al2O3 layers synthe-
sized using n-BuOH as protection coating, since this Al2O3 sol is the most
stable one (§3.4).
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Figure 8.5: Kinetic scans of CaS:Eu2+ particles suspension in ethanol (a), in
Al2O3 sol prepared with method 1 (b). The measurements were recorded at
excitation wavelength of 400 nm and emission at 650 nm.

Figure 8.6: XRD spectra of the uncoated CaS:Eu2+ particles (blue line), the
CaS:Eu2+ particles coated with alumina film before (red line) and the coated
CaS:Eu2+ particles after (purple line) 100 h of accelerated aging (80◦C and
80% relative humidity). The lattice planes of CaS (data from ICDD file
No. 65-7852) are indicated. Green lines represent the peak positions and
diffraction intensities of CaSO4 (data from ICDD file No. 37-0184).
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The XRD spectra of uncoated and coated CaS:Eu2+ particles before and after
100 h of accelerated aging (80◦C and 80% relative humidity) are presented
in Fig. 8.6. The intensity of the (200) diffraction peak of CaS reduced to
70% after coating and it remained the same after 100 h of accelerated aging.
In contrast to TiO2, coating with Al2O3 causes the decomposition of CaS
to CaSO4. The decomposition of CaS to CaSO4 during heat treatment at
500◦C for 30 min was also observed (§6.3.2 and Fig. 6.8). After the aging,
the diffraction pattern remained the same as after the coating (Fig. 8.6).
This emphasizes that the alumina layer hinders the oxidation of CaS parti-
cles during aging.

Figure 8.7: SEM image of the coated CaS:Eu with Al2O3 (1 layer ).

Figure 8.7 shows the SEM image of the CaS:Eu coated with Al2O3 (1 layer).
After coating, slight deformation of the particles’ surfaces is observed. It is
associated with the decomposition of the particles. The Al2O3 layer is quite
homogeneous except for cracks around the particles.

The PL excitation and emission spectra of CaS:Eu2+ before (blue lines) and
after (red lines) coating are shown in Fig. 8.8. The excitation and emission
spectra were recorded at an emission wavelength of 650 nm and at an exci-
tation wavelength of 450 nm, respectively. In addition to the blue shifting at
higher energy side in the excitation spectra after coating, there is a decrease
in the intensity of the excitation peak at lower energy side. The high energy
side excitation band between 250 and 300 nm is a combination of the CaS
band gap transition and the excitation to the 4f65d (eg) state in Eu2+. These
facts imply that the phosphor particles become smaller through decomposi-
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Figure 8.8: PL emission and excitation spectra of uncoated (blue line) and
coated (red line) CaS:Eu using Al2O3. The excitation spectrum is recorded
at an emission wavelength of 650 nm. The emission spectrum is recorded at
an excitation wavelength of 450 nm.

tion, and the direct excitation probability of Eu2+ is getting decreased. This
results in a relative increase of the intensity of the excitation peak from the
CaS band gap, which is observed as a shift of the high energy side band in
the excitation spectrum of CaS:Eu2+ [7]. Although water was not used for
the synthesis of the alumina sol, water was produced by the condensation re-
action and this may be the reason for the partial decomposition of CaS:Eu2+.
The intensity of the emission peak at 650 nm (Fig. 8.8) reduces to half after
coating nevertheless there is no shift or deformation in the peak.

When the emission spectra of heat treated uncoated CaS:Eu2+ particles (Fig.
6.6) and coated particles (Fig. 8.8) are compared, it can be seen that the
emission intensity of uncoated particles decreases to 20% although the coated
particles which were heat treated at the same temperature as the uncoated
one, show only a decrease to 50%. This highlights that the alumina layer
prevents the particle from decomposition during the heat treatment.

Figure 8.9 shows the PL emission spectra of uncoated (blue line) and coated
(red line) CaS:Eu2+ at an excitation wavelength of 275 nm. A small peak
at 385 nm was observed after coating (red line, Fig. 8.9), this peak is an
evidence of a small amount of CaSO4:Eu

2+ in the phosphor. However, the
peak at 650 nm does not change with coating, it indicates that there is no
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Figure 8.9: PL emission spectra of uncoated (blue line) and coated (red line)
CaS:Eu2+ recorded at an excitation wavelength of 275 nm.

CaSO4:Eu
3+ in the phosphor after coating with Al2O3.

Figure 8.10: PL emission spectra of CaS:Eu2+ before and after coating using
Al2O3 recorded at an excitation wavelength of 450 nm.

The effect of a second layer was also investigated. After every coating, the
coated CaS:Eu2+ layer was heat treated again at 500◦C for 30 min. The
emission spectra of CaS:Eu2+ before and after coating are given in Fig. 8.10.
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The emission spectra were recorded at an excitation wavelength of 450 nm.
After the first coating, the emission intensity decreases to 50% of the ini-
tial PL emission intensity at 650 nm. After the second coating, there is no
change in the emission intensity. It emphasizes that only one layer of Al2O3

is enough to protect CaS:Eu2+ at high temperatures.

Figure 8.11: PL intensity of uncoated (blue line) sample and sample coated
with an alumina film (red line) as a function of time at 80◦C and 80% relative
humidity.

Figure 8.11 shows the in situ measurement of the photoluminescence intensity
during accelerated aging of the uncoated and coated samples at 80◦C and 80%
relative humidity. The blue line represents the degradation of an uncoated
sample and the red line is related to the degradation of samples coated with
an alumina layer. As seen in Fig. 8.11, during the first 30 h the PL emission of
uncoated CaS:Eu2+ almost entirely disappears. After 75 h, the PL intensity
of the uncoated phosphor was not detectable anymore, while the PL intensity
of the coated sample was still around 95% of its initial value.

8.3.2 Al2O3 prepared with ALD

Al2O3 prepared using atomic layer deposition (ALD) was used as protection
layer to compare with Al2O3 prepared using the sol-gel method. The prepa-
ration procedure is given in section 3.7.
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Figure 8.12: XRD spectra of a 100 nm thick aluminum oxide film deposited by
ALD on a quartz substrate, of the uncoated CaS:Eu particles, and the 20 nm
thick aluminum oxide ALD coated CaS:Eu. The lattice planes of CaS (data
from ICDD file no. 65-7852) are indicated. The orange triangle represents
the position of the most intense peak of CaCO3 (data from ICDD file no. 72-
0506). Green triangles indicate the peak positions of CaSO4·0.64H2O (data
from ICDD file no. 36-0617).

Figure 8.12 presents the XRD results of the uncoated CaS:Eu particles and
after coating with a 20 nm thick ALD aluminum oxide film. The intensity
and the position of the CaS peaks remained the same after coating although
traces of partially hydrated CaSO4 were observed. The sulfate formation
probably originated from the reaction of the CaS phosphor with water used
as a reactive gas in the ALD coating process. This indicates that the CaS:Eu
particles are essentially unaffected by the coating. There are no traces of
aluminum oxide on the XRD pattern after coating because the deposition
temperature is too low to obtain crystallized aluminum oxide [47, 110]. The
absence of XRD peaks was confirmed on a 100 nm thick Al2O3 thin film
deposited directly on a quartz substrate (Fig. 8.12).

The PL excitation spectra of the coated (20 nm Al2O3) and uncoated CaS:Eu
samples are presented in Fig. 8.13. Measurements were carried out at room
temperature and probed at an emission wavelength of 650 nm. As shown in
Fig. 8.13, the aluminum oxide layer has a negligible influence on the exci-
tation spectra due to the large band gap of Al2O3. Figure 8.13 shows also
the PL emission spectrum of the uncoated (blue line) and aluminum oxide
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Figure 8.13: PL excitation and emission spectra of (red lines) ALD coated
and (blue lines) uncoated CaS:Eu recorded at an emission wavelength of 650
nm and at an excitation wavelengths of 450 nm, respectively.

coated (20 nm) (red line) phosphor layers. Measurements were carried out at
room temperature at an excitation wavelength of 450 nm. As clearly shown
in Fig. 8.13, there is no shift in the emission spectra after the coating, and
there is no significant difference between the PL intensity of the coated and
uncoated samples. This emphasizes that there is no formation of other lu-
minescent centers nor defect luminescence. The PL emission and excitation
spectra of the uncoated and coated samples suggest that coating with a 20
nm thick aluminum oxide layer via ALD does not affect the PL properties of
the sample.

In the decomposition of CaS:Eu to CaSO4:Eu, an emission peak at 385 nm
is expected [75–78]. The PL emission spectrum of the uncoated (blue line)
and 20 nm thick aluminum oxide layer coated (red lines) phosphor layers at
an excitation wavelength of 275 nm and room temperature is presented in
Fig. 8.14. Although after the coating there is a trace of CaSO4 in the XRD
spectra (Fig. 8.12), the fraction of the decomposition of CaS:Eu to CaSO4

may be too low to affect the emission spectrum (Fig. 8.14).

Figure 8.15 shows the SEM images of the CaS phosphor layer before (a)
and after (b) coating with a 20 nm thick aluminum oxide film. As seen in
the figure, the coated phosphor surface is smooth and clean. The elemental
composition of the surface region of the uncoated and coated samples was ex-
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Figure 8.14: PL emission spectra of (red lines) ALD coated and (blue lines)
uncoated CaS:Eu recorded at an excitation wavelengths of 275 nm.

Figure 8.15: SEM images of (a) uncoated and (b) aluminum oxide ALD
coated (20 nm) CaS:Eu particles.

amined with EDX. The EDX results show that the ratio between the atomic
concentration of S and Ca is the same before and after coating, indicating
that no major loss of sulfur (due to the release of H2S) occurs during the
coating process. The concentration of Ca and S does not drop to zero upon
full coverage of the particles with aluminum oxide because of the large infor-
mation depth of EDX compared to the oxide film thickness.



Chapter 8. Al2O3 thin films 115

Figure 8.16: PL intensities of the (blue line) uncoated and coated samples
with (red line) 10 and (green line) 20 nm thick aluminum oxide film samples
as a function of time at 80◦C and 80% RH.

XRD, PL emission and excitation spectra, and SEM and EDX analysis indi-
cate that coating with aluminum oxide by the ALD technique does not create
luminescent centers nor does it change the composition of the host material
(CaS). We then focused on the protective properties of the aluminum oxide
layer on the CaS:Eu phosphor layers against moisture. Figure 8.16 shows
the in situ measurement of the PL intensity during accelerated aging of the
uncoated and coated samples at 80◦C and 80% RH. The blue line represents
the degradation of an uncoated sample, and red and green lines are related
to the degradation of samples coated with 10 and 20 nm thick aluminum
oxides, respectively. As shown in Fig. 8.16, the PL intensity of the uncoated
CaS:Eu has dropped to around 35% after 20 h, and the normalized PL in-
tensities of the samples coated with 10 and 20 nm thick layers are around
55 and 95% relative to the starting PL intensity. While the normalized PL
intensities of the uncoated and 10 nm thick film-coated samples reduce to 10
and 5%, respectively, the normalized PL intensity of a sample coated with
20 nm Al2O3 is still around 90% after 40 h. Clearly, a thickness of 10 nm is
insufficient for long-term protection of the CaS phosphor layer. Even after
57 h, the PL normalized intensity of a sample coated with a 20 nm thick film
is around 85%. Therefore, we have obtained a conformal aluminum oxide
coating on the particles, which is a distinct advantage of ALD techniques
over physical vapor deposition techniques. The latter only offer line-of-sight
deposition and do not enable protection of the particles homogeneously on
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all sides [181, 182].

8.4 Conclusions and perspectives

In the first year of this research, degradation of CaS:Eu particles in Al2O3

solution synthesized by a strong acid and a little bit of water was studied.
The PL emission of particles in Al2O3 solution is not detectable after 80 sec-
onds. This experiment underlines how important the used chemicals are for
the preparation of a protection layer. It also shows that the protection pro-
cedure can end up with completely decomposed particles depending on the
solution like in the case of Al2O3 prepared with the first method. Therefore
we looked for another method to prepare Al2O3 for protection layer and we
synthesized Al2O3 sols using a non-aqueous sol-gel method (method 2).

In the first part of this chapter, optical and structural properties of the alu-
minium oxide thin films prepared with method 2 were dealt with. These thin
films were prepared using alumina solutions synthesized using three alcohols
(EtOH, iPrOH and n-BuOH). Although all solutions were stable for at least
1 month, the most stable solution was obtained using n-BuOH. Aluminium
oxide thin films prepared using these three solutions were amorphous, crack
free and have similar properties. After heat treatment of films at 500◦C,
amorphous aluminium oxide films were obtained. Different film thicknesses
from 50 to 160 nm with the same refractive index can be obtained by chang-
ing the preparation parameters such as spin speed and solvent.

The phosphor layers were coated with alumina prepared via a non-aqueous
sol-gel technique (method 2) to improve their stability. Aluminium oxide sol
prepared with n-BuOH was used for this purpose. The experimental results
show that an alumina film strongly enhances the resistance of the phosphor
layer against moisture and high temperature in spite of the partial degra-
dation of the sample surface during the coating process. We also coated
moisture sensitive CaS:Eu particles using ALD aluminium oxide. Unlike the
sol-gel technique it does not require a post-deposition heat treatment of the
particles. Therefore degradation of the particles during the coating process
was almost negligible. Taking this into account, in combination with the
excellent resistance against moisture of both the ALD and sol-gel coated
particles, ALD is the better technique to prepare a protection layer for sul-
fides as it gives a higher luminescence efficiency. A disadvantage is it being
more expensive as coating technique compared to sol-gel techniques. Hence,
sol-gel based inorganic coatings seem an interesting route for the protection of
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luminescent sulfides, on condition that the degradation during the necessary
heat treatment can be reduced.
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Chapter 9

CaAl2O4:Eu
2+,Nd3+ powders

9.1 Motivation

CaAl2O4 is the most widely used member of the alkaline earth aluminates
MAl2O4 (M= Ca, Sr and Ba) [126, 183]. It is commonly used as cement in
very different areas from construction to dental applications [125–127]. In ad-
dition to this, CaAl2O4 doped with Eu2+ and R3+ (R: rare earth) shows bright
violet afterglow luminescence [19]. To prepare it different kinds of techniques
have been used such as solid state reaction, co-precipitation, microwave, Pe-
chini, combustion and sol-gel synthesis [129, 130, 133, 140, 143–147]. Com-
paring these methods, sol-gel synthesis possesses some benefits, namely, rel-
atively low preparation temperature, easy control of the stoichiometry, no
need for expensive equipments and high homogeneity.

CaAl2O4:Eu,Nd luminescent powders were prepared using sol-gel synthe-
sis. These powders were prepared in three stages via a non-aqueous sol-
gel method and the order of the sections in this chapter will be arranged
according to the consecutive preparation stages. First we focus on the op-
timum synthesis temperature determination, and then the influence of the
europium concentration is studied. After the comparison of two methods to
reduce Eu3+ to Eu2+, finally, the persistent luminescence characteristics of
CaAl2O4:Eu,Nd prepared by non-aqueous sol-gel technique will be presented.

119
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9.2 CaAl2O4:Eu

9.2.1 Optimum annealing temperature

In previous investigations it was suggested that the strongest luminescence
in CaAl2O4 is obtained for the monoclinic phase [135]. Janáková et al. re-
ported the start of the transition from the hexagonal phase to the monoclinic
phase at 1050◦C (for a dwell time of one hour). Higher temperatures or
longer heating times were required to have a full conversion like at 1150◦C
for 8 hours [137]. We have prepared CaAl2O4 using a non-aqueous sol-gel
method. The preparation procedure was explained in section 3.5 and involves
Ca(NO3)2.4H2O and aluminium sec-butoxide (Al[O(CH3)CHC2H5]3) as pre-
cursor, n-butyl alcohol (n-BuOH) as solvent and acetylacetone (AcAcH) as
chelating agent.

Figure 9.1: XRD spectra of undoped CaAl2O4 sols heat treated at various
temperatures. The red lines indicate reference spectrum for monoclinic (data
from ICDD file no. 70-0134) and hexagonal CaAl2O4 which is based on [137].
The green triangles represent the peak positions ofCa12Al14O33 (data from
ICDD file no. 09-0413) and blue triangles indicate the peak positions of
CaO(Al2O3)2 (data from ICDD file no. 89-3851).

The X-ray diffraction (XRD) spectra of undoped CaAl2O4 annealed at vari-
ous temperatures are shown in Fig. 9.1. As seen in the figure, XRD spectra
of hexagonal and monoclinic CaAl2O4 are very similar. We used the splitting
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of the diffraction peak at 35.5◦ (2θ) to identify the main phase (presence of
splitting indicates monoclinic phase). This figure reveals that the formation
of the hexagonal phase begins at 900◦C. At 1100◦C, the phase transition to
the monoclinic CaAl2O4 phase sets in. For 1100◦C or higher, some minority
phases are observed as well.

As mentioned in the literature review of CaAl2O4 (§5.6), europium can be
trivalent (Eu3+), divalent (Eu2+), or both of them together in CaAl2O4 [135,
137, 144]. In order to identify the oxidation state of europium in CaAl2O4,
two different excitation wavelengths are used namely, 260 and 330 nm, as in
this way Eu3+ and Eu2+ are preferentially excited, respectively.

The excitation spectra of CaAl2O4:Eu (1%) annealed at 900 (blue line), 1000
(red line) and 1100◦C (green line) are shown in Fig. 9.2a. The excitation
spectra are recorded at an emission wavelength of 616 nm. The broad excita-
tion bands located at the higher energy side of the spectra originate from the
Eu3+-O2− charge-transfer transition while the narrow peaks are associated
with the transitions within the 4f6 electronic configuration [21, 137]. Figure
9.2b indicates the emission spectra of CaAl2O4:Eu (1%) annealed at 900 (blue
line), 1000 (red line) and 1100◦C (green line), and they were recorded at an
excitation wavelength of 260 nm. The spectra are divided into five regions.
In the first region, the peak with a maximum at around 578 nm is related to
the 5D0 to

7F0 transition and the other peaks are associated with 5D0 to
7F1

transitions. The transitions from 5D0 to
7F2,

7F3, and
7F4 states in Eu3+ are

associated with the peaks located in the region (II),(III) and (IV), respec-
tively [27]. The presence of two kinds of transitions ∆J=1 (magnetic-dipole)
and ∆J=2 (electric-dipole) suggests at least two different crystallographic
sites occupied by Eu3+ [137]. Two very small peaks at around 535 and 555
nm may be related to the transition from 5D1 to

7F1 and
7F2 states in Eu3+,

respectively. There is a very weak peak at 440 nm in the emission spectra, this
peak is related to the 5d4f6-4f7 transition of Eu2+ (region (V)). The intensity
of the spectra does not change with the annealing temperature except for the
first peak in the region (II). An increase in this peak intensity is observed
after annealing at 1100◦C. Therefore, this change may related the formation
of a new phase in CaAl2O4:Eu powder (Fig. 9.1). When we compare these
excitation and emission spectrum with the excitation and emission spectrum
in Janáková’s report [137], we can clearly see that the spectra in figure 9.2
are identical to the ones for monoclinic CaAl2O4:Eu

3+ in Janáková’s report
(Fig. 5.6).

The excitation and emission spectra of CaAl2O4:Eu (1%) annealed at 900
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Figure 9.2: PL excitation (a) and emission (b) spectra of CaAl2O4:Eu (1%)
annealed at 900 (blue line), 1000 (red line) and 1100◦C (green line). The
excitation and emission spectra are recorded at an emission wavelength of
616 nm and an excitation wavelength of 260 nm, respectively. The regions
from (I) to (V) are explained in the text.

(blue line), 1000 (red line) and 1100◦C (green line) are presented in Fig.
9.3. The excitation spectra are recorded at an emission wavelength of 440
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Figure 9.3: PL excitation and emission spectra of CaAl2O4:Eu (1%) annealed
at 900 (blue line), 1000 (red line) and 1100◦C (green line). The excitation
and emission spectra are recorded at an emission wavelength of 440 nm and
an excitation wavelength of 330 nm, respectively.

nm and an excitation wavelength of 330 nm, respectively. There are two
excitation peaks at 255 nm and 330 nm in the spectra. They are due to
transitions from the 4f7 ground state to the crystal field split excited levels
of the 4f65d state of Eu2+ ions [144]. As seen in the figure, we can divide the
emission spectra into two regions. The high energy side is related to divalent
europium emission (transition from 4f65d1 excited state to 4f7 ground state)
while the lower energy side is related to trivalent europium emission which
is explained above (Fig. 9.2b). The emission properties of Eu2+ are easily
affected by the environment, in contrast to those of Eu3+. Therefore, if there
is a little change in the structure of CaAl2O4 with annealing temperature,
this change is likely to be reflected in the emission spectrum of Eu2+. As
observed in Fig. 9.3, the Eu2+ emission spectrum is similar for all annealing
temperatures with maximum at 440 nm (characteristic peak position for
monoclinic CaAl2O4:Eu

2+ [130,135,136]), apart from an additional shoulder
around 390 nm for the higher temperature, again pointing at the formation
of impurity phases. The photoluminescence measurements reveal that the
optimum annealing temperature is 1000◦C although crystalline CaAl2O4 can
be obtained at 900◦C.
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9.2.2 Influence of the Eu concentration

Figure 9.4: XRD spectra of undoped CaAl2O4 and Eu-doped CaAl2O4 an-
nealed at 1000◦C. The reference spectrum for the hexagonal phase is estab-
lished upon [137].

After the determination of the optimum temperature to synthesize CaAl2O4:Eu,
we investigated the optimum doping concentration for Eu at this tempera-
ture. Before the examination of concentration effects on the luminescence
properties, we studied the influence of doping concentration on crystalliza-
tion (Fig. 9.4). As seen in the spectra, no peaks related to impurity phases
are observed. Consequently, these relatively low doping concentrations do
not affect the crystallization.

Figure 9.5 shows the emission spectra of CaAl2O4:Eu annealed at 1000◦C as
a function of europium concentration, the spectra are recorded at an exci-
tation wavelength of 330 nm. Increasing the europium concentration from
1% to 2% results in 3.5 times more intense emission. If we further increase
the doping concentration to 3%, the Eu2+ emission intensity hardly changes,
while that of Eu3+ still increases. This fact shows that an increase in the
europium concentration beyond 2% results in an incorporation of doped eu-
ropium as Eu3+. Therefore the optimum europium concentration is around
2%, as we want to optimize the Eu2+ emission intensity.



Chapter 9. CaAl2O4:Eu
2+,Nd3+ powders 125

Figure 9.5: PL emission spectra of CaAl2O4:Eu annealed at 1000◦C as a
function of europium concentration. The emission spectra are recorded at an
excitation wavelength of 330 nm.

9.2.3 Reduction of Eu3+ to Eu2+

For persistent luminescence applications, the europium dopant has to be
in its divalent state. Clearly, a large fraction of the europium ions is in
a trivalent state after the thermal treatment required to form CaAl2O4.
Different techniques are described in literature to reduce Eu3+ to Eu2+ in
CaAl2O4 with post-annealing under H2/N2 atmosphere being the most com-
monly used [130, 136, 145].

We used two techniques to reduce Eu3+ to Eu2+ in CaAl2O4. The first
one consists of post-annealing under H2/N2 (10%/90%) atmosphere and the
second one is electron beam annealing in vacuum. Different post-annealing
temperatures were tested to obtain only Eu2+ doped CaAl2O4 under H2/N2.

Figure 9.6 presents the relative emission intensity of Eu3+ (red line) and
Eu2+ (blue line) CaAl2O4:Eu (1%) annealed at 1000◦C as a function of post-
annealing temperature under H2/N2. Before post annealing, only 1% of the
total emission intensity belongs to Eu2+ as can be seen in Fig. 9.2b. By
increasing the post-annealing temperature and time this ratio is increased to
65%. This ratio shows we could not achieve reduction of all Eu3+ to Eu2+

under this condition. Moreover, the powder color, which is white before post-
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Figure 9.6: Relative PL emission intensity of Eu3+ (red line) and Eu2+ (blue
line) in CaAl2O4 as a function of post-annealing temperature under H2/N2

for 20 min. The squares represent the post-annealing at 1000◦C under H2/N2

for 60 min. The spectra were recorded at an excitation wavelength of 260
nm.

annealing, turns to gray by post-annealing under H2/N2 and gets darker by
increasing the temperature. A powder with a gray body color is not desirable
for a luminescent material due to the strong absorption of the luminescent
emission. The gray body color is presumably related to removing oxygen
from the material by annealing under H2/N2 atmosphere, although this was
not analytically determined.

The normalized PL emission spectra of CaAl2O4:Eu (1%) annealed at 1000◦C
before (blue line) and after (red line) post-annealing for a few seconds using
electron beam under vacuum is shown in Fig. 9.7. The emission spectra
were recorded at an excitation wavelength of 260 nm which is one of the best
excitation wavelengths to observe Eu3+ emission. As seen in this figure, after
electron beam annealing, the Eu3+ emission peaks are not visible while only
an emission band related to Eu2+ is present in the emission spectrum. This
indicates that all Eu3+ is reduced to Eu2+. In order to investigate the pres-
ence of trace amounts of Eu3+, we excited CaAl2O4:Eu (1%) electron beam
post-annealed powder using an excitation wavelength of 465 nm, which cor-
responds to the 7F0-

5D2 absorption of Eu3+ [184], and as Figs. 9.2a and 9.3
show, it is not possible to excite Eu2+ via this excitation wavelength. This
emission spectrum consists of only noise and it suggest that no Eu3+ remains
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Figure 9.7: Normalized PL emission spectra of CaAl2O4:Eu (1%) annealed
at 1000◦C before (blue line) and after (red line) post-annealing using electron
beam. The emission spectra are recorded at an excitation wavelength of 260
nm.

in CaAl2O4:Eu after electron beam annealing. In contrast with the post an-
nealing under H2/N2 atmosphere, the electron beam post-annealing does not
cause a change of the body color of the powders from white to gray.

The XRD spectra of CaAl2O4 doped with Eu2+ with different concentrations
show the formation of a new phase (Ca12Al14O33) for more than 1% europium
concentration after after post-annealing under H2/N2 atmosphere (Fig. 9.8).
The XRD spectra of the same samples indicate that no extra phase is formed
by doping with europium before post-annealing (Fig. 9.4). However, the
main difference is related to the phase of CaAl2O4. It is hexagonal before
post-annealing (Fig. 9.4), but turns to monoclinic by post-annealing (Fig.
9.8).

We also checked the influence of the Eu2+ concentration on the PL char-
acteristics (Fig. 9.9). The optimum europium concentration is around 2%
before post-annealing, this is changing after post-annealing (Fig. 9.9). The
emission spectra of CaAl2O4:Eu post-annealed as a function of europium con-
centration are indicated in Fig. 9.9. The most intense PL emission belongs
to 1% Eu2+ doped CaAl2O4. Therefore the optimum Eu concentration, as
evaluated by Eu2+ emission intensity only, can be different before and after
post-annealing.
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Figure 9.8: XRD spectra of CaAl2O4 doped with 1%, 2%, and 3% Eu2+ after
post-annealing under H2/N2 atmosphere. The red spectrum indicate the
peak positions and diffraction intensities of monoclinic CaAl2O4 (data from
ICDD file no. 70-0134) and the green triangles represent the peak positions
of Ca12Al14O33 (data from ICDD file no. 09-0413).

Figure 9.9: PL emission spectra of CaAl2O4:Eu
2+ post-annealed as a func-

tion of europium concentration. The emission spectra are recorded at an
excitation wavelength of 330 nm.
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9.3 CaAl2O4:Eu
2+,Nd3+

The reported best co-dopant for CaAl2O4:Eu
2+ is Nd3+ (§5.6) under the con-

sideration of the intensity and the duration of the afterglow. The influence of
Nd3+ as co-dopant on crystal structure, PL characteristics and decay profile
of CaAl2O4:Eu

2+ is studied in this section.

Figure 9.10: XRD spectra of CaAl2O4:Eu
2+,Nd3+ with different Eu2+ and

Nd3+ concentrations annealed at 1000◦C (before post-annealing). The red
spectrum indicates the peak positions and diffraction intensities of hexagonal
CaAl2O4 (data from [137]). The green triangles represent the peak positions
of Ca12Al14O33 (data from ICDD file no. 09-0413) and blue triangles indicate
the peak positions of CaO(Al2O3)2 (data from ICDD file no. 89-3851).

As seen in Fig. 9.10, when the concentrations of both Eu2+ and Nd3+ are
1%, even before post-annealing a CaO(Al2O3)2 phase is detected besides
the main phase (hexagonal). In addition to that, we also observed the for-
mation of Ca12Al14O33 when the Nd3+ concentration is higher than 0.5%.
CaAl2O4:Eu

2+ (0.5%), Nd3+ (0.5%) and CaAl2O4:Eu
2+ (1%), Nd3+ (0.5%)

have pure hexagonal phase.

Figure 9.11 shows the PL emission spectra recorded at an excitation wave-
length of 330 nm of CaAl2O4 doped with 1% Eu2+ and CaAl2O4 doped with
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Figure 9.11: PL emission spectra recorded at an excitation wavelength
of 330 nm of (solid blue line) CaAl2O4:Eu

2+ (1%) and (dashed red line)
CaAl2O4:Eu

2+ (0.5%), Nd3+ (0.5%) after post-annealing.

0.5% Eu2+ and 0.5% Nd3+. After the post-annealing, only Eu2+ emission can
be observed: there is no Eu3+ emission and co-doping with Nd3+ ion does
not affect the emission wavelength or the shape of the emission spectrum.

Comparison between decay profiles for commercial CaAl2O4:Eu
2+, Nd3+ pur-

chased from Glotech (GTP3500A) [185] and CaAl2O4:Eu
2+ (0.5%), Nd3+

(0.5%) is presented in Fig. 9.12. As seen in the figure, for CaAl2O4:Eu
2+

(0.5%), Nd3+ (0.5%) a two-fold overall increase in afterglow intensity is
achieved using the non-aqueous sol-gel technique, in combination with e-
beam annealing.

9.4 Conclusions and perspectives

Aitasalo and colleagues reported that the strongest luminescence in CaAl2O4

is obtained for the monoclinic phase [135]. In the first stage of this study we
examined the minimum synthesizing temperature for crystalline CaAl2O4.
We have successfully synthesized crystalline CaAl2O4 at 900◦C using a non-
aqueous sol-gel method. Doping with rare earths has not affected this tem-
perature. Although crystallization begins at 900◦C, photoluminescence (PL)
measurements indicated that the optimum temperature was 1000◦C. For our
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Figure 9.12: Decay profiles for (blue line) commercial CaAl2O4:Eu
2+, Nd3+

and (red line) CaAl2O4:Eu
2+ (0.5%), Nd3+ (0.5%). Powders were excited at

365 nm for 6 minutes.

synthesis method, it appeared that the largest crystalline fraction consists of
the hexagonal phase, based on the absence of splitting of the diffraction peak
at 35.5◦ (2θ). More information on the phase formation has been derived from
the photoluminescence measurements. The strongest emission peak within
the 5D0-

7F2 transition of Eu3+ lies at 616.5 nm, with a second less-intense
one at 611 nm (Fig. 9.2b). This points at the Eu3+ emission mainly origi-
nating from the monoclinic phase, based on the spectra described in [137].
Also the excitation spectrum for the Eu3+ emission (Fig. 9.2a), with a strong
CT-based excitation band, is typical for the monoclinic phase [137]. In the
low-temperature range, the Eu2+ emission band peaks invariably at 440 nm,
which is characteristic for the monoclinic phase [135]. Hence we can con-
clude that even for heat treatments at relatively low temperature, i.e. 900 to
1000◦C, the monoclinic phase for CaAl2O4 is already obtained to a consid-
erable extent. The absence of the monoclinic phase in the x-ray diffraction
patterns could be due to nano-sized grains, leading to peak broadening, or
due to a limited long-range order of the monoclinic phase.

The Eu doped CaAl2O4 contains Eu
2+ and Eu3+ ions. Using post annealing,

it is possible to reduce Eu3+ to Eu2+. For this purpose, we used two methods:
the first one is post-annealing under H2/N2 (10%/90%) atmosphere and the
second one is electron beam annealing. We could manage to reduce part of
the Eu3+ to Eu2+ via post-annealing under H2/N2 (10%/90%) as judged on
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the integrated PL emission intensity for both valence states. However, this
treatment resulted in gray powders. Using electron beam annealing we have
reduced all Eu3+ to Eu2+ as no emission from Eu3+ could be detected. Ad-
ditionally, the body color of the powders does not change by electron beam
annealing.

Lastly, we have prepared CaAl2O4:Eu
2+, Nd3+. Using Nd3+ as co-doping

ion does not affect the emission wavelength or the shape of the emission
spectrum. When the total doping concentration, combining Eu and Nd, is
higher than 1.5%, extra phase formation is observed. The decay profile of sol-
gel based CaAl2O4:Eu

2+ (0.5%), Nd3+ (0.5%) was compared with commercial
CaAl2O4:Eu

2+, Nd3+. The overall afterglow intensity of the former was twice
as high as the commercially available powder.
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Closing remarks

In this chapter, the original contributions of this research on the protection
of sulfide luminescent particles against atmospheric conditions and relatively
low temperature synthesis of persistent phosphors are summarized.

First, the degradation of CaS:Eu2+ particles in addition to luminescence
properties, which were fabricated using a solvothermal synthesis method,
was investigated to better understand the mechanism of degradation. These
small particles were intentionally selected as a model system, since they are
more sensitive against the atmospheric conditions than most other sulfides.
Under high humidity, in only 18 hours, the PL emission intensity reduces
to half of the initial value. Decomposition of the particles also depends on
the temperature, decomposition rate is increasing with temperature. Only
26% of the PL emission intensity is lost after a heat treatment at 400◦C,
while after annealing at 450 and 500◦C, the PL intensity decreases by 50%
and 79%, respectively. However, performing more than two treatments does
not influence the PL emission intensity anymore due to formation of CaSO4

which covers the CaS surface and acts as a protection layer.

After the decomposition study of the CaS:Eu2+ particles, we explored sol-gel
methods to prepare protection layers. The effect of the sol during coating
was investigated using an Al2O3 sol synthesized by a strong acid and a little
water, and TiO2 sols. It was shown that the CaS:Eu2+ particles decomposed
in seconds in the presence of acid and water. This required the development
of non-aqueous sol-gel synthesis methods without the use of strong acids to
prepare sols to cover the particles’ surface.

Using a non-aqueous sol-gel method, crack free TiO2 thin films with different
thicknesses and porosities and TiO2 powders with different phases were pre-

133
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pared. After this study, TiO2 was used as protection layer. We observed that
the particles lose 50% of intensity by coating. In addition to that, CaS:Eu2+

particles coated with a TiO2 layer decomposed as fast as uncoated particles
at 80◦C and 80% RH. It means that the TiO2 layer did not protect the par-
ticles sufficiently in these conditions. This could be associated with different
properties of the TiO2 layer. Pore structure, crystallity and/or hydrophilic-
ity of the layer may be related to insufficient protection. Although the main
purpose of our study of TiO2 thin films and powders was to assess the perfor-
mance of TiO2 as protection layer, we observed that TiO2 prepared during
this research was not suitable for this application.

Next to TiO2, Al2O3 prepared without strong acids was used as protection
layer. The optical and structural properties of the thin films were studied,
before the performance of Al2O3 as protection layer was evaluated. We pre-
pared thin films with different thicknesses with a maximum porosity of 29%
using a non-aqueous sol-gel method developed in-house. After the coating
with Al2O3, the emission intensity halved. However, the experimental re-
sults underline that the resistance of the phosphor layer against moisture
and high temperature can be improved by coating with an alumina layer.
In addition to the non-aqueous sol-gel technique, atomic layer deposition
(ALD) was used to coat particles with Al2O3. Both techniques offered ex-
cellent resistance against moisture. A post-deposition heat treatment of the
particles is not necessary for ALD coating unlike the sol-gel technique so it
scarcely affects degradation of the particles. Therefore, ALD looks the better
technique to prepare a protection layer for sulfides since it results in higher
luminescence efficiency. Nevertheless, when ALD is compared with sol-gel
techniques, ALD is more expensive as coating technique. Thus, sol-gel based
inorganic coatings are an interesting route for the protection of luminescent
sulfides. As a future work, we can try to decrease the heat treatment tem-
perature.

Finally, we used a non-aqueous sol-gel method to synthesize luminescent
materials. We prepared CaAl2O4:Eu

2+, Nd3+ which is a well know violet
persistent luminescent material. In order to find the optimum conditions for
this material, we prepared it in three stages. In the first one, we identified the
optimum preparation temperature for CaAl2O4:Eu. This was 1000

◦C which
is lower than the previously reported minimum temperature. CaAl2O4:Eu
contains Eu3+ and Eu2+ ions, however only Eu2+ ions are responsible for the
persistent luminescence. We used two methods to reduce the Eu3+ to Eu2+,
namely, post-annealing under H2/N2 (10%/90%) atmosphere and electron
beam annealing. We managed to reduce all Eu3+ to Eu2+ using the latter
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type of annealing. In the last stage Nd3+ was incorporated in CaAl2O4:Eu
2+

to prolong and intensify the afterglow. Neither the emission wavelength nor
the shape of the emission spectrum changed by using Nd3+ as co-doping.
Lastly, the decay profile of CaAl2O4:Eu

2+ (0.5%), Nd3+ (0.5%) was com-
pared to commercially available CaAl2O4:Eu

2+, Nd3+. Our sol-gel based
CaAl2O4:Eu

2+ (0.5%), Nd3+ (0.5%) showed an afterglow intensity which was
twice as high.

Sol-gel based processes have a broad application area and this research un-
derlines that it can be used to coat moisture sensitive materials like sulfides.
The same protection quality can be obtained by using sol-gel method as with
ALD. Furthermore, it offers cheap and simple protection. However, there are
two main issues limiting the application of sol-gel for protection coatings of
sulfides. The first one is annealing temperature after coating and the second
one is porosity. If annealing temperature can be reduced, this significantly
limits the degradation of particles during annealing. It is also very important
to control the porosity, to not allow moisture to reach the particles through
the pores.



136 Chapter 10. Closing remarks



Chapter 11

List of publications

11.1 Publications directly related to this re-

search

• N. Avci, K. Korthout, M. A. Newton, P. F. Smet, D. Poelman
Valence states of europium in CaAl2O4:Eu phosphors
Opt. Mater. Express, Accepted, 2012

• N. Avci, P. F. Smet, J. Lauwaert, H. Vrielinck, D. Poelman
Optical and structural properties of aluminium oxide thin films by non-
aqueous sol-gel techniques
J. Sol-Gel Sci. Technol., 59:327-333, 2011

• N. Avci, I. Cimieri, P. F. Smet, D. Poelman
Stability improvement of moisture sensitive CaS:Eu2+ micro-particles
by coating with sol-gel alumina
Opt. Mater., 33:1032-1035, 2011

• N. Avci, J. Musschoot, P. F. Smet, K. Korthout, A. Avci, C. Detav-
ernier, D. Poelman
Microencapsulation of moisture-sensitive CaS:Eu2+ particles with alu-
minum oxide
J. Electrochem. Soc., 156:J333-J337, 2009

• N. Avci, P. F. Smet, H. Poelman, N. Van de Velde, K. De Buysser, I.
Van Driessche, D. Poelman
Characterization of TiO2 powders and thin films prepared by non-
aqueous sol-gel techniques
J. Sol-Gel Sci. Technol., 52: 424-431, 2009

137



138 Chapter 11. List of publications

11.2 Other publications

• M. Arin, P. Lommens, N. Avci, S. C. Hopkins, K. De Buysser, I. M.
Arabatzis, I. Fasaki, D. Poelman, I. Van Driessche
Ink-jet printing of TiO2 films from water based sol-gel precursors
J. European Ceram. Soc., 31:1067-1074, 2011

• D. Poelman, N. Avci, P. F. Smet
Measured luminance and visual appearance of multi-color persistent
phosphors
Opt. Express, 17:358-364, 2009

• P. F. Smet, N. Avci, D. Poelman
Red persistent luminescence in Ca2SiS4:Eu,Nd
J. Electrochem. Soc. ,156:H243-H248, 2009

• P. F. Smet, N. Avci, B. Loos, J. E. Van Haecke, D. Poelman
Structure and photoluminescence of (Ca, Eu)2SiS4 powders
J. Phys.-Condes. Matter, 19:246223, 2007

11.3 International conference contributions

• N. Avci, P. F. Smet, D. Poelman
Improvement on CaAl2O4:Eu

2+,Nd3+: lower temperature synthesis,
longer afterglow duration
Phosphoros International Workshop on Persistent Phosphors, 19-20
Sept. 2011, Ghent, Belgium.

• N. Avci, P. F. Smet, D. Poelman
Non-aqueous sol-gel synthesis of CaAl2O4:Eu
Advanced Complex Inorganic Nano-materials (ACIN 2011), 11-14 Sept.
2011, Namur, Belgium.

• D. Poelman, A. Parmentier, K. Korthout, K. Van den Eeckhout, N.
Avci, I. Cimieri, J. Botterman, P. F. Smet
New classes of phosphors for emerging lighting applications
15th International Workshop on Inorganic and Organic Electrolumines-
cence, 2010 International Conference on the Science and Technology
of Emissive Displays and Lighting, and XVIII Advanced Display Tech-
nologies International Symposium (EL 2010) , 27 Sept.-01 Oct. 2010,
St. Petersburg, Russia.



Chapter 11. List of publications 139

• I. Cimieri, H. Poelman, N. Avci, D. Poelman
Sol-gel preparation of pure and doped TiO2 films for photocatalytic
oxidation of ethanol on air
Air Pollution Abatement Catalysis, 2nd International Symposium, 8-11
Sept. 2010, Cracow, Poland.

• P. F. Smet, N. Avci, D. Poelman
Stability improvement of luminescence CaS:Eu particles by encapsula-
tion
E-MRS 2010 Spring Meeting, 7-11 June 2010, Strasbourg, France.

• P. F. Smet, K. Korthout, A. Parmentier, N. Avci, D. Poelman
Rare earth doped sulfides as colour conversion phosphors: an overview
and new candidates
3rd International Workshop on Photoluminescence in Rare Earths: Pho-
tonic Materials and Devices (PRE’10), 28-30 Apr. 2010, Florence, Italy.

• N. Avci, P. F. Smet, K. De Buysser, I. Van Driessche, S. Hoste, D.
Poelman
Synthesis and photoluminescence characteristics of Al2O3 thin films
doped with (Ca,Sr)S:Eu2+

14th International Workshop on Inorganic and Organic Electrolumines-
cence, and 2008 International Conference on the Science and Technol-
ogy of Emissive Displays and Lighting, 9-12 Sept. 2008, Rome, Italy.

• P. F. Smet, N. Avci, D. Poelman
Morphology and luminescence of solvothermally deposited (Ca,Sr)S:Eu2+

thin films
14th International Workshop on Inorganic and Organic Electrolumines-
cence , and 2008 International Conference on the Science and Technol-
ogy of Emissive Displays and Lighting, 9-12 Sept. 2008, Rome, Italy.

• D. Poelman, K. Rijpstra, N. Avci, A. Samaneh, P. F. Smet
Spectral design consideration for multi-colour persistent phosphors
14th International Workshop on Inorganic and Organic Electrolumines-
cence , and 2008 International Conference on the Science and Technol-
ogy of Emissive Displays and Lighting, 9-12 Sept. 2008, Rome, Italy.

• K. De Buysser, I. Van Driessche, N. Avci, P. F. Smet, D. Poelman,
T. Vander Hoogerstraete, M. Cuadradogil, J. Schaubroeck, S. Hoste
Soft chemistry: Low temperature synthesis and bio-templating
6th International Mesostructured Materials Symposium (IMMS), 8-11
Sept. 2008, Namur, Belgium.



140 Chapter 11. List of publications

• N. Avci, P. F. Smet, D. Poelman
Synthesis and photoluminescence characteristics of Al2O3 thin films
doped with (Ca,Sr)S:Eu2+

15th International Conference on Luminescence and Optical Spectroscopy
of Condensed Matter (ICL’08), 7-11 July 2008, Lyon, France.

• P. F. Smet, N. Avci, D. Poelman
Red persistent luminescence in rare-earth codoped Ca2SiS4:Eu

2+

15th International Conference on Luminescence and Optical Spectroscopy
of Condensed Matter (ICL’08), 7-11 July 2008, Lyon, France.

• K. De Buysser, I. Van Driessche, N. Avci, P. F. Smet, D. Poelman,
T. Vander Hoogerstraete, M. Cuadradogil, J. Schaubroeck, S. Hoste,
Soft chemistry: bio-templating of Al2O3

2nd International Conference on Ceramics, 29 June-04 July 2008, Verona,
Italy.

• D. Poelman, J. E. Van Haecke, N. Avci, P. F. Smet
Advances in sulfide phosphors for wavelength conversion in LEDs
The 4th International Symposium on Display and Lighting Phosphor
Materials (ISDLPM’07), 08 Dec. 2007, Tokyo, Japan.

• N. Doner, B. Loos, P. F. Smet, J. E. Van Haecke, E. Michelena, D.
Poelman
Radiative properties of Ca2SiS4:Eu powder
13th International Workshop on Inorganic and Organic Electrolumines-
cence, and 2006 International Conference on the Science and Technol-
ogy of Emissive Displays and Lighting, 18-22 Sept. 2006, Jeju Island,
Korea.

• P. F. Smet, N. Doner, B. Loos, J. E. Van Haecke, D. Poelman
Correlating structural and photoluminescent properties of (Ca,Eu)2SiS4

phosphors
E-MRS 2007 Spring Meeting, 28 May-01 June 2007, Strasbourg, France.

11.4 Other contributions

• N. Doner, B. Loos, P. F. Smet, J. E. Van Haecke, E. Michelena, D.
Poelman
Synthesis and characterization of luminescent Ca2SiS4:Eu powder
Joint Annual Scientific Meeting of the Dutch and the Belgian Physical
Society (Fysica 2006), 28 Apr. 2006, Leiden, The Netherlands.



Chapter 12

Nederlandstalige samenvatting

Luminescente materialen zijn alomtegenwoordig in de moderne maatschappij:
we vinden ze in fluorescentielampen, veiligheidssignalisatie en beeldschermen,
in witte LED’s met een hoog rendement, en ze worden recent ook toegepast
in de medische beeldvorming. De meeste dergelijke materialen (ook fosfors
genoemd) zijn anorganische halfgeleiders, gedoteerd met onzuiverheidsionen
- vaak zeldzame aarden (lanthaniden) - van waaruit de lichtemissie gebeurt.
Deze halfgeleiders moeten een grote verboden zone bezitten (anders zijn ze
niet transparant voor het opgewekte licht) en geschikt zijn voor de substitu-
tionele inbouw van de zeldzame aarden.

Wanneer de optische transities binnen de onzuiverheidsionen sterk bëınvloed
worden door het omringende rooster, dan is het de combinatie van de en-
ergieniveaus van het lanthanide-ion én zijn interacties met het rooster die de
uiteindelijke golflengte en dus ook de kleur van de emissie bepaalt. Een van
de meest gebruikte zeldzame aarden voor luminescente toepassingen is eu-
ropium. In driewaardige toestand (Eu3+) vertoont het scherpe emissiepieken
ten gevolge van f-f transities in het rode gebied van het spectrum, terwijl
Eu2+ een breedbandemissie heeft, perfect geschikt voor verlichtingstoepassin-
gen met een goede kleurweergave. Door de keuze van een geschikt gastrooster
kan de emissie van Eu2+ verschoven worden over vrijwel het volledige zicht-
bare gebied; specifiek in het rode gebied is de keuze aan mogelijke gastroost-
ers schaars, en een van de beste kandidaten is hier CaS. Hoewel CaS:Eu een
uitstekende rode fosfor is, heeft het materiaal als belangrijk nadeel dat het
(zoals veel sulfides) erg vochtgevoelig is. Dit effect zorgt ervoor dat CaS:Eu
moeilijk kan toegepast worden in ”real world” toepassingen, tenzij de fos-
fordeeltjes beschermd worden tegen de atmosfeer.

Het onderzoek van dit doctoraatsproefschrift had tot doel de mogelijkheden
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van sol-gel synthese van anorganische materialen te onderzoeken voor lu-
minescente toepassingen. Deze techniek is naar toepassingen toe bijzonder
aantrekkelijk, omdat zowel poeders als dunne filmen kunnen worden gepro-
duceerd met een uitstekende homogeniteit; de samenstellende componenten
worden immers in oplossing gebracht, zodat er homogeniteit op moleculaire
schaal ontstaat. Bovendien kan bij sol-gelsyntheses vaak gewerkt worden bij
lage temperatuur, en is er geen vacuüm nodig bij de depositie van dunne
lagen.

In het eerste en grootste deel van dit proefschrift wordt onderzocht op welke
manier luminescente CaS:Eu deeltjes tegen luchtvochtigheid kunnen worden
beschermd via depositie van sol-gel lagen. Het eerste materiaal dat hiervoor
werd gebruikt is TiO2. Titaandioxide is een materiaal dat vrij eenvoudig
met een dergelijke synthese in dunne-filmvorm kan worden gebracht. In het
huidig werk moest echter specifiek gewerkt worden met een minder gebruike-
lijke watervrije sol-gel synthese; de aanwezigheid van water in de oplossing
zou de luminescente deeltjes immers zeer snel doen degraderen. Verschil-
lende types TiO2 dunne filmen werden afgezet, en gekarakteriseerd op hun
structurele en optische eigenschappen. Voor het testen van de degradatie
van de luminescente deeltjes werd een opstelling ontwikkeld waarmee in-situ
de luminescentie kon worden gemeten tijdens een versnelde veroudering bij
hoge temperatuur en hoge vochtigheidgraad. Hoewel TiO2-lagen met uitste-
kende fysische eigenschappen bekomen werden, boden deze niet of nauwelijks
bescherming tegen degradatie, vermoedelijk omwille van een combinatie van
de porositeit van de lagen en hun kristalliniteit en superhydrofiliciteit.

Daarnaast werden Al2O3-lagen met een watervrije sol-gel synthese aange-
maakt. Dergelijke lagen werden na karakterisatie getest op hun bescher-
mende eigenschappen, dit keer met een uitstekend resultaat: de levensduur
van de CaS:Eu deeltjes in vochtige en warme condities kon met verschillende
grootteordes worden verbeterd. Ter vergelijking werden de deeltjes ook indi-
vidueel gecoat met behulp van ALD (atomaire laagdepositie), een techniek
die toelaat zeer dichte en defectvrije lagen te groeien. De resultaten van
beide technieken (sol-gel en ALD) lagen zeer dicht bij elkaar, wat de po-
tentiële waarde van sol-gelsynthese als snelle en goedkope depositietechniek
illustreert.

In het tweede deel van het werk werd nagegaan of met behulp van sol-
geltechnieken zeldzame-aardgedoteerde luminescente materialen konden wor-
den geproduceerd. Hierbij werd gekozen voor CaAl2O4:Eu, een interessant
fosformateriaal, dat echter hoge procestemperaturen vereist voor de aan-
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maak. Dank zij de ervaring met de eerder gesynthetiseerde materialen kon
er op zeer korte termijn een techniek ontwikkeld worden voor de produc-
tie van CaAl2O4:Eu poederfosfors. De vereiste temperatuur bleek boven-
dien enkele honderden graden lager te liggen dan de gepubliceerde waarden
(waarbij gebruik gemaakt werd van traditionele methodes zoals vastestofreac-
ties). Na synthese vertoonden de CaAl2O4:Eu poeders echter vrijwel enkel de
karakteristieke lijnemissie van Eu3+. Daarom werden verschillende nabehan-
delingsprocedures uitgetest voor de reductie van Eu3+ tot Eu2+. Zowel een
nabehandeling in N2/H2 als een elektronenbundelbestraling in vacuüm bleken
hiervoor succesvol.

Tijdens bijkomend onderzoek werd getracht de CaAl2O4:Eu poeders persis-
tent luminescent te maken door codotering met Nd3+. Dit CaAl2O4:Eu,Nd
is een van de meest performante persistent luminescente materialen, met
een nalichtingstijd na excitatie van enkele tientallen uren. Met de geopti-
maliseerde synthesemethode, gecombineerd met elektronenbundelbestraling,
werden fosfors bekomen met een lichtopbrengst die het dubbele is van de
huidig beschikbare commerciële producten.
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