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INTRODUCTION

One of the key areas where many technological advances are achieved is
related to the use of electromagnetic radiation, i.e. materials or technical
systems that interact with light. Such materials range from light emitting
diodes (LEDs) for general and special lighting purposes, security inks used to
prevent counterfeiting of valuables such as banknotes, to more scientific ones
in detector devices or optical sensors [1-3].

Some of the most common light-based detectors are used in computerized
detection devices for medical imaging of the human body, such as CT
(computed tomography) or PET (positron emission tomography). These
devices are based on the conversion of high-energy radiation, such as gamma
rays or X-rays, into visible light. The materials that perform this conversion
are commonly referred to as scintillators [4,5]. Improving the quality of
scintillators is particularly important in the production of high-quality
detectors. The improvement and then the usage of such detectors would allow
for much more accurate and reliable information obtained during the analysis.
The main way to achieve this is to discover new compounds or to improve
well known structures that fit all the relevant requirements raised for these
materials: high-thermal stability, high-density, high-emission intensities, and
good excitation properties (especially when it comes to excitation with high-
energy radiation) [6-8]. A high-quantum yield value is also relatively
important. Nevertheless, the majority of scientific attention has been directed
towards the adjustments and improvements in the decay time. This is due to
the fact that for scintillators, the shortest possible decay time is currently a key
priority. It is the duration of the decay time that is one of the limitations of
scintillators that is being attempted to be solved. A reduction in decay time
will result in an increase in the number of signals captured by the device
during a given period. This will lead to an improvement in image quality and
energy resolution, thereby enhancing the reliability of the detector system
[9,10].

An almost ideal matrix for scintillators is deemed to be a class of inorganic
garnet oxides. In particular, a lot of attention is paid to cerium doped yttrium
aluminum and lutetium aluminum garnets (YAG:Ce; LuAG:Ce). The
aforementioned garnets fit all of the prerequisites needed for a good
scintillator, including relatively high-density. Furthermore, the mentioned
garnets have excellent decay times in the nano-second range, which is one of
their key properties making them so desirable [8,11,12].

Despite the already rapid decay processes observed in Ce** based garnets,
there is a continued need to further enhance the properties of these
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compounds. One of the ways to reach this is to change their elemental
composition. Compounds can be doped/substituted by replacing one ion with
another, thus producing changes in structural, morphological, and luminescent
properties. There have been numerous studies performed on the doping effect
of various ions (for example Ga**, Ca?*, or In*"). However, based on current
data the obtained improvements are still not enough. Recently, boron doping
has been shown to provide significant benefits for the luminescence properties
of garnet. Boric acid, which can be used for the synthesis has a low
melting/decomposition point (170 °C), therefore it not only acts as a boron
source, but also as a flux. The dual nature of boron allows to improve the
emission, excitation properties, the increase quantum efficiency values of the
garnets while also allowing for a reduction in decay times [9,13,14]. The
aforementioned factors make boron ions an excellent dopant that can improve
the required properties of scintillators, especially in terms of
photoluminescence and radioluminescence emission and decay. It is important
to note that there is a paucity of information on the subject of boron doping
strategies.

While boron provides an immense improvement in the luminescent
character of garnets additional doping may also be used. In order to find out
the benefits of co-doping with boron ions systematic analysis in this work was
performed not only for the most popular YAG:Ce and LuAG:Ce compounds
but also for numerous other garnet compounds. The investigated compounds
included mixed Y/Lu garnets, as well as Gd based aluminum garnets. The
chemical composition of the aforementioned initial garnets was even further
modified with magnesium and scandium in hopes that it may potentially lead
to the improvement of optical properties [15]. Along with cerium, garnets
doped with trivalent praseodymium are also often used as scintillators, mainly
due to the fact that these garnets have an even shorter decay time than cerium
doped compounds [16]. Due to the short nature of Pr’" garnet-based decay
times, they were also investigated in this work alongside the Ce*" based ones.

In this work, in addition to the luminescent properties required for
scintillators, structural and morphological properties were also investigated.
Furthermore, although powder samples are popular for investigating various
properties, their form may not be suitable for many practical applications. For
this reason, a group of the analyzed compounds were also prepared and
investigated in the form of ceramics and thin films on quartz and sapphire
substrates.
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The objective of this dissertation is to synthesize and characterize inorganic
oxides with a garnet structure that would exhibit the optimal properties
required for scintillators, with particular emphasis on a short decay time.

The following tasks were formulated for the dissertation:

1. To prepare powder, thin film, and ceramic forms of garnet structure
compounds based on Y*'/Lu**/Gd** and AI’* and further doped with
cerium (Ce*") or praseodymium (Pr**) and co-doped with boron (B*"),
magnesium (Mg**) or scandium (Sc**) ions by aqueous sol-gel synthesis
method,

2. To study the structural and morphological properties of the synthesized
compounds in order to determine the purity, crystal structure, and
elemental composition of garnet and the particle shape and size of the
obtained compounds,

3. To study the optical properties, especially decay times, of garnets in order
to determine their potential for scintillator applications.

The novelty and importance of the work are as follows:

In order to obtain the requisite properties for use as scintillators, cerium or
praseodymium doped garnets have been synthesized. In addition, the garnets
were doped with boron, magnesium, or scandium ions.

For the first time, garnet structures powders containing boron and
scandium ions were synthesized. Boron and cerium doped garnets thin films,
and ceramic forms were also prepared for the first time. Compounds with
novel elemental compositions exhibited superior luminescent properties as
compared to garnets that do not contain boron ions. The main differences were
observed in both radioluminescence and photoluminescence emission
intensity, quantum efficiency values, and most importantly, a reduction in the
decay process.

The key statements for defenses:

1. The aqueous sol-gel synthesis method can be used to manufacture
successfully get single phase compounds with a garnet structure
compositions which are doped with Ce**, Pr**, B3, Sc**, and/or Mg
ions,

2. Doping of garnet with B> ions improves the optical properties of garnet.
It increases radioluminescence and photoluminescence emission
intensity, quantum efficiency values, and shortens decay time,

3. The form of the garnet compounds (powder, coatings, ceramics) has an
important influence on the emission intensity and decay time values,

12



4. Lutetium aluminum garnets doped with praseodymium and boron exhibit
shorter decay times than cerium doped yttrium and gadolinium aluminum
garnets compositions.
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1. LITERATURE OVERVIEW
1.1. The Phenomena of Luminescence

The term luminescence has been used since 1888, when it was first mentioned
by German physicist Eilhard Wiedemann. It was then defined as “cold light”,
which is obtained from energy sources other than the usually created light.
This light can be emitted at room or lower temperatures and does not require
high temperatures the way conventional light sources do [17,18]. Currently,
the term luminescence is used to define the processes that occur when a
material emits visible light, after being excited by a secondary source, such as
ultraviolet light (UV), X-rays or even a chemical reaction [19]. In terms of
electromagnetic induced luminescence, the processes can be divided into
several stages. The aforementioned stages and the entire process itself can be
explained with Jablonski diagram, shown in Figure 1 [20]. Firstly, the
optically active ion absorbs X-ray, UV, VUV (Vacuum Ultraviolet Light), IR
(Infrared Light), or visible light and electron goes from a stable ground state
to an excited one [21-23]. During excitation, an electron moves from a lower
energy level to a higher energy level. This transition is represented by a green
arrow in the Jablonski diagram. Subsequently, some of the energy is released
as heat via lattice vibrations or so-called phonons, causing the electron
transition from S; to S; level. Finally, when the electron returns from the
excited state to the ground state (So), it emits a photon [20,24—26]. The energy
difference between the absorbed and emitted photons is referred to as the
Stokes shift. In most cases, the emitted light has a longer wavelength than the
absorbed light. The number of possible states to which an electron can be
excited depends on the electronic configuration of the atom. When the
electronic configurations of atoms are [Xe]4f", and the number of electrons in
the element ion (n) ranges from 0 to 14, the theoretical number of microstates
can be calculated using the formula 14!/(n!(14-n)!). For instance, Gd** ion has
a total of 3432 different states [27—29].
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Figure 1. Fluorescence and phosphorescence fragment of Jablonski diagram.
The figure is adapted from [26]

1.1.1. Photoluminescence and Radioluminescence

Luminescence can be classified into several distinct categories (Figure 2)
based on the excitation source or type. For illustrative purposes,
bioluminescence is caused by living organisms undergoing chemical
reactions, cathodoluminescence is caused by an electron beam and thermally
stimulated luminescence is called thermoluminescence. It is noteworthy that
while each type of luminescence is fundamentally distinct, each plays a crucial
role in different scientific fields. Nevertheless, photoluminescence and
radioluminescence types have attracted an incredible amount of attention due
to their applications in the everyday human environment [17,30-34].
Photoluminescence (PL) can be described as emission of light that occurs
when electromagnetic radiation excites a substance. The excited electron
eventually decays and then returns to their ground state (as depicted in the
fragment of Jablonski diagram in Figure 1). The light that is emitted during
radiative relaxation is commonly referred to as photoluminescence [35-37].
Depending on the decay time (the time it takes for the electron to return from
excited to the ground state) photoluminescence can be further subdivided into
fluorescence (fast time t < 10®s) and phosphorescence (long time T > 107 s),
referring to the process of light emission. Photoluminescence as a process is
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characterized not only by emission intensity but also by other parameters, such
as decay time (time after which the phosphor stops emitting) and quantum
efficiency (the ratio of absorbed and emitted photons) [38—41].

During the fluorescence process, materials are usually excited with
ultraviolet light [42]. The entire process is very fast and the excited electrons
quickly return to their ground state, which is why such materials stop emitting
light rather quickly when the excitation source is turned off. Fluorescence is
particularly important when it comes to the application of compounds in the
LED and detector manufacturing industries [43,44].

As opposed to fluorescence, phosphorescence does not re-emit the
absorbed radiation immediately as seen in Figure 1. Instead, the electrons
undergo further intercombination transition to triplet state. The energy is then
emitted during the transition from T; (excited triplet state) to S, (ground
singlet state). When the excitation source is removed, emission still continues
for a substantial amount of time, as the emission process form triplet to ground
state is much slower. It can be summarized that a phosphorescent material will
glow by absorbing light of a shorter wavelength and emitting it at a longer
wavelength, similarly as during fluorescence, however at a much slower pace
[45—47]. Most phosphorescent materials are used in medicine as markers as
well as in part of safety signs, house interior items or various paints [48,49].

Radioluminescence is similar to photoluminescence, however in this case
X-rays or gamma rays are used as an excitation source. The material is
bombarded with high-energy radiation and then emits visible lights [50,51].
This type of luminescence is particularly important and is used in high-energy
radiation detectors that consist of scintillating materials. Such detectors are
used in computer tomography, magnetic resonance, and X-ray inspection
devices. Short wavelengths also was used for photodynamic therapy,
radiological and radionuclide imaging [52,53].

Radioluminescence
Flourescence

Photoluminescence

Phosphorescence

Electroluminescence

[ Luminescence |
\ J

Chemoluminescence

Bioluminescence
Thermoluminescence

Figure 2. Different types of luminescence.
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1.1.2. The Influence of Lanthanides on the Luminescence Process

Lanthanide luminescence serves as a fundamental component in a wide range
of applications, including but not limited to lighting, luminescent molecular
thermometers, lasers, optical medical imaging, security marking and
barcoding. Electronic levels of lanthanide luminescence are generated from
different electronic configurations, according to the previously mentioned
formula [54-58]. Most of the trivalent lanthanides Ln®" are used as
luminescent activator ions. In essence, they are characterized by electron
transitions between [Xe]4f> — [Xe]4f> (f-f) orbitals, but there are cases, such
as trivalent cerium/praseodymium or divalent europium, whose electron
transitions occur between [Xe]4f2 — [Xe]4f'5d! (f-d) orbitals as well. Electron
transitions, depending on the probability of their occurrence, can be allowed
or forbidden. The f-d transitions are allowed, resulting in a broad, single
emission band. In contrast, f-f transitions are forbidden, and observing this
emission spectrum will show many peaked bands at a wider range of band
lengths [59]. The possible electron transitions of lanthanides are often
displayed in the so-called Dieke diagram [60]. This diagram shows how many
excited states each lanthanide can have. Also, whether if electron transitions
take place between f-f or f-d orbitals [61,62]. A small fragment of the Dieke
diagram in Figure 3 shows the electron transitions of praseodymium Pr** and
cerium Ce**, that were used the most in this work [63].

a) Praseodymium (Pr3*) b) Cerium (Ce?)
2 F
415d(2) —_—2
5d1 ‘\Q"_
:NR 2Dy A%
essar) T
E \
o £ @ £
_ 3P0 3 g = g
4 IS S ©
E é = v!c
o c Frp 2 -
42 =] o = -
N & g ) =
2F512
Hy o ey =

Figure 3. Prasecodymium (a) and cerium (b) electron transitions in the
fragment of Dieke diagrams. The figure is adapted from [63].
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Trivalent praseodymium ions are stimulated through emission process,
where a diode laser with a wavelength of 488.25 nm is used for excitation
[64,65]. Upon excitation, the first step involves a spectrally narrow forbidden
4f-4f transition from the ground *Hy to the excited °Py state. In the Py state,
the electron absorbs another photon, so it can go back to another 4f5d (2)
excited state. Due to the resulting non-radiative decay, the electron moves to
a lower energy level 4f5d (1) (therefore, not only forbidden f-f transitions, but
also allowed f-d transitions are observed in praseodymium ions spectra)
[66,67]. From this state, the electron returns to the ground *Hy state. As a result
of these transitions, the Pr’" emission spectrum contains emission peaks
throughout the visible light region from 290 nm to 760 nm [68,69].

Trivalent cerium ions only exhibit an allowed f-d electron transition
between the ground level 4f! orbital, to the lowest energy 5d' orbital by
exciting electron with a 450 nm laser [70-72]. In the case of Ce*" ions, the
emission band profile depends on the temperature. In the low temperatures
cerium ions emission band split into the two parts which are attributed to
interconfigurational transitions between states of the [Xe]5d! and the [Xe]4f!
configuration, while the latter is composed of the spin-orbit split 2Fs,» and 2F7»
ground state terms. In the higher temperatures emission bands overlaps and
only an intense single emission band of Ce*" ions is observed in the 491—
630 nm spectral window which results from a return to the lowest 4f' orbital
[73-75].

1.1.3. Inorganic Luminescent Phosphors

Almost all good quality inorganic phosphors are composed of a crystalline
“host material* and a small amount of activator ion. Activator ions are usually
impurities, additional ions added to the compound. They absorb energy and
emit an electron causing an emission process [76]. As mentioned earlier, the
most common activators ions in the inorganics compounds are various
lanthanides and their pairs [77]. Activators are responsible for the
luminescence process in the inorganic matrix. Depending on the activator and
its amount, the compounds can have different properties and
emission/excitation wavelengths. For instance, if cerium Ce*" ion is used as an
activator in the compound, then the emission will be visible in the spectrum
at a wavelength of 491-630 nm, and if europium Eu*"ion — the main emission
lines will be at a wavelength of 575-635 nm and 715-720 nm [78-82].
However, the host materials are also particularly important in the
luminescence process. By changing the inorganic matrix, emission can be
further modified, by either introducing shifting of the wavelengths or even by
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regulating the intensity of certain transitions. One example of such a change
can be observed when a compound is doped with prascodymium. When
doping lutetium aluminum garnet with praseodymium (LuAG:Pr), an intense
emission band at 300460 nm is visible, which is attributed to [Xe]4f> —
[Xe]4f'5d! emission. However, the [Xe]4f2 — [Xe]4f? electron transition is
also observed. Meanwhile after slightly modifying the inorganic matrix and
replacing lutetium (Lu**) with gadolinium (Gd*"), the allowed f-d transition is
quenched and there is no emission in the higher energy range. Only the [Xe]4f
— [Xe]4f electron transition peaks are observed [83-86].

The biggest advantage of inorganic phosphors as compared to others (e.g.,
organics) is their high stability, durability and thermal resistance thus
explaining their particular popularity and their wide applicability in various
fields [87-89]. The most commonly used inorganic host materials are various
oxides (Y3Als012, LayOs), silicates (Mg>SiO4, CaszAl>Siz012), phosphates
(LaPQy4, Ca,P,07), borates (YBO3, YAI:B4012), aluminates (Y AlO3, CaAl,O4)
amongst others. Each compound can be doped with different lanthanides like
Ce*, Eu*’, Pr’* or Dy*" to produce a material that emits at a specific
wavelength depending on the needed application [90-94].

1.2. Garnet Structure Materials

Inorganic garnets as abrasives have been used for thousands of years however,
using X-ray diffraction analysis, their crystal structure was first identified only
in 1920 [95,96]. Meanwhile, the first synthetic garnets were synthesized in
1928. Additionally, at that time, Menzers scientific group identified that all
garnet compounds also have the same crystal structure with Ia3d space group.
This space group belongs to the cubic crystal symmetry group with in this case
a body centered variant, and as previously mentioned, even now all of the
prepared synthetic or natural garnets possess this structure [75,97]. The cubic
crystal structure of garnet compounds can be defined by formula
(A)3(B1)2(B2)3(X)12. In this formula, A is often a rare earth element, but other
larger elements are often present in this position. The B; and B, positions
usually contain aluminum, silicon, gallium or other relatively small cations. X
refers to oxygen ions in the lattice. The A, By and B; sites are coordinated by
eight, six, and four oxygen ions to form dodecahedral (Wyckoff position 24¢
—1/8,0,1/4), octahedral (16a — 0,0,0), and tetrahedral (24d — 3/8,0,1/4) sites,
respectively. It should be emphasized that quite often even the same type of
ion can occupy B1 and B2 sites that have different oxygen coordination [98].
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The garnet crystal structure is rather flexible and allows for a substantial
number of elemental compositions and thus a wide variety of properties. It is
a relatively large lattice, it is relatively large lattice, containing 160 atoms. As
in all cubic lattices, the unit cell parameter a = b = ¢ and can vary drastically
depending on the chemical compounds, for Y3AlsO1; it is around 12.000 A,
meanwhile for Y3FesO1,

a =12.376 A [99]. The visual representation structure of garnet can be also
found in Figure 4. The figure highlights the crystal lattice of praseodymium
doped gadolinium aluminum scandium garnet, visualized from data obtained
after Rietveld refinement performed on samples analyzed in this thesis. The
coordination polyhedral forming the crystal lattice are also displayed
separately on the right side of the figure. The dodecahedral formed by the rare
earth element (Gd*") in the center and coordinating oxygen atoms can be seen
marked in green color. The aluminum and scandium octahedra and tetrahedra
are visible in blue.
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Figure 4. Crystal structure of gadolinium garnets: Cubic unit cell; Local
polyhedral environment experienced by AI** (By, B2), Sc** (B4, B2) and Gd**
(A) ions from their neighboring oxygen ions.

1.2.1. Garnet Matrix Modification with Lanthanides

Due to the aforementioned ability of the garnet matrix to accommodate
numerous ions it is a relatively popular matrix used for modifications [100].
Depending on the methods used during the synthesis, it is quite easy to work
with such compounds and dope them with other elements. This is because
various water soluble nitrates and oxides are used for synthesis, especially if
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aqueous sol-gel synthesis is used [101]. In most cases, the main matrix of
garnet is replaced by various lanthanides. Quite often the element in the A
position will be changed in order to achieve the desired properties. Some of
the popular dopants include: Ce**, Pr**, Eu**, Nd**, Yb*" and other Ln*" ions.
However, excessive amounts of lanthanides cannot be inserted into the matrix.
This is because concentration quenching can occur if there are too many
activator ions. During such quenching, electron transitions take place between
the activator ions themselves, as a result of which the intensity of the emission
is strongly reduced. For this reason, only the optimum amount of activator
ions should always be used [102—105].

Furthermore, not only the quantity and the nature of the ion, but also its
local environment is important for compounds applications. In particular, as
previously mentioned, garnet structure has 3 distinct positions for atoms with
coordination numbers of 8, 6, and 4. The different coordination geometry in
these positions results in different size spaces that accommodate the ions, thus
limiting or preferring certain sized ones. Additionally, the crystal splitting
energy is also dependent on the geometry of the aforementioned coordination,
thus influencing its luminescence properties by modulating the energy levels.
As such, not only the ion and its concentration but also the understanding of
the lattice position it is in and the coordination of it are important for getting
a clear picture of the luminescent behavior [82,104,106].

Our work focuses on structural modifications of yttrium, lutetium and
gadolinium aluminum garnets Y3AlsO12 (YAG); LuzAlsO2 (LuAG);
Gd;Als012 (GAAG). The aforementioned garnets are near perfect materials for
further modifications, due to their excellent physical properties [107].
Although this process is not complicated, not all modifications are possible,
as not all elements are suitable for doping in the respective structures.
Structural modification is usually divided into two similar groups: doping,
when a small amount of one element is replaced by another, and substitution,
when the existing lattice element is replaced by a large amount of another
element [108,109].

One of the main factors that is taken into account in order to obtain a
compound with a stable structure during doping is to appropriately choose the
radius of the exchangeable ion [110]. For this reason, the radius of the dopant
should be as similar as possible to the radii of the exchanged ion. If the
difference between these sizes were too large (dopant is larger than the lattice
atom), then the synthesized garnet structure would be destroyed. At the same
time, if the dopant was too small, then it would not replace the ions and would
not remain in the crystal lattice and result the destruction of the lattice, via
impurity formation [111-113]. Overall, Goldschmidt’s rule states that if the
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difference of ionic radius is less than 15%, the ions can be fully interchanged,
however that is not always the case in practice [114]. These changes in the lattice
are called substitution defects. Figure 5 shows the effects of defects on the crystal
lattice with different size substitution ions, (a) when atom was changed with
smaller atom, it can be seen lattice contraction, and (b) when atom was changed
with larger atom, it can be seen crystal lattice expansion [115].

a)

Figure 5. Atoms that are (a) smaller or (b) larger than the solvent atoms in the
crystal structure are known as substitutional atoms. The shaded area highlights
the region of high strain resulting from the substitutional defect. The figure is
adapted from [115].

When carrying out modification and replacing one element with another,
differences in ionic charges must be taken into account and electroneutrality
must be maintained in all cases. The main reasons why electroneutrality can
change is if that during doping non-stoichiometric amounts are removed or if
they have different oxidation states. Most often, such defects are vacancies or
intercalated atoms created by participation of oxygen atoms. For example, if
Ce’*" cations are used, oxygen vacancies (V) are formed in the LuAG structure
during additional doping with ions of lower charge. Therefore, usually
trivalent cerium Ce*" ions must be oxidized to tetravalent cerium Ce*" ions to
restore the overall charge. The defect equilibrium equation is shown in the
first (1) equation [116-118].

Vi + 2Cels, + 0, > 208 + 2Cey (1)
Where, Cej5, is cerium interstitials in place of lutetium, 0 — oxygen

interstitials and Ce,; — cerium interstitials in place of aluminum.
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The crystal lattice can be modified not only with one, but also with several
elements at the same time. A second cation can enhance the existing properties
of the compound. Cerium or praseodymium ions impart luminescent
properties to garnet. However, if such a compound is additionally doped with
trivalent boron (B*") ions, then these properties can be improved even further.
The boron ion occupies the tetrahedral sites of AI**, thereby reducing the size
of the lattice parameters as well as changing the local environment of the
activator ion. As a result, we have a compound with a similar structure,
however with additional improved structural and also luminescence properties
[119-121]. Doping with boron is possible for various compounds according
to literature data, but the information about the influence of this ion on garnet
structure compounds is relatively scarce.

1.2.2. Applications of Garnets Compounds

By doping the host material matrix with different elements, it can be
modified to show unique properties, which allow it to be used in various areas
of application [98]. For example garnets could used in jewelry as gemstone or
like abrasives in abrasives paper. As was mentioned before,
yttrium/lutetium/gadolinium aluminum garnets are a near perfect material for
further modifications. If neodymium (Nd**) or chromium (Cr**) ions are
included, the garnets will possess the necessary luminescent properties for use
in high-power lasers. On the other hand, if europium (Eu*") ions are added to
the garnet structure, this inorganic compound can be beneficial for enhancing
photodynamic therapy in cancer treatment. Cerium (Ce*") ions doped garnets
are perfect material for LED and scintillator manufacturing. Synthesis of
cerium ion doped garnets was one of the first steps in the evolution in the
production of these lighting applications [75,122—124] Praseodymium (Pr*")
also is very popular activator ions in the scintillators materials [125,126].

1.3. Scintillators and Scintillation Process

Compounds that can convert high-energy radiation, such as gamma rays or X-
rays, into near visible or visible light is referred to as a scintillators [127,128].
The scintillators themselves can be of two types, organic and inorganic. Their
possible application also depends on the type. Organic ones are usually made
of plastic or polyester. Such scintillators cost relatively low and can be of
practically any shape, but the biggest disadvantage is that the received signal
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is of lower quality than that of inorganic compounds. Meanwhile, inorganic
scintillators are very limited in shape due to more complex synthesis methods
and are limited by the size of crystals to around 75 mm X 75 mm % 25 mm
[129-131].

In particular, single crystals scintillators have received the most attention.
This is due to the fact that materials in this form are most commonly adapted
and used in industry. Larger crystals with better atomic structure and higher
chemical purity are the main component of various detectors [132]. Single
crystals also have better mechanical properties compared to other forms of
scintillators [130]. Other, less commonly used, but popular forms of
scintillators are ceramics, powders, thin films, or fibers. Ceramics, due to their
durability, shape stability and the ability to be transparent, are also often used
instead of single crystals in various detectors. Only in this case, due to the
nature of fabrication from bulk powder, the mechanical properties are usually
slightly worse as compared to single crystals, as such they do not have the
same popularity. The advantage is that the synthesis of ceramics is somewhat
faster and simpler as compared to single crystals [133].

Although powders are not widely used in practice, they are the easiest to
work with, synthesize and explore new properties and structural modifications
in terms of research. Complex and expensive equipment is usually not
required in powder synthesis. Also, modifications are made relatively quickly,
so the analysis results are also obtained in a short period of time [134,135].

Thin film scintillators provide positivity to use relatively small amount of
sample for detection or the ability to be used wherein ceramics/single crystals
are not convenient. In this case, thin coatings are synthesized on different
substrates. Thin films of material are obtained on the required (quartz (Si0O»),
silicon (Si), sapphire (AlO3)) surface which can drastically influence the
obtained properties and even allow for changes in the crystal structure via
strain. The strain in the case of films is produced due to the lattice mismatch
between the substrate and the deposited film. Additionally, interface effects at
the boundary between the substrate and the film itself may produce interesting
changes to the obtained properties. Lastly, as previously mentioned, relatively
very small amounts of precursor materials are used to synthesize coatings, as
such and overall reduction in the price of already expensive materials is
usually achieved [136,137].

The last type of scintillators that are often used is fibers. In order to
efficiently transport scintillation photons over long distances, fibers are
commonly used. The scintillating fiber serves the dual function of acting as
both a scintillator and a light guide. The combined functionality allows for a
direct transfer of light toward the detector, minimizing the loss or noise
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associated with the process. It is also important to note that while using
synthesized fibers, large size light detectors can be obtained. However, the
main disadvantages of these scintillators are a low density and an average
atomic number (Z.x). These parameters reduce the absorption efficiency of
ionizing radiation [138—140].

1.3.1. Essential Characteristics of High-Quality Scintillators

For ideal scintillators, an exceedingly good stopping power, which can be
explained as the force that causes alpha and beta particles to lose their kinetic
energy when interacting with matter, is required. In this case, materials with a
high-density and a high Z.+ would be advantageous. In high-count-rate and
fast sampling rate applications, it is necessary for the light emission pulse of
the ideal crystal to have a fast rise and decay times, without any lingering
afterglow. These properties effectively eliminate the accumulation of signal
pulses during electronic signal processing [130]. In particular the value of the
decay time is especially important because the shorter it is, the more signals
can be recorded simultaneously and it is less likely that those signals will
overlap. For this reason, data of higher quality and resolution is obtained as
compared to compounds that have longer decay times [9,10].

Other important luminescence properties for high-quality scintillators are
high-quantum efficiency (QE), high-emission intensity and emission
wavelength. The wavelength emitted by the scintillator and the value of the
quantum efficiency can determine the use and importance of the scintillator.
This is due to the fact that the intensity of detectors differs based on the
measured wavelength, as such the combination of high QE and correct
emission wavelength can allow for detection of low intensity radiation.
Furthermore, the improvement of QE is crucial for enhancing accuracy and
spatial resolution. The energy resolution and proportionality are also reliant
on the quantum efficiency. [141,142].

In addition to the properties mentioned above, high-quality scintillators
must have other excellent, non-luminescent, properties, such as: stability in
air, thermal stability and negligible self-absorption. Both air stability and
thermal stability define the environmental stability of the compound itself and
limit the areas of potential application. For example, it is not uncommon to
use scintillators for the detection of X-ray under elevated temperatures, or for
their temperature to increase due to excitation. If scintillator material is not
stable, it will have the potential to decompose or react. As a result, the
potential use of the material in industry and practice suffers [6,143,144].
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Another feature that scintillators try to avoid is self-absorption. This is a
process where an atom can absorb a photon emitted by another atom before it
leaves the source. During this process, the intensity of the spectral band
decreases. Negligible self-absorption has a significant influence on the
scintillation response to X-rays. If the compound exhibits excellent
luminescence properties together with negligible self-absorption, it will
guarantee a good quality scintillation response [143].

Overall, it can be said that in order to have high-quality practically
applicable scintillators, such materials must be characterized by high-density,
high-atomic number, high-emission intensity, low rise and decay times, and
high-quantum efficiency value. It is also important that the materials are stable
in air and at high-temperatures and have negligible self-absorption.

1.3.2. The Scintillation Detectors Based on Inorganic Materials

Inorganic crystalline scintillators are the most important part in devices aimed
at the detection of various particles and high-energy electromagnetic radiation
[145]. These detectors can be found in computed tomography devices (CT),
single photon emission computed tomography (SPECT), positron emission
tomography (PET) or various security cameras and etc. [4,5,9,10]. The
necessity for such detectors to meet specific demands necessitates the use of
scintillating materials that exhibit optimal properties. In particular, the use of
materials with short decay time allows for the acquisition of images with
superior quality and resolution [9,74].

The main task of the detector is to convert the radiation absorbed by the
scintillator itself, which then emits visible light and to convert it into an
electronic signal for further detection and analysis. This process is initiated
when a scintillator, which is a highly efficient and linear converter of kinetic
energy into visible light, is employed in conjunction with a photodetector
[146,147].

A schematic diagram of a standard scintillator and photomultiplier tube
(PMT) detector setup is shown in Figure 6. Instead of a PMT a photodiode
can be also used as a photodetector [ 148,149]. However, photomultipliers are
the most common photodetectors used in regard to scintillation. The
photodetector of this type is composed of a scintillator, photocathode, series
of dynodes, and a final anode. After high-energy photon is converted to visible
light by the scintillator, the photon of light strikes the photocathode in the
photomultiplier. In this way, a photoelectron is emitted. These photoelectrons
are focused on the first dynode. During this process, the generated electrons
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are multiplied at the second dynode. This sequence follows until the end of
the photodetector. Amplified electron signal is collected after reaching the
anode and passed on to the measuring circuit. The resulting electric current
pulse is proportional to the number of observed photons. Since this process is
rather fast, and in most cases the liming factor to distinguish between
individual pulses is the afterglow of the scintillator, it explains why a fast
decay/rise times are needed. With fast decay/rise times, more precise data is
obtained differentiating between different instances of detection
[147,148,150-152].

Photocathode Focusing electrode Photomultiplier Tube (PMT)
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Figure 6. Schematic diagram of the detector consisting of a crystalline
inorganic scintillator and a photomultiplier tube. The figure is adapted from
[148].

1.3.3. Significance of Scintillators in Different Applications

As already mentioned, inorganic scintillators are very often used in different
application such as medicine or particle physics [153].

In medicine the use of scintillator materials is mostly focused on improved
detection of different diseases. As currently, when people are getting sick with
cancer, one of the most popular diagnostic routes for cancer disease relies on
the use of images obtained from computed tomography. The advantage of CT
technology is that it is possible to detect and observe the formation tumors or
other growths, without changing or damaging them. Furthermore, due to the
non-invasive nature of the analysis it also helps prevent unnecessary
operations and harm to the patient. In order to enhance the diagnostic
efficiency of this method and facilitate the detection of cancer at an earlier
stage, it is essential to develop and utilize materials in CT detectors that exhibit
a low detection limit, a short decay time, and a high-resolution. Having such
materials could reduce the damage to the body from computed tomography
using X-rays, due to faster procedures by reducing the exposure time of the
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patient to harmful radiation, while also maintaining high-quality and high-
contrast images [154—156]. Currently, CT is the one of the few diagnostic
devices, like also MRI, that allows fast and complicated high-resolution
analysis.

In particle physics, scintillators are employed in the Large Hadron Collider
(LHC) particle accelerator in the European Organization for Nuclear Research
(CERN), situated on the border between Switzerland and France [157]. LHC
particle accelerator can accelerate charged positive particles to extremely
high-speed and energies. When such a high-speed is reached, the particles
collide with each other releasing an extremely high-amount of energy, up to
tens of TeVs. During such collisions, special particles are created, which can
help to better understand the basics of physics and about the world around us.
Then the scintillator based detectors are used for the analysis of the obtained
radiation and created particles [158,159].

One part of LHC, the so-called Electromagnetic Calorimeter, is the main
area where scintillators are used [160]. Scintillators that could work properly
under such extreme conditions must have very good properties with special
requirements. The main required properties are: extremely short decay time
(less than 25 ns); resistance to extremely strong magnetic field; must be able
to operate at extremely high incident particle energies [161-163]. PWO
(PbWO,) was the scintillator that best fit according to all the listed properties
and was most widely used. While PWO crystals have high-density, the entire
detector is estimated to contain around 100 tons of scintillating material,
which is exceeding large amount. Thus making the price of such systems
prohibitively expensive as well, and causing a need for cheaper or better
materials [146,164].

Currently, a lot of work and research is being put into replacing PWO with
another, more universal material that adapts better to each different situation
with a different response time. Such materials could be lutetium aluminum
garnets doped with cerium (LuAG:Ce), or more precisely, scintillation fibers
of such materials [165,166]. The adaptability garnets is a major advantage
compared to PWO materials [166]. In order to create optimal and practical
materials, a lot of scientific research is currently being carried out. This work
was based on the aforementioned need and lack of novel high-quality
scintillating materials expressed by CERN and other industry leaders.
Particularly intense focus was given towards the reduction of decay times in
high-potential having Lu**, Y**, or Gd** based garnets by incorporating
doping induced structural distortions to the lattice.
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2. EXPERIMENTAL
2.1. Precursors and Substrates Materials

All synthesis powder compounds were prepared using Y»0;3 (99.9% Alfa
Aesar), Lu03 (99.9% Alfa Aesar), Gd203 (99.9% Aldrich), Sc203 (99.9%
ThermoFisher), AI(NO3);-9H,O (99.999% Alfa Aesar), Pr(NOs);-5H,O
(99.9% Aldrich), (NH4)2Ce(NO3)s (99.5% Roth), H:BO3 (99.5% Chempur),
Mg(NO3)2‘6H20 (99-0% Chempur), CsHsO7-H,O (99.5% Chempur) as
precursors.

All synthesis thin films compounds were prepared using Y203(99.9% Alfa
Aesar), Lux03 (99.9% Alfa Aesar), AI(NO3)3-9H20 (99.999% Alfa Aesar),
(NH4)2Ce(NO3)s (99.5% Roth), H3BO;3 (99.5% Chempur), Mg(NOs),-6H,O
(99.0% Chempur), CsHsO7-H>0 (99.5% Chempur), Polyvinylalcohol (98.8%
Acros organics), H2SO4 (98,08% Chempur), and H202 (30% Chempur) as
precursors. Sapphire C-cut (0001), 10x10 mm (>90 % Altechna); Quartz
UVEFS, 10x10 mm (>90 % Altechna) were used as substrates.

All synthesis ceramic compounds were prepared using Y»03(99.9% Alfa
Aesar), Luy03 (99.9% Alfa Aesar), AI(NO3)3-9H,0 (99.999% Alfa Aesar),
(NH4)2Ce(NO3)s (99.5% Roth), H;BO3 (99.5% Chempur), Mg(NO3),-6H,O
(99.0% Chempur), C¢HsO7-H>O (99.5% Chempur) as precursors.

2.2. Synthesis Procedure

The aqueous sol-gel method was used for the yttrium/lutetium/gadolinium
aluminum garnets. Cerium concentration was kept at 0.5 mol% of the
dodecahedral coordinated yttrium/lutetium/gadolinium for all the samples.
For compounds doped with praseodymium, its amount was kept at 1 mol%.

Full descriptions of the syntheses and lists of synthesized samples can be
found in the publications P1, P2, P3, P4 and P5.

2.2.1. Synthesis of Garnet Powders

For the garnet powders, firstly, oxides (Y.03, Gd,03, Lu,O3, or Sc,0O3) were
dissolved in an excess of concentrated nitric acid at 50 °C. Then, acid was
evaporated, and the remaining gel was washed with distilled water 2-3 times,
followed by further evaporation of added water. An additional 50 ml of H,O
was added and nitrates (AI(NO3);-9H>0, (NH4)2Ce(NO3)s, or Pr(NOs);-5H-0,
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H3BO:;) were dissolved. The solution was left under magnetic stirring for 2 h
at 50 — 60 °C. After that, citric acid was added to the solution, and it was left
to stir overnight. The solution was then evaporated and obtained gels were
dried at 140 °C for 24 h in a drying furnace. The obtained powders were
ground and firstly heated at 1000 °C for 2 hours in air, with a 5 %min heating
pace, secondly the same powders were heated in a muffle furnace at 1200 °C
for 4 h under air (or reducing atmosphere) [1], with 5 Ymin heating pace
[13,168]. The synthesis scheme of garnets doped with praseodymium is
shown in Figure 7. This synthesis scheme is similar for all powders samples.

Sc,0; ¥ Pr(NOs)s-5H,0
Gd,0; Al(NO;);-9H,0 (NO;)3-5H,

or HNO; H0 50 mL H,0 “” H;B0;
oo N

Figure 7. Scheme of praseodymium doped garnet sol-gel synthesis procedure.

2.2.2. Synthesis of Garnet Thin Films

Synthesis of thin films consist of three steps. First, synthesis of sol using sol-
gel method. Secondly, follows the making of aqueous solution with 3%
polyvinyl alcohol (PVA) and substrate preparation. The final stage of the
process is the deposition of coating on the substrate. In this instance, the
substrates employed were sapphire and quartz.

Sol synthesis. Firstly, Y,03; or Lu,O; were dissolved in an excess of
concentrated nitric acid at 50-60 °C. Then, the excess of nitric acid was
evaporated and the remaining gel was washed with distilled water 3 times,
followed by further evaporation of added water each time. An additional 200
ml of water were added, after the washing, and AI(NO3);-9H-O0,
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(NH4)2Ce(NO3)s, HsBO;, and Mg(NOs),-6H.O were then dissolved. The
solution was left under magnetic stirring for 2 hours at around 50—60 °C. After
that, citric acid was added to the solution with a ratio of 1:1 to metal ions and
was left to stir overnight [167,168].

PVA and sol solution. When the sol was prepared, the 3% PVA solution
was introduced into the already prepared sol in order to improve the
wettability of the substrate. The volume ratio of the PVA and precursor
solutions was kept at a 1:1. The final concentration in the solution was left at
0.1 M for all samples. The substrates were washed for about 30 minutes in
boiling acidic piranha solution, after that they were soaked in distilled water
and then washed in an ultrasonic bath for 3 min.

Coating procedure. When the coating solution was ready and the
substrates were washed, the coating processes were started. First, sol-gel dip-
coating technique was used. For dip-coating procedure a KSV Dip Coater
device was used. For Y2,985.yA12A13.xO122C60,015,BX,ng or Luz,ggs.yAleh.
xO12:Ceo015,Bx,Mgy films, five layers were deposited by a single-dipping
process. During the process, the immersion time of the substrate is 85 mm/min
and holding time in the solution is 20 s. Withdrawal from the solution takes
place at a speed of 40 mm/min, with support for 30 s after withdrawal. During
a single dipping process (marked — 1 by 1), each deposited layer is calcined
for 2 hours at 900 °C in air, with heating pace of 1°/min. Then the second layer
is deposited using the same procedure as before. After final deposition, films
were annealed once again at 900 °C for 2 hours in air, with 1°/min heating
pace, and lastly at 1000 °C for 2 hours in air, with the same heating rate as
before [169]. Samples (marked - together) are that of which the layers were
coated one after the other, with brief annealing of each layer at a temperature
0f 200 °C ant then all five layers are calcinated as mentioned earlier.

Secondly, sol-gel spin-coating technique was used for thin film synthesis.
For it a “Spincoater model P6700” device was used. The substrate is placed
on the head of the device, and then is attached to it by the forming vacuum.
Several drops of coating solution are placed on the substrate using a membrane
syringe. Using spin-coating method (spin rate = 2000 rpm for 60 seconds,),
the excess solution is eliminated because of centrifugal forces, resulting in a
smooth coating throughout the surface of the substrate. One layer is applied at
one time and is calcined at 900 °C for 2 hours in air, with 1°/min heating pace.
After final deposition, the films were annealed for the first time at 900 °C for
2 hours in air, with 1°/min heating pace, and the second time at 1000 °C for 2
hours in the air, with 1°/min heating pace. The heating rates were all the same
as in the dip-coating procedure. Both spin and dip-coating processes are
shown in Figure 8.
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Figure 8. Examples of different coating processes: (a) dip-coating; (b) spin-
coating.

2.2.3. Synthesis of Garnet Ceramics

Firstly, Y203 or Lu,O3 were dissolved in an excess of concentrated nitric acid
at 50 °C. Then, acid was evaporated, and the remaining gel was washed with
distilled water 2 or 3 times, followed by further evaporation of added water.
An additional 50 ml of water was added, after the washing AI(NO3);-9H-O0,
(NH4):Ce(NOs)s, H3BO3, and Mg(NO3),-6H,O were dissolved. The solution
was left under magnetic stirring for 2 hours at 50-60 °C. After that, citric acid
was added to the solution with a ratio of 1:1 to metal ions and the solution was
left to stir overnight. The solution was evaporated at the same temperature,
and obtained gels were dried at 140 °C for 24 h in the drying furnace. In order
to remove the organic residue as well as for all powders to still be amorphous,
the compounds were heated at 600 °C for 2 hours under air [13,175].

The resulting white powders were ground in “Retsch Emax” ball mill with
ZrO; balls (5 mm diameter) at 1200 rpm for 10 minutes to reduce and
homogenize the size of the synthesized powders resulting in stronger ceramics
later on. After that 0.1 g of the fine powder was initially compressed into a
10 mm diameter tablet using “Perken Elmer Hydraulic press” under a force of
4 kN for 10 minutes. Then the tablet was embedded between two 10 mm
diameter metal plates, vacuum sealed in a plastic container and placed in an
“P/O/Weber” isostatic press for 30 minutes under a force of 400 kN. The
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obtained tablet was heated at 1000 °C for 2 hours in air and then further
calcined at 1500 °C for 4 hours in air.

While synthesizing ceramics, various different tablet pressing times (from
30 s to 30 min) and pressures (from 0.5 to 4 kN) were tested. Attempts were
also made to make ceramics from different amounts of materials (from 0.05
to 1 g). The obtained ceramics were also heated in different conditions,
changing the temperature (from 800 to 1700 °C) and the heating time (from 1
to 6 h) in order to adjust the most appropriate heating temperature and time. It
was only after testing many different parameters that the best were selected.

Nominal formulas of the synthesized samples are the following: Y ss-
yA12A13_XO123Ceo,o15,BX,ng, LUQ,gg_ysAleh.xO122C60,015Bx,ng. According to
previous studies, YAG and LuAG ceramics were doped with 5% or 0% of
boron, and/or with 0.03, or 0% of magnesium [13,170,171].

2.3. Structure Characterization
2.3.1. X-Ray Diffraction Analysis

Powder and ceramics samples. X-ray diffraction analysis (XRD) was
performed using a “Rigaku MiniFlex II” X-ray diffractometer. Before analysis
about 0.05 g of samples were dispersed using 0.1 ml of ethanol on a glass
sample holder and left to dry for 5 min in the air. Then diffraction patterns
were recorded in the range of 20 angles from 15 ° to 80 ° for all compounds.
For analysis, CuKa radiation (A =1.542 A) was used. Other parameters of
measurement: current — 15 mA, voltage — 30 kV, dwell time — 5.0 s, X-ray
detector movement step — 0.010 °. The FullProf program for Rietveld
refinement was used.

Thin film samples. XRD measurements of thin films were performed
using “Bruker D8 Advance” X-ray diffractometer. Monochromatic CuKa,
radiation (A = 1.541 A) was used for analysis. Substrates with thin films were
placed in sample holder, dwell time was 1.0 s. Measurements were performed
under glancing angle conditions.

The PDF numbers used in the dissertation were generated by the Match!
software using crystallography open database datasets (COD). The generation
is based on such formula 960000000 + COD file number + 1. For example the
used PDF card number for YAG 96-152-9038 would result in 1529037 COD
number.

33



2.3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) for the determination of particle
morphology was done, using a “Hitachi SU-70” scanning electron
microscope. For the measurement of the powder samples were prepared by
dispersing them on a conductive double-sided carbon tape, that was attached
to an aluminum sample holder. For the thin films and ceramics, samples were
fixed onto the alumina sample holder by copper holders.

2.3.3. Inductively Coupled Plasma Optical Emission Spectroscopy

Quantification of B in the synthesized species was performed by inductively
coupled plasma optical emission spectrometry (ICP-OES) using ‘“Perkin-
Elmer Optima 7000 DV spectrometer (Perkin-Elmer, Walthman, MA, USA).
The powders were dissolved in concentrated nitric acid (HNOs, Rotipuran®
Supra 69%, Roth) in a beaker and diluted to an appropriate volume with
deionized water. Calibration solutions were prepared by dilution of the stock
standard solution (single-element ICP standard, 1000 mg/L, Roth).

2.4. Photoluminescence Properties
2.4.1. Photoluminescence Measurements in Room Temperature

Emission and excitation. ,, Edinburgh Instruments FLS980” spectrometer
equipped with excitation and emission monochromators and 450 W Xe arc
lamp, and single-photon counting photomultiplier tube (Hamamatsu R928P)
which was cooled to -20 °C. Obtained photoluminescence emission spectra
were corrected using a correction file obtained from a tungsten incandescent
lamp certified by “NPL” (National Physics Laboratory, UK). Excitation
spectra were corrected by a reference detector [13].

VUYV excitation. Collection of excitation spectra in the VUV range was
performed on a commercial “Edinburgh Instruments FL920” spectrometer,
which was modified by the integration of VUV monochromators for the
excitation branch. The excitation branch consists of a D, lamp (DS-775) as
VUYV radiation source, an “Acton Research VM-504” VUV monochromator
and a mirror based focusing unit. The monochromator has manually adjustable
(by a micrometer screw) inlet and outlet openings, as well as a 1200 grooves
per mm (F/mm) grid. The inside of the monochromator and the focusing unit
are operated under much reduced pressure (<5 x 10" mbar the focusing unit
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are operated and the lamp radiates through an MgF, window directly into the
radiation path being under vacuum. The remaining distance between the exit
of the focusing unit, which is also closed by an MgF> window, and the sample
is continuously flushed with dry nitrogen. The sample is fixed in the standard
FLS920 sample chamber in a modified sample holder at a 45° angle to the
excitation beam. The measurement is carried out in a 90° arrangement. The
emission arm of the spectrometer consists of a convex quartz collecting lens,
a TMS300 monochromator with an 1800 F/mm grating (Czerny-Turner
Optics) and a photomultiplier tube (PMT, Hamamatsu R928) which is
operated in single photon counting mode and is cooled to -20 °C by a Peltier
element. To consider that the excitation source exhibits intensity fluctuations
over the measured spectral range, all VUV excitation spectra are divided by
the excitation spectrum of a standard compound. Sodium salicylate (>99.5%,
Merck KGaA) was used for this purpose because it exhibits relatively constant
excitability over the relevant spectral range.

Calculation of Quantum Efficiency. Quantum yield like were measured
by using an “Edinburgh Instruments FL920” or “Edinburgh Instruments
FLS980” spectrometers with an integration sphere coated by the white
polymer Spectralon®. External quantum efficiencies were calculated by
comparing the emission spectrum of the BaSO4 sample (99% Merck) and the
desired compounds that were measured in Teflon coated integration sphere.
The EQE values were obtained employing the following formula 2 [172]:

EQE — flem,sample_f lem,Baso, x 100% = Nem x 100% (2)

flref,BaSO4_f Iref,sample Nabs

where | Lem sample and [ Iem.asos are integrated emission intensities of the
phosphor sample and BaSOu, respectively. | Iref.sampe and | Ires pasos are the
integrated reflectance of the phosphor sample and BaSQg, respectively. Nem
and Naps stand for the number of emitted and absorbed photons.

Time resolved spectroscopy. For the cerium doped garnets decay kinetics
were studied for powders thin films and ceramics using the “Edinburgh
Instruments FLS980” or “Edinburgh Instruments FLS920” spectrometers.
450 nm laser was used as an excitation source.

Photoluminescence decay curves of the praseodymium doped garnet
samples were recorded by using an Edinburgh Instruments FLS920
spectrometer. For lutetium aluminum/scandium garnet samples,
photoluminescence decay times were measured using a 265 nm laser
excitation source. For gadolinium aluminum scandium garnets decay times
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were performed with a millisecond pulsed xenon flashlamp (Edinburgh
Instruments pF920H).

2.4.2. Photoluminescence Temperature Resolved Spectroscopy

Temperature resolved spectroscopy measurements were performed using
“Edinburgh Instruments FLS920” or “Edinburgh Instruments FLS980”
spectrometers, with an ozone generating 450 W Xe lamp (Osram AG) and a
single-photon counting photomultiplier tube (Hamamatsu R928) which was
cooled to -20 °C. Analysis in the temperature range from 77 — 500 K with
50 K intervals was used and recorded by using a liquid nitrogen cooled
cryostat (Oxford Instruments MicrostatN2). Stabilization duration for each
temperature point was kept at 90 s while the allowed temperature tolerance
interval was chosen as + 5 K. Also, to prevent the water from condensing on
the cryostat window dried nitrogen was being flushed during the procedure on
its surface.

2.5. Radioluminescence Properties

For the first samples X-ray lamp (W anode, 40 kV, 30 mA) was used for the
excitation of the radioluminescence. Radioluminescence spectra were
measured by Andor iSTAR DH734 18 mm CCD camera coupled to Andor
SR-303i-B spectrometer.

Other samples radioluminescence emission spectra were recorded using an
“Edinburgh Instruments FLS980” spectrometer equipped with a
photomultiplier tube (PMT, Hamamatsu R928P) which is cooled to -20 °C by
Peltier elements. X-ray analysis “Oxford Instruments Neptune 5200” tube was
used as an X-ray radiation source.
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3. THE MAIN RESULTS

3.1. Investigation of Atmospheric Conditions During Calcination of
Boron Doped YAG:Ce, YLUAG:Ce and LuAG:Ce

Cerium doped yttrium aluminum and lutetium aluminum are very popular
scintillating materials. Short decay times are particularly important for good
quality scintillators. The decay time in YAG:Ce and LuAG:Ce is about 60 ns,
therefore the essential task for their improvement would be to shorten it as
much as possible. For this reason, in this work, the aforementioned garnets
were doped with different amounts of boron. B3* ion has a suitable neutron
capture cross section and can therefore absorb gamma radiation. Because of
the extremely strong absorption of thermal neutrons and the weak interaction
with MeV gamma rays the material is an exciting new inorganic scintillator
candidate for the detection a thermal and epithermal neutrons. B** stimulates
and improves the absorption of such radiation. To investigate the influence of
the annealing atmosphere, because compound with Ce**ions in most cases are
heated in reducing atmosphere in order to reduce any existing Ce*" ions, all
samples were heated either under air or reducing atmospheres.

All the information presented is published in the scientific article P1. In
addition, a list of synthesized and described compounds, emission spectra at
different temperatures and CIE chromaticity diagram can be found in the
publication.

3.1.1. X-Ray Diffraction Analysis

In order to determine the purity of the garnet powder samples X-ray diffraction
analysis was performed. All samples, which contain 5 or less % of boron,
independently of the atmosphere under which they were heated, exhibit pure
garnets phase (Powder Diffraction File, (PDF) #96-152-9038). Compounds
with 10% and 20% of boron also contain aluminum boride (AlBo) impurity
phase. This secondary phase displays peaks at 20.1, 27.1, 34.0, 47.9 and
49.9 20 degrees. These reflections are marked with * sign in the given
diffraction patterns. From the given diffractograms (Figure 9 and P1) it could
be said that increasing the amount of boron, causes an increase of the volume
fraction of the impurity phase as well as to a larger intensity of its specific
reflections. Also, it is noticeable that the introduction of lutetium into the
garnet structure, from YAG, to LuAG with intermediate YLuAG stage, causes
shifting of peaks towards larger angle values. This trend can be attributed to
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the fact that yttrium and lutetium have different ionic radii, 1.02 A and 0.98 A
respectively. According to Bragg's law, this determines the resulting shift.
[173]. The difference between yttrium/lutetium and boron/cerium in ionic
radii is even higher. However, due to the relatively low doping concentration
of cerium and boron, this lattice modification does not affect peak position to
a noticeable degree. Boron is a light element, for this reason it is complicated
to determine its occupancy by the XRD method. Based on the literature it
occupies a tetrahedral position in the garnet matrix [174,175]. However, when
comparing peaks of PDF cards to that of the measured samples, no shift can
be noticed for yttrium and lutetium aluminum garnets, but yttrium/lutetium
aluminum garnet shows a small displacement from PDF card peaks. This can
be explained by the fact that for identification of YLuAG samples, YAG
Powder Diffraction File card was used as no phase transitions occur and only
the cell parameters are affected by the substitution. In summary from the
measured data, it can be argued that garnets could be doped with no more than
5% of boron with no additional impurity phase formation.

a) L —— YAG:Ce,20%B b) —— YAG:Ce,20%B
*  AIB,, (PDF#96-231-0323) J +  AB,,(PDF#96-231-0323)
TS N W P N NPT TR WY N S|
J —— YAG:Ce,10%B J\ —— YAG:Ce,10%B
* AIB,, (PDF#96-231-0323) +  AIB,, (PDF#96-231-0323)
e b b NETE SV  FE N

J\ —— YAG:Ce,5%B —— YAG:Ce,5%8
TS SV Y N N

Relative intensity
Relative intensity

N R W

—— YAG:Ce,1%B —— YAG:Ce,1%B
NS T L IIJ{L [T T N
—— YAG:Ce —— YAG:Ce
YAG (PDF#96-152-9038) YAG (PDF#96-152-9038)|
TS BN Y NUEETE EV R Y | By
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20(%) 26 (%)

Figure 9. YAG:Ce powder samples diffractions patterns heated under
different atmospheres: (a) air atmosphere; (b) reducing atmosphere (*— phase
of AlB 10).

3.1.2. Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) analysis was performed in order to
determine the morphology and particle size of the synthesized materials. All
samples were measured using two different magnifications. The smaller
magnification was used to see the larger aggregation of the particles, while the
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larger, to get a clearer vision of the individual particles. SEM images are
shown in Figures 10 and 11. It is clearly seen that the size of garnet particles
as well as porosity increases, when garnets are doped with more boron ions
and annealed under air. Size of particles varies around 180 nm when no boron
is introduced and increased up to 300 nm when sample is doped with 1% of
B**, 400 nm when doped with 5% of boron, 600 nm — 10% of B** and lastly,
up to 800 nm when boron amount reaches 20% B>".

From these images, it is clear that a higher boron content gives a larger
particle size with an almost uniform increase in diameter. This change is likely
due to a lower melting point of boron doped garnet phase as compared to pure
garnet. The lower melting point may be influenced by the fact that the melting
point of the boric acid is 170 °C. Therefore, in this case, the acid may also act
as a flux. As a result, the particles agglomerate faster, resulting in larger and
more discrete particles [176].

Similarly, to particle size the addition of boron causes increased formation
of pores. Samples without boron show only small and sparse pores, while the
samples with 20% show an abundant amount of larger pores. One of the most
likely explanations for this difference is that at sintering temperature of
1200 °C, the inner pores are transferred to the surface of the sample where
they form open pores. By increasing the amount of boron in the sample, the
melting point of the compound potentially decreases, which results in quicker
sintering and a faster transfer of pores. The results of the mentioned process
are then seen in the SEM images [177]. The effect of the different heating
atmospheres and the introduction of lutetium ions on particle size and
morphology was also investigated. However, the SEM images show neither
the sintering atmosphere nor the introduction of lutetium induced any
significant changes to the particle size or morphology.
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Figure 10. SEM images of garnet powder samples made under 2.5 k
magnification.
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Figure 11. SEM images of garnet powder samples made under 20
magnification.
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3.1.3. Luminescence Properties

Luminescence properties are the most important characteristic of all of the
samples synthesized in this work. These are caused by the doping of garnet
with a rare earth element and in this case cerium. Cerium distinguishes itself
from the other lanthanides because of the allowed nature of its electron
transitions from 5d! to 4f! orbitals and vice versa. During these jumps, energy
is either radiated or absorbed, which gives the garnet its optical properties. For
the practical application of scintillators, it is essential to produce devices with
the best optical properties, and thus important to find the most appropriate
modifications to the material structure.

Figures 12, 13 and, 14 show excitation and emission spectra of different
compounds measured at room temperature. From these graphs, it can be noted
that, all YAG, YLuAG, and LuAG garnet samples, are characterized by wide
excitation and emission bands. It was already mentioned that this is caused by
electron transitions from 4f! to 5d' in the excitation process and from 5d! to
4f! orbitals in emission process [75]. These transitions are allowed therefore,
figures show neat single-transition spectra. It was decided to excite all
different garnets with the same wavelength light that would give the best
emission intensity. From the excitation spectra given in Figures 12a, 13a and,
14a it was concluded that the best choice for excitation is the 450 nm
wavelength light. Apart from the basic excitation intensities, an additional
peak at 368 nm can be seen for several of the samples. This additional peak
increases in intensity when increasing the amount of boron in the samples.
Third excitation peak at 340 nm in YAG phase, 342 nm in YLuAG phase and
345 nm in LuAG phase is attributed to the electron transition from 4f' to 5d*
orbitals [178].

According to Figures 12b, 13b and, 14b, all the samples exhibit band
emission in green region. YAG has emission maximum at A = 533 nm,
YLuAG — A =525 nm and LuAG has the greatest shift towards higher energy
when compared with yttrium aluminum garnet with emission maximum at
A =514 nm. This shift can be explained by the difference in the covalence of
the compounds, this is the due different electronegativity of the bond. The
higher the covalence of the bond, the greater the shift to longer waves. In this
case, the electronegativity of lutetium is 1.27 and that of yttrium is 1.22.
Although small, the difference is what influences the shift of the emission
maximum of lutetium compounds towards the higher energy range [179].
From the figures it can also be noticed that the samples demonstrating the
highest luminescence intensity were all annealed under air and not under
reducing atmosphere. This effect of the heating atmosphere has been

41



previously observed by other scientists, but it is still not fully understood as to
what may be the cause of it [180,181].

Other important difference of all synthesized garnets is the boron amount
inside the garnet structure. This difference gives obvious emission intensity
changes. It could be said, that compounds when the boron amount is the
highest, whilst no secondary phase has formed, have the highest luminescence
intensity. The addition of boron causes an increase of particle size. And since
particles with bigger size have a relatively larger amount of dopant ions in
bulk as compared to the surface resulting in higher emission intensity
[182,183]. When AlBjo phase is formed, the emission weakens. One of the
possible explanations why boron ions affect the luminescent properties, could
be, that boron can create extra defects in Y/LuAG phosphors. While,
equivalent substitution between boron and aluminum occurs in the Y3AlsOi,
matrix, the defects in order to compensate for charge difference, cannot form
since the charge is equal. However, since the radii of B** ions is much smaller
in comparison to that of A" ions, the irregularity of the coordination
polyhedron of the dopant site can increase, which causes an exceptionally
large increase in local strain. This strain could be partially reduced by the
formation trigonal planar units of BOs, which tends to then form oxygen
vacancies and thus finally decreases the emission intensity [121].

For YAG samples, the compounds with 1% of boron that were annealed
under air atmosphere show the most intensive luminescence. Samples that
were doped with 5% of boron show slightly lower emission intensities.
Compounds, of which the dodecahedral position partially occupied by Y*"and
Lu®** ions, have emission intensities similar to that of YAG powders. The
highest luminescence intensity is seen for sample doped 1% of boron and the
second highest — doped with 5% of boron, all of these samples were annealed
under air atmosphere. LUAG sample emission spectra are shown in Figure 7b.
Similarly, to the aforementioned YAG and YLuAG, in LuAG spectra, the
most intensive emission was detected for heated calcinated under air
atmosphere with 1% of boron. Second and third most intensive luminescence
having compounds are samples doped with 5% of boron. From all emission
spectra it can be clearly seen that samples doped 20% of boron and heated
under reducing atmosphere exhibit the weakest emission. To sum up, from
Figures 12, 13 and 14, it could be said, that all of the synthesized garnet
powders have almost the same excitation and emission intensities
independently of which element occupied the dodecahedral structure position.
So in turn, the majority differences are caused by addition of different B**
amounts into the structure.
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Figure 12. Yttrium aluminum garnet samples excitation (a) and emission (b)
spectra.
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Figure 13. Yttrium-lutetium aluminum garnet samples excitation (a) and
emission (b) spectra.
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Figure 14. Lutetium aluminum garnet samples excitation (a) and emission (b)

spectra.
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For materials that could be used as scintillators, in this case all of the
synthesized compounds: YAG, YLuAG and LuAG, it is important to measure
the emission when using shorter excitation wavelengths than the blue laser
light. Devices incorporating such materials operate on the principle that
compounds emit light when they are excited by X-rays. Therefore, one of the
most important studies that can change the value of garnets synthesized in this
work as potential scintillating materials is the measurement of the emission
spectrum when X-rays are used for excitation. However, due to the fact that
such procedure is not readily available, only yttrium aluminum garnets
samples were measured.

From Figure 15 it is clear that, as in the usual emission spectrum, one broad
band, attributed permissible [Xe]5d1 — [Xe]4fl transitions is visible. The
emission maxima were located at A = 535 nm, overall, the sample that was
without boron and was heated under air atmosphere showed the highest
luminescence intensity. The second most intensive emission is almost
identical to that of the first compound was measured for sample also heated
under air atmosphere, but doped with 5% of boron. Note that at about 700 nm
several additional peaks for several of the samples were observed. These extra
peaks may be attributed to Cr** emission, which may be incorporated to the
compound during synthesis from precursor impurities. The emission of these
ions is very strong under X-ray excitation, even if the amount is negligible.
This can be confirmed because in Figure 12b, in the measured spectrum of the
same samples, no additional peaks are observed [184].

To conclude this measurement, it is obvious that the compounds that are
heated under air atmosphere are better suited to be used as scintillators, due to
higher emission intensity. Therefore, other more significant studies will be
conducted on the boron-containing compound with the highest emission —
YAG:Ce,5%B_A.
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Figure 15. Yttrium aluminum garnets sample emission spectra, excited with
X-rays.

The main idea of all work is to synthesize such compounds, that have shorter
decay times, as this is the most important characteristic of the samples. The
improvement of this property would give scintillators of a much better quality
in different devices. Garnets, such as cerium doped YAG, YLUAG and LuAG
have fast decay times, which are in nanosecond scale. Of course, this property
could still be improved upon and by shortening decay time as a result of co-
doping. In this case materials are co-doped with boron ions.

The influence of B** ions on the decay times is visible in Figure 16a.
Garnets with an appropriate amount of boron exhibit a decay time that is
shorter than that of the samples doped with only cerium, except YAG:Ce A
and LuAG:Ce. Surely, it is necessary to emphasize that only samples with 1%
and 5% boron have a pure garnet phase. Larger doping may reduce the
duration due to the resulting AlBo phase. As expected, yttrium garnets exhibit
longer decay times by more than 10 ns as compared to lutetium garnets [174].
If talking about pure garnets, then the shortest decay time was observed for
cerium and 5% of boron co-doped lutetium aluminum garnet heated under
reducing atmosphere, which is 54.7 ns. Of course, the decay times of all
garnets were affected by the addition of the appropriate amount of boron.
However, no clear dependency was observed since the decay times of other
samples change rather unevenly. Of course, the shortening of the decay times
themselves can be based on the fact that boron has a higher electronegativity
than that of aluminum. The shortened decay time again could be associated
with the polarization of the local activator ion environment. Therefore, when
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the ions electronegativity increases, then the polarization decreases and the
decay time becomes shorter. Different electronegativity of boron as compared
to aluminum can cause the decrease photoluminescence decay time which also
correlated with blue wavelength shift of emission [185]. The reason why the
decay time decreases less when the samples are heated under a reducing
atmosphere, may be due to the fact that boron incorporates in the structure less
well in such a case and thus does not create the desired effect. Although
scintillation decay has not been measured for some samples, it should be noted
that there have been previous reports drawing a direct correlation between
luminescence and scintillation decays, which are very similar in most cases
[186]. The commercial factor can be emphasized. Lutetium aluminum garnets
are known to be one of the most popular materials used as scintillators because
of their short decay time. From the obtained data, it can be seen that replacing
a part of the lutetium with yttrium and doping with 5% boron gives almost the
same decay time. It is possible to calculate how much more commercially
viable it would be to synthesize cerium and boron doped yttrium and lutetium
aluminum garnets. Such compounds would cost about half as much as just
lutetium aluminum garnet doped with cerium. The main difference comes
from the high cost of Iutetium oxide.
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Figure 16. (a) Different garnet decay times at room temperature; (b) 5% of
boron doped garnet decay lines.

All materials capable of luminescence exhibit one or another value of quantum
efficiency (QE). This property demonstrates the quality of the synthesized
phosphor. Of course, quality is indicated by the approximation of the yield in
percentages up to one hundred [187].

Materials, prepared in this work have broadly distributed efficiency values
which are shown in Figure 17. Ranging from 19.8% - LuAG:Ce R to 93.0%
-YAG:Ce,5%B_R. Upon further examination of the graph, it becomes evident
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that the optimal boron content in the compounds is 5%, as this is the quantity
that yields the highest quantum efficiency (QE) value. While yttrium
aluminum garnets exhibit a higher initial QE compared to lutetium ones, the
addition of boron enhances the QE value for each matrix. This effect is much
more pronounced for LuAG compounds, especially for LuAG:Ce R Also,
most compounds doped with more than 5% boron have lower quantum
efficiency as compared to the ones doped with 5%, except for LuAG:Ce A
sample. This can be explained by the presence of an impurity phase in all of
these garnets, which results in a darker (grayer) color from the yellowish or
greenish tones. Furthermore impurity phase compound contains number of
defects, which can absorb part of the photons falling on the sample, thus
reducing the amount of absorbed and emitted by the desired phase [188].
Another point is that in this case, although the decay time of the compounds
with doped boron is reduced. The quantum efficiency is not that which is due
to the collar ability of these properties (QE = 1/1), but rather increases,
especially in the case of garnets doped with 5% boron.
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Figure 17. Quantum efficiency of different garnet samples.

Based on these studies, it is clear that boron has a positive effect on all
scintillation-specific characteristics. That is, increasing the emission intensity,
shortening the decay time, and improving the quantum yield in most cases.
These changes are particularly pronounced for YAG:Ce A, YAG:Ce R and
LuAG:Ce_R sample series. Summarizing the results obtained, it is obvious
that the addition of boron has a positive effect on the required optical
properties.
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3.2. Determination of Different Garnet Films Characteristics Prepared via
Sol-Gel Spin or Dip-Coatings Techniques

The usage of coatings opens up new areas of practical application that would
be otherwise inaccessible for powders obtained by other methods. As the
actual incorporation of the powder into devices requires extra attention, while
the coatings do not as they retain their shape no matter how they are placed.
The most commonly synthesized compounds either in powder form or
coatings and used as scintillators are different lanthanide doped yttrium or
lutetium aluminum garnets. These materials are also important in that their
coatings are transparent, which opens up even more additional practical and
research avenues. Transparent coatings coupled with transparent substrates
are required to study high-quality luminescence characteristics. For this
reason, sapphire and quartz wafers are usually used.

All the information presented is published in the scientific article P2. In
addition, a list of synthesized and described thin films, results of atomic force
microscopy, CIE chromaticity diagrams can be found in the publication.

3.2.1. X-Ray Diffraction Analysis

When performing X-ray diffraction analysis of the as prepared thin films,
samples must be measured using the glancing angle method. This method is
necessary because the quartz substrate is highly-amorphous, as seen from
increased background intensity visible from 20 to 25 20 degrees [189]. When
recording diffraction patterns by the conventional method only this high-
intensity amorphousness remains visible, the phase peaks merge with the
background due to the relatively low intensity. This low intensity of the peaks
is due to the thinness of the coating, as only five layers were deposited.
Figures 18 and 19 show diffractograms of two out of four series of prepared
coatings of YAG and LuAG on quartz substrates. From these Figures, it can
be said that all samples have pure garnets phase with cubic symmetry and
Ia3d (#230) space group. It can also be observed that the most intense peaks,
remain narrow. They also have a slight shift to larger angles in the case of
LuAG samples due to the replaced element in the dodecahedral positions,
since yttrium ions are larger (1.02 A) as compared to lutetium (0.98 A) [173].
From the results of this measurement, it can be stated that all coatings
independently of the doping still retain their pure garnet phase structures.
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Figure 18. Thin film diffractograms of YAG and LuAG garnets on quartz
(Si0,) substrate using dip-coating technique when all layers were coated
without intermittent heating.
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Figure 19. Thin film diffractograms of YAG and LuAG garnets on quartz
(Si0;) substrate using spin-coating technique when each layer is heated
separately.
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3.2.2. Scanning Electron Microscopy Analysis

Scanning electron microscopy, revealed the fact that different coating
methods and substrates resulted in different morphologies of thin films [190].

From the micrographs it can be observed that using the dip-coating
technique (Figures 20, 21) the coatings are uneven, split and layered. In
principle, it can be argued that such coatings do not have the same properties
over their entire area, as different parts of them have different material
thickness and are inhomogeneous. Of course, when analyzing SEM data, the
two different ways of deposition can be compared in case of the dip-coating
methodology. Figure 20 shows the samples of which the layers were coated
one after the other, with brief annealing of each layer at a temperature of
200 °C, this method was referred to as coating all the layers without
intermittent heating, in micrograph titles. Meanwhile, in Figure 21, each layer
was heated at 900 °C with the 1°/min pace. It can be seen that in the first case,
the coatings are less layered, but they have many more cracks and voids on
the substrate. This difference in morphology can be explained by the fact that
with short annealing time, the sample is already placed on a heated hot plate,
so that heating and the release of organic impurities and the evaporation of the
remaining water take place rapidly. This causes cracks and tears in the
coatings [191]. Also, looking at the images with higher magnification, it can
be seen that coating the layers together results in less smooth coatings and
formation of more cracks and empty, uncovered gaps. In this case, it can be
said that the coating with annealing at a higher temperature gives, albeit
layered, but less cracked thin films.

Thin films were much tidier, smoother and less cracked when spin-coating
technique was used for their preparation. Figures 22 and 23 show that the
coatings are evenly distributed over the entire substrate, with no protrusions
and empty, uncovered gaps. Figure 22 shows that on the quartz substrates
cracks in the thin films that may have been caused by the shrinkage of the
substrate during heating. While the higher magnification figures show
individual particles in the garnet layer that are about 50 nm in size. The
essential difference with using different, sapphire substrate shown in Figure
23, is only that there are no visible cracks in the coatings on it. This retention
of the smooth surface of the coatings may have been influenced by a high-
coefficient of thermal expansion of AlO; which ranges from 4.5 to
5.8 x 107° K'!. Meanwhile, the coefficient of thermal expansion of quartz is
almost 10 times lower and can be from 0.55 to 0.75 x 107® K!. It is obvious
that in order for the sapphire to start to expand the same distance as this
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substrate, a higher temperature is required, so when heated at the same
temperature, the coating on this substrate remains unbroken [192,193]
Summarizing the obtained data, it can be stated that in order to obtain better
quality thin films, it is essential to use the spin-coating technique. This method
helps to avoid unnecessary layering of coatings, which affects the
inhomogeneity of the coating at different locations on the substrate.

YAG:Ce@Si02 YAGICe.B@Si02 YAG:Ce.Mg@Si02 LuAG:Ce@Si02 LUAG:Ce B@Si02 LuAG:Ce, Mg@Si02

YAG:Ce@Sio2 YAG:Ce,B@SIO2 YAG:Ce,Mg@Sioz LUAG:Ce@Si02 LuAG:Ce B@SI02 LuAG:Ce, Mg@SIO2

Figure 20. SEM images of garnet coatings on quartz (SiO,) substrate using
dip-coating technique when all layers were coated without intermittent
heating.
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Figure 21. SEM images of garnet coatings on quartz (SiO;) substrate using
dip-coating technique when each layer is heated separately.
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Figure 22. SEM images of garnet coatings on quartz (SiO,) substrate using
spin-coating technique when each layer is heated separately.
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Figure 23. SEM images of garnet coatings on sapphire (Al,O3) substrate using
spin-coating technique when each layer is heated separately.

3.2.3. Luminescence Properties

The luminescence of the compounds and its efficiency are highly dependent
on the active centers in the sample. Since for preparation of films a much
diluted solution is used, only a thin layer is deposited on the substrate.
Moreover, the number of active emission centers is much smaller if compared
to that of powders or ceramics. This disparity leads to the much more reduced
emission and excitation intensity [13].

The Figures 2427 show that the coatings have luminescent properties.
Note, a self- made sample holder was used for the luminescent measurement
of the thin films. For this reason, emission intensity is very sensitive and not
a comparable parameter, because even the smallest displacement in the
coating can have a huge effect on the emission and excitation strength.

Despite the fact that the luminescence intensity cannot be compared
between different compounds samples, the properties of YAG and LuAG
garnets can be seen in Figures 24-27. The excitation spectra (Figures a) show
two intense peaks, which, are assigned to the transitions characteristic to Ce**
ions.

From the emission spectra (images b in all of the figures) one main
emission band characteristic to Ce*" ions is observed and is attributed to the
5d! — 4f' electron transitions. Its maximum varies from 505 nm to 550 nm
depending on the composition of the garnet. The figures also show extraneous
peaks of different intensities located in the region from 660 nm to 740 nm. All
of these peaks are attributed to Cr** ion emission [184]. Given the composition
of the materials and substrates used, it can be stated that the influence of
chromium ions seen in the spectrum may be caused by the impurities in used
substrates. All substrates seem to contain appropriate amounts of chromium
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impurities. In Figure 25b this area particularly stands out. This can be
explained by the fact that sapphire contains about 10% of other elements,
including chromium, impurities.

A different quartz substrate has also been used for dip-coating (Figure 24b)
where all layers were coated without intermittent heating. It can be seen that
higher levels of chromium ions impurities are also observed in this substrate.
The substrates used in the synthesis of the other two compounds have the
lowest amount of parasitic phase. These quartz substrates, and impurities are
the smallest and less than 8%.

From the obtained spectra for the thin films, it can be said that regardless
of the coating technique and the substrate used, the optical properties that are
characteristic of synthesized garnets are observed. This confirms that these
coating deposition methods retain their characteristic luminescent properties.
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Figure 24. Excitation (a) and emission (b) spectra of garnet coatings on quartz
(Si0;) substrate using dip-coating technique when all layers were coated
without intermittent heating.
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Figure 25. Excitation (a) and emission (b) spectra of garnet coatings on quartz
(Si0,) substrate using dip-coating technique when each layer is heated
separately.
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Figure 26. Excitation (a) and emission (b) spectra of garnet coatings on quartz
(Si0;) substrate using spin-coating technique when each layer is heated

separately.
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Figure 27. Excitation (a) and emission (b) spectra of garnet coatings on
sapphire (Al,O3) substrate using spin-coating technique when each layer is
heated separately.
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While the fact that the emission and excitation intensities of the garnet
coatings cannot be compared between each other stands, the decay times can
be compared because the same number of counts were used for all samples.
Depending on the intensity of the emission, only the duration of the
measurement itself varied. The luminescence decay time was also measured
for the prepared compounds. According to the literature, the specific trends
and values applicable for luminescence decay times (decreases and increases)
correlate well with ones obtained during scintillation decay [186,194—196].
The basic idea is that the added boron and magnesium shortens the decay time.
Indeed, as seen from the Table 1, both YAG and LuAG samples show a
decrease in decay times when adding boron and magnesium with only slight
reduction for some samples. In some cases the reduction is even up to 6 ns
(YAG:Ce,B — dip-coating, SiO,, 1byl). Determination of the sample decay
times shows that in this case the introduction of boron to the structure gives
more of an advantage as compared to magnesium, although there are more
literature sources on magnesium doping [197]. As expected and mentioned in
literature LuAG garnets have shorter decay times than YAG compounds
[174]. Slightly longer durations are observed on sapphire substrate, but this
can be affected by the replacement of the substrate itself. Looking at all the
obtained data, it can be seen that the shortest decay time is for LuAG:Ce,B
sample, which is coated by dip-coating method, when each layer is heated
separately 900 °C. Based on the visible emission spectra in Figures 24-27, it
cannot be ruled out that the values of the decay times are also influenced by
Cr’"ions present as an impurity, which has longer decay times than Ce*" ions.

Table 1. Decay times of different garnets thin films.

Decay time (ns)
Dip- ) . Spin-
Sample coat?ng, DIP- Sp1.n- co:fting,
Si0,, Foatlng, .coatlng, ALO;,
Si0,, Ibyl  SiO,, 1byl
together Ibyl
YAG:Ce 59.64+£0.2  6573+03 67.67+0.2 68.83+0.1
YAG:Ce,B 59.13+£0.2 4944+0.2 6497+0.2 7746+0.3
YAG:Ce Mg | 59.54+£0.2 48.69+02 71.22+£03 7422+0.2
LuAG:Ce 5347+£0.1 47.07+0.1 6331+02 6637+0.2
LuAG:Ce,B 50.60+£0.2  4546+0.1 6574+0.2 62.50+0.1
LuAG:Ce,Mg | 61.88+0.3  46.65+0.2 60.52+0.1  72.93£0.2
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3.3. Synthesis and Investigation of Novel Boron and Magnesium Doped
YAG:Ce and LuAG:Ce Phosphor Ceramics

In addition to the scintillation properties themselves, applicability is an
important factor as well. For this reason, materials synthesized in form of
ceramics are much more viable to fashion into actual devices as compared to
powders which are impractical in this case. In view of this paragraph, boron
and/or magnesium doped YAG:Ce and LuAG:Ce ceramics are synthesized.
The resulting ceramics are durable and have a suitable tablet shape, which
were synthesized under isostatic pressure and finally heated to form crystalline
ceramic.

All the information presented is published in the scientific article P3. In
addition, a list of synthesized and described ceramics, results of particle size
distribution histograms, the profiles of decay time curves and CIE
chromaticity diagrams can be found in the publication.

3.3.1. X-Ray Diffraction Analysis

X-ray diffraction analysis was performed to determine the purity of the
synthesized ceramics. The diffraction patterns of the garnet samples are shown
in Figure 28. Every peak corresponds to garnet phase according the reference
data (YAG: PDF#96-152-9038 and LuAG: PDF#00-056-1646, respectively).
No additional and unassigned reflection were observed that could be attributed
to any impurity phases. Thus, from the given results it can be clearly seen that
all of the obtained yttrium aluminum (part a) and lutetium aluminum (part b)
garnet ceramics exhibit a single phase structure. A cubic garnet crystal lattice
was observed with a Ia3d (#230) space group for all compounds.
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Figure 28. Diffractions patterns of YAG (a) and LuAG (b) ceramics.
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3.3.2. Scanning Electron Microscopy Analysis

SEM analysis was performed to determine the surface morphology of the
ceramics as well as to estimate the particle size. Figures 29 and 30 show the
surfaces of YAG and LuAG ceramics under different magnifications. This
was done in order to investigate both the broader surface of the ceramics as
well as the individual particles that make up the ceramics.

It can be clearly seen from the figures that the incorporation of boron into
the garnet structure has a significant influence on the morphology of the
ceramics. This was expressed mostly in the fact that the particle size increased
drastically when comparing the samples doped with boron to the ones doped
with only cerium (in both LuAG and YAG cases). This can be explained by a
couple of reasons. Firstly, in some cases when compounds are alloyed with
other elements their melting point decreases and as such the particle size
increases due to a more rapid mass transport. And secondly, due to the fact
that boron can also act as a flux not just dopant in this case, this also drastically
increases grain growth and results in larger individual particles [176].

£ | YAG:Ce,5%B,0.03%Mg | YAG:Ce,0.03%Mg

)

i _‘ YAG:Ce,5%B,0.03%Mg YAG:Ce,0.0?:%Mg

Figure 29. SEM images of YAG ceramic samples.
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Figure 30. SEM images of LuAG ceramic samples.

In addition to surface morphology, the thickness of ceramics was determined
by scanning electron microscopy. Figure 31 shows a side view of
YAG:Ce,5%B ceramic. It can be seen that the thickness of the ceramic is
around 749 pm. It is therefore clear that a sufficiently thin ceramic was
obtained during the synthesis.

YAG:Ce,5%B

Figure 31. SEM images of YAG:Ce,5%B ceramic sample side view.
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3.3.3. Luminescent Properties

Photoluminescence emission and excitation spectra were measured for all
ceramic samples and are shown in Figures 32 and 33. For all ceramics,
electron transitions between 4f', 5d'and 5d? levels are observed [3]. The
excitation spectra (part a) consist of two broad bands. These bands are located
at 342 nm and 457 nm for yttrium aluminum garnet and at 347 nm and 450 nm
lutetium aluminum garnet. The first (less intensive) band is attributed to the
electron transition that occurs between 4f! and 5d? levels, and the second band
— between 4f! and 5d' levels [178]. It can be observed that the YAG:Ce,B and
LuAG:Ce,Mg compounds have the most intense bands in the excitation
spectra.

Figures 32b and 33b show a broad band emission spectrum of the Ce**
ions. The emission maxima are seen at 545 nm and 512 nm for YAG and
LuAG ceramics, respectively. The lutetium aluminum garnet samples have
their emission maxima shifted towards the higher energy side. This blue shift
can be explained by the different covalency of the samples which originated
from the different electronegativity of the (Lu** and Y**) bonds inside the
matrix [179]. Similarly to the excitation spectra, the emission spectra show
that the YAG:Ce,B and LuAG:Ce,Mg samples have the highest emission
intensity. The increase in emission intensity can be explained by the change
in particle size (from SEM data). Both YAG:Ce,B and LuAG:Ce,Mg have the
largest particles, and since larger particles in most cases have higher emission
intensity due to relative small surface area to volume ration. This occurs due
to the fact that most luminesce quenching defects exist on the surface of the
particles, hence less surface area as compared to volume means that less of
these defects are present [180,181].

In addition to Ce*" emissions, Cr*" ion emission is also observed in the
emission spectra at about 700 nm. The emission of chromium ions originates
from the 2E—*A, electron transitions [198]. The chromium ions are most
likely introduced as impurities from the precursors used during synthesis as
even extremely small amounts have been reported to show reasonably
intensive emission [170].
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Figure 32. YAG ceramics excitation (a) and emission (b) spectra.
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Figure 33. LuAG ceramics excitation (a) and emission (b) spectra.

The main idea behind the boron and/or magnesium doping was to reduce the
decay times. From decay curves it was determined that the two-component
process is happening. Bi-exponential decay occurred due to doping of
YAG:Ce and LuAG:Ce with boron and magnesium ions. As a result of this
doping, defects appear in the samples that trap electrons and delay
recombination, and as such cause the bi-exponential decay profile [199].

For more clarity the decay times of all synthesized samples are displayed
in Table 2. Due to the two-component nature of the process average decay
times were calculated. The obtained results suggest that the doping of
ceramics with boron was successful and as a result the decay times of the
compounds decreased. For YAG:Ce that was not doped with boron the decay
time is 55.79 ns, and after doping it decreased to 52.74 ns. In the case of
lutetium aluminum garnets, this change is even more visible and the decay
times decrease from 52.17 ns to 48.86 ns.

However, in the case of magnesium and combination doping the decay
times have increased, in most cases. This may potentially show that
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magnesium doping is not suitable for ceramics, at least in the case of YAG
and LuAG. Comparing the results seen from the emission spectra (Figures 32
and 33) it can be observed that magnesium improves the emission intensity,
which may be caused by increase of particle size and changes in morphology
of the compounds. While the decay time depends on the electronegativity

difference of the different ions [180,185].

Table 2. Decay times of different garnets ceramics.

Decay time (ns)
Sample
T1 T2 TAv
YAG:Ce 18.59+ 0.8 5848 +0.8 55.79+£0.9
YAG:Ce,5%B 16.04 + 0.4 56.44+04 52.74+£0.8
YAG:Ce,5%B,0.03% Mg 1841 +0.5 67.84+0.5 66.51+0.8
YAG:Ce,0.03%Mg 21.44+04 60.06+0.4 60.16+£0.8
LuAG:Ce 21.24+09 519709 52.17+1.1
LuAG:Ce,5%B 21.32+0.9 52.68+0.9 48.86+1.1
LuAG:Ce,5%B,0.03%Mg | 17.55+0.9 51.92+0.9 48.67+1.2
LuAG:Ce,0.03%Mg 3224+0.4 5747+04  5486+1.1

Based on the obtained results, it can be concluded that boron doped ceramics
have a shorter decay time, which is required for scintillators. The decay times
of this synthesized ceramic are one of the shortest as compared to the work of
other scientists (for YAG:Ce varies from 58 to 60 ns, for LuAG — from 54 to
50 ns) [200-202].

Although scintillation decay times have not been measured in this work, it
can be argued from the literature that in both photoluminescence and
scintillation decay times (decreases and increases), specific trends and values
correlate [170,186,194,196].

3.4. The Effect of Boron and Scandium Doping on the Luminescence of
LuAG:Ce and GdAG:Ce

This section concerns cerium and boron doped LuszAliSciO1, and
Gds;Al3Sc,012 garnet p-crystalline powders, which were synthesized for the
first time. No information about of such elemental composition garnets was
found in the literature. The incorporation of B*" and Sc** ions into the garnet
matrix corresponds to the improvement of the scintillating properties. Boron
in these compounds could act like a flux and thus modulate particle
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morphology, while scandium solely changes the physical and luminescent
properties of these garnets. From the measured radioluminescence emission
spectra, it could be concluded that boron doping results in a higher emission
intensity when the compounds are excited by high-energy radiation.

All the information presented is published in the scientific article P4 and
article supplementary material file. In addition, a list of synthesized and
described garnets powders, results of particle size distribution histograms, the
profiles of decay time curves and temperature dependent luminescence
properties can be found in the publication.

3.4.1. Inductively Coupled Plasma Optical Emission Spectrometry

The boron content in gadolinium aluminum scandium garnets was determined
by using ICP-OES and the results are listed in Table 3. In all samples, the
measured boron amount was slightly smaller than the calculated amounts used
for the synthesis. This trend is expressed more in the compounds with higher
total boron amount values (samples with 3 and 5% of Boron).

Table 3. Boron content in % in GAASG samples measured by ICP-OES.

Amount of boron Amount of boron
Sample (weighed in) (determined)
Gd3Al3SCzO]2:1%Ce 0% 0%
Gd3Al38¢2012:1%Ce,1%B 1% 0.9%
Gd3Al3SCzO12:1%Ce,3%B 3% 2.3%
Gd3Al3SCzOlzt I%Ce,S%B 5% 3.5%

3.4.2. X-Ray Diffraction Analysis

Lutetium aluminum garnet sample purity was checked based on Powder
Diffraction File, (PDF) #00-056-1646. The purity of gadolinium aluminum
scandium garnet is checked based on the same structure since no material PDF
card of this garnet was found. The diffraction patterns show (Figure 34) that
garnets containing less than 3% of boron (except LuAG) have a pure garnet
phase, regardless of whether doped with Ce** ions or not.

Lutetium or gadolinium aluminum scandium garnet compounds with more
boron contain aluminum boride AIBo ((PDF) #96-231-0323) impurities. The
reflections attributed to these impurities are marked with a ¢ sign in the XRD
patterns. When increasing the boron amount in gadolinium aluminum
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scandium garnets, impurities of scandium oxide Sc,O3 ((PDF) #96-100-8929)
are also observed in the samples. Sc2Os phase is marked with a * sign. From
the given diffraction patterns, it could be said that the increasing amount of
boron, leads to a rise in intensity and number of reflections that are ascribed
to the impurities phase. As is commonly know the ionic radii of Gd** (1.05 A)
is larger than that of Lu* (0.98 A) ions [203]. We can also observe this
difference in ionic size in the diffractograms, as they show a shift to smaller
angle values when gadolinium ions are present in the garnet lattice. Low
amounts of Ce*" and B*" ions do not significantly affect peak position [174].

In summary from the measured data, it can be said that synthesized garnets
could be doped with no additional impurity phase formation in LuAG with up
to 5% of boron. In lutetium or gadolinium aluminum scandium garnets the
single-phase compounds are only obtained up to 3% of boron.
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Figure 34. Diffraction patterns of LusAlsOi2, LusAlsSciO12 (above) and
Gd3Al3Sc201; (below) doped with 1% of cerium and different concentrations
of boron.
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3.4.3. Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) images were taken to determine the
morphology of the garnet powders. All samples were imaged at different
magnifications.

While analyzing the obtained results, all samples, regardless of the
composition have similar morphological characteristics. This is mainly
reflected in the particle shape, porosity, and particle arrangement, while in the
case of particle size, significant differences were observed. These
characteristics were most likely determined by chemical composition,
synthesis procedure, and doping with B** ions.

Figure 35 displays images of cerium and different amount of boron doped
gadolinium aluminum scandium garnet. All compounds have irregularly
shaped interconnected particles, between which no significant porosity is
observed. However, the particle size changes when compounds are co-doped
with boron. The higher the boron content is used during the garnet synthesis,
the larger the particle size is observed. These changes can be explained by the
fact that boron can act as a flux. Since the melting point of boric acid used in
the synthesis is 170 °C. Furthermore, boron most likely lowers the melting
point of garnet. As a result, when heated at the same temperatures, garnets
doped with a higher amount of boron show accelerated grain growth. For these
reasons, larger garnet particles are obtained [176]. As can be seen from Figure
35 as the boron content in the compounds increases, the porosity of the
samples decreases. In boron-free garnets, relatively high-porosity is observed,
which disappears when samples are doped with 5% of boron. This change can
also be explained by boron acting as a flux and thus increasing grain growth.
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Figure 35. SEM images of 1% Ce** and different amounts of B*" doped
Gd3Al3Sc 01, garnet powder samples.

3.4.4. Luminescent Properties

The operation mechanism of scintillators is based on the high-energy
conversion to visible light in the form of luminescence. In this case, the photo
and radio luminescent properties are determined by the presence of cerium
ions in the composition of garnets. Ce®" ions are characterized by
interconfigurational electron transitions between the [Xe]5d' and [Xe]4f!
configuration with light emitted in the green to yellow spectral range [204].
The luminescence properties were the main indicator which was sought to be
modified, by adjusting the materials in such a way that they could be most
applicable as scintillators.

The reflection spectra of the synthesized lutetium aluminum and
gadolinium aluminum garnets doped with scandium, cerium, and boron are
shown in Figure 36. It can be also noted that doping with other ions affects
absorption strength, this is also observed when doping with B** and Sc¢** ions.
However, scandium also causes the absorption band to red shift from 430 to
450 nm [205]. Similar trends are observed for the gadolinium garnets. In this
case, it is not possible to estimate the shift due to scandium ions, since the
compound without scandium is not stable in bulk form. However, B**
influences the absorption strength. As the boron content increases, absorption
becomes stronger. Electron transitions characteristic of Ce** can be observed,
however, additionally, characteristic transitions of Gd** can also be observed
at 340 nm and are identified as the intraconfigurational transitions 8S7, — °P;.
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These transitions are not present in Lu based garnet samples because of the
lack of Gd** [206].
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Figure 36. Reflection spectra of 1% cerium and different amounts of boron
doped Lu3A15012, LuzAlsSciO12 and Gd3Al3ScoO1s.

Figures 37 and 38 show excitation and emission spectra of different
compounds measured at room temperature.

As was already observed from the reflection spectra, LuAG samples
(Figure 36) show the same tendency, when garnet was doped with Sc** the
emission and excitation spectra shifted to lower energy waves and the
intensity of the spectra decreased [205]. In this case, boron does not have a
significant effect on the emission intensity, but a small amount of it does not
reduce the intensity as well. However, a larger amount reduces the intensity.
XRD showed that the compounds with higher boron content show AlBig
impurities that could be responsible for the reduction in intensity. Other
possible explanation for effect of boron on luminescence intensity is that B3
can cause additional defects in lutetium or gadolinium phosphors. Although
equivalent substitution of AI** and B3* ions occur in matrix, defects that appear
to compensate for the ionic charge cannot form because the ionic charges are
the same and equal to 3+. However, the B> radii is much smaller than the AI**
ion in tetrahedral and octahedral coordination and the irregularity of the
coordination polyhedron of the dopant site can increase, which causes an
exceptionally large increase in local strain. This strain could be partially
reduced by the formation of trigonal-planar moieties of [BO3], which tend to
then form oxygen vacancies and thus finally decreases the emission intensity
[121].

The emission spectra also show two peaks, which are specific to cerium
doped garnets, as they indicate two different electronic transitions, which are
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the interconfigurational transitions ’D — “Fs at higher energy and °D — *F7
at lower energy [75].

Emission and excitation spectra of gadolinium aluminum scandium garnet
samples are plotted in Figure 38. An 8S7, — °[; electron transition at 260 nm,
which is attributed to Gd*", is additionally visible in the excitation spectra
[207]. In contrast to LuAG, boron has an obvious influence on the intensity of
these luminescence spectra. From the emission and excitation spectra, it can
be derived that compounds doped with 5% and especially 3% B*" show the
highest intensities, while the boron free compound shows the lowest. From
the SEM data, it is known that compounds with more boron have larger
particles. The particle growth was likely responsible for the increase in
intensity, due to the lower surface area to volume ratio resulting in less surface
quenching and thus higher PL intensity [182,183]. In this case, it can also be
observed that the emission maximum is red-shifted towards 580 nm. This shift
can be explained by the different covalency of these compounds, which results
from the different electronegativity of constituent atoms [179].
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Figure 37. Excitation (a) and emission (b) spectra of 1% cerium and different
amounts of boron doped Lu3zAlsO1» and LuzAlsSciOro.
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Figure 38. Excitation (a) and emission (b) spectra of 1% cerium and different
amounts of boron doped Gd3;Al3Sc2015.
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To find out how effective the synthesized materials are as scintillators,
radioluminescence emission measurements were also performed for all
samples. All cerium and boron doped lutetium and gadolinium aluminum
scandium garnets were excited with X-rays (50 kV, 1.8 mA).

From the left part of Figure 39, lutetium garnets without scandium have a
more intense emission. This was to be expected since the scandium
extinguishes the intensity of the emission [208]. However, garnet doped with
5% of boron has the most intense emission characteristic of cerium ions
[Xe]5d' — [Xe]4f! with maxima at a wavelength of 550 nm. The emission
intensity of this sample is as much as 1.5 times higher than that of the boron-
free sample. This, as in the case of photoluminescence, can be explained by
the different particle sizes [182,183]. An additional peak at around 685 nm
can be attributed to the photoluminescence of a Cr** impurity, which was most
likely caused due to the use of chromium containing aluminum nitrate as a
starting material. The emission of these ions when excited by X-rays is
relatively strong, so impurity is very clearly visible even at extremely low
content. This is quite a common occurrence and the low content of impurities
can be confirmed due to the fact that these emission peaks are not observed
under regular excitation conditions (Figure 37) [184].

The right graph of Figure 39 shows the emission spectra of cerium and
boron doped gadolinium aluminum scandium garnets. From these spectra, it
can be seen that boron increases the intensity of the emission like in LUAG
samples. The most intense emission was observed for garnet doped with 3%
of boron, and the least intense emission for the boron-free garnet. This garnet
indeed has an additional peak at approximately 608 nm, however, this is an
artifact stemming from the measurement procedure and not a property of the
sample. From the results of the radioluminescence emission spectra, it can be
concluded that the addition of boron has a large and important influence on
the compounds that are used for excitation with X-rays. In this case, boron
ions increase the intensity of radioluminescence emission.
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Figure 39. Emission spectra of 1% cerium and different amounts of boron

doped LusAlsOi2, LusAlsSciO1: (left) and GdszAlzSc,Oi; (right) under X-ray

excitation.

Ce*" activated garnets have a decay time in the ns range [75]. In this case, the
same trend is obtained. The measured decay time of the compounds and the
B*" influence of these values is shown in Table 4.

The decay time of the synthesized samples range from 60 to 46 ns. It should
be noted that in this synthesized series, the decay time of lutetium aluminum
garnet are slightly shorter than the usual ones mentioned in other sources,
where they equal to 68 ns [11]. In this case, lutetium aluminum garnet doped
only with cerium has the longest decay time, which is 60.6 ns. Increasing the
boron content and adding scandium shortens the decay time. Lutetium garnet
doped with scandium and 3% boron, most likely due to the formation of
recombination centers has the shortest decay, equaling 53.1 ns [208].

As expected, the decay time of gadolinium aluminum scandium garnets is
shorter than that of lutetium garnets [107]. It can be seen from Table 4 that
increasing the amount of boron in the compounds decreases the decay time.
The decay time is even 4.2 ns shorter for the compound doped with 5% of
boron compared to the compound without boron.

Table 4 also shows the quantum efficiency values of the compounds.
Lutetium aluminum garnets exhibit higher EQE values than gadolinium
aluminum scandium garnets. A significant difference can again be seen due to
the addition of boron to the compounds. Boron increases the quantum
efficiency of the compounds. For LuAG, the EQE increases by more than
19%. The corresponding change is also seen in gadolinium garnets, although
it is smaller.
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Table 4. Synthesized samples decay time and quantum efficiency.

. Quantum

Sample Decay time [ns] efficiency [%]
LuzAl;012:1%Ce 60.6 £ 0.1 39
Lu3Als012:1%Ce,5%B 58.8 £0.1 59
LuzAliSc1012:1%Ce 549 +0.1 31
Lu3AlLS¢1012:1%Ce,3%B 53.1+0.1 35
Lu3zAlsSc1012:1%Ce,5%B 54.0£0.1 33
Gd3AL;Sc:012:1%Ce 50.8+£0.2 12
GdzAl:S¢:012:1%Ce,1%B 49.6 £0.2 13
Gd3Al:Sc2012:1%Ce,3%B 46.8 £0.2 15
Gd3Al3S¢;012:1%Ce,5%B 46.6 £0.2 14

However, it can be observed that garnets containing scandium doped with 5%
of boron have a lower EQE value. This can be explained by the appearance of
impurities, which are confirmed by X-ray diffraction analysis. Compounds
doped with larger amounts of B*" have more defects that absorb part of the
photons falling on the sample. This is reducing in the amount of photons
absorbed and emitted by the desired phase [188].

3.5. Effect of Boron and Scandium Modification of Pr** Doped LuAG
and GdAG on the Luminescence Properties

Both lutetium and gadolinium aluminum garnets doped with praseodymium
(Pr*"), according to literature sources, have shorter decay times than, for
example, compounds doped with cerium (Ce*"). It was decided to synthesize
praseodymium doped garnets with a completely new elemental composition
and to see what influence the modification of compounds with scandium and
boron has on the structural and luminescent properties. To our best
knowledge, elemental composition of Gd3Al3Sc,012:B,Pr has been reported
for the first time.

All the information presented is published in the scientific article P5 and
article supplementary material file. In addition, a list of synthesized and
described garnets powders, results of particle size distribution histograms,
reflection spectra, profiles of decay time curves and temperature dependent
luminescence properties can be found in the publication.
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3.5.1. Inductively Coupled Plasma Optical Emission Spectrometry

The Gd3Al3Sc,01, garnets were analyzed by ICP-OES to determine the molar

concentration of Pr** and B*" in the samples. The results are shown in Table 5.
Praseodymium amount varies slightly but is close to 1%, the discrepancies
may most likely be caused by the small amount present and the inaccuracies
of the analysis itself. The amount of boron in the compounds varied from 0%
to 5% during the synthesis. From the obtained results, it can be seen that the
actual measured amount is not identical to the calculated one. However, the
difference is quite small in all cases. Despite the existing differences and the
overall trend remains as expected, the more B** was added to the structure, the
more was detected. Garnets, which should contain 3% and 5% boron, show
slightly lower values of 2.6% and 4.2% respectively. This reduction may have
occurred because of the low melting point of boric acid which causes some of
the B** have evaporated.

Table 5. Praseodymium and boron content % in GAASG samples measured
by ICP-OES.

Praseodymium Boron
Sample Wei.ghed Measured Wei'ghed Measured
in in
Gd3Al:Sc2012:1%Pr 1.0% 1.2% 0.0% 0.0%
Gd3AlSc2012:1%Pr,1%B 1.0% 1.0% 1.0% 1.3%
Gd3AlzSc2012:1%Pr,3%B 1.0% 1.3% 3.0% 2.6%
Gd3AlSc2012:1%Pr,5%B 1.0% 1.3% 5.0% 4.2%

3.5.2. X-Ray Diffraction Analysis

Since the luminescence properties are dependent on the phase composition of
the materials it is imperative to fully investigate the compositional makeup of
each sample. As such, the phase purity of the samples was investigated by X-
ray diffraction analysis and Rietveld refinement.

The XRD patterns and the results of Rietveld refinement of GAASG doped
with Pr** and B*" are plotted in Figure 40, while the results for LuAG, and
LuASG doped with Pr** and B** can be found in article P5. From the Rietveld
refinement results displayed in Figure 40 (left), it can be observed that samples
containing 0 and 1% of boron possess a single phase garnet structure with a
space group /a3d. The model shows quite a good fit with no unattributed
reflections. However, when the sample is doped with 3% of B*" additional
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diffraction peak is observed at around 32 26(°). This impurity phase was
identified as Sc,Os with a space group of /a3 and when 5% B*" is added,
another impurity phase of GdAl;(BOs)s with an R32 space group (Powder
Diffraction File, (PDF) #04-002-9348) is observed as indicated by new
reflection at around 33.5 20(°). However, while the impurities in these cases
are indeed present, their fractions are rather insignificant. In the case when 3%
of boron was used the impurities consisted of only 0.64%, and in the second
case (5% of Boron) — 1.73%.

Figure 40 (bottom right) shows the variation of unit cell parameters based
on the B*" content in the samples. In all cases when boron was introduced into
the unit cell a reduction of the lattice parameter was observed. This is due to
the ionic radii difference between AI** (0.54 A) in octahedral, (0.39 A) in
tetrahedral and B> (0.27 A) in octahedral, (0.11 A) in tetrahedral as boron is
much smaller [209]. In GdASG:Pr, the unit cell parameter a slightly reduces
from 12.331 A to 12.328 A, in LuASG:Pr from 12.068 A to 12.060 A, and in
LuAG:Pr from 11.914 A to 11.900 A. The unit cell parameter of Lu3AlsO12
garnet was reported to be around 11.906 A [210]. Overall, the gadolinium
based garnet showed the largest size, followed by the Al-Sc gamnet, and the
simple Lu-Al garnet exhibited the smallest lattice parameter. Consequently, it
can be stated that Sc** (0.75 A) and Pr** (1.13 A) increased doping level leads
to an expansion of the crystal lattice, while the introduction of B**ions causes
it to contract as expected from the ionic radii differences [209].

The visualization of the garnet structure from the data obtained after
Rietveld refinement can be found in Figure 40 (top right). Visualization was
made with the program “Vesta” [211]. Garnets have a cubic crystal structure
with the Ia3d space group. In such a structure there are three independent
positions, an 8-fold coordinated dodecahedral, a 6-fold coordinated
octahedral, and a 4-fold coordinated tetrahedral positions. Depending on the
size, elements can occupy different positions in the structure. In this case, Sc**
AI** and B** occupy tetrahedral and octahedral sites, and Lu**, Gd*" and Pr**
the dodecahedral sites. All of the coordination polyhedrons are shown in
Figure 2. Overall, the obtained crystallographic results fit well with the ones
reported in the literature [212,213].
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Figure 40. Rietveld refinement results of XRD data recorded for Pr**and B**

doped Gd3Al3Sc,01; at room temperature (red dots are the experimental data;

black lines are calculated data), Bragg reflections are indicated by vertical

ticks. Top right — a structure of garnet cell after Rietveld refinement. Bottom

Amount of boron (%)

right — unit cell parameter a after Rietveld refinement of all synthesized
samples.

3.5.3. Scanning Electron Microscopy Analysis

SEM images of LuzAlsOj, and LusAliSciO1, garnets doped with Pr** and
different amounts of boron are shown in Figure 41. Gd3Al3;Sc,012 garnets — in
Figure 4. Garnet samples that are prepared by the sol-gel method, commonly
are characterized by irregularly shaped individual and interconnected particles
that may have unfilled pores between them [214-216].

It can be seen that samples without boron have smaller particles as
compared to those containing B*" ions. As the boron content increases, the
particle size also increases. This is observed for LuAG and LuASG samples.
However, it is especially noticeable in the Gd3Al3Sc,O1, samples. This may
be caused by the fact that the initial particle size for this composition is much
smaller as compared to the Lu based garnets as well as by a more gradual
increase in boron content from 0%, 1%, 3% to 5%. In this case, particle size
increases from nanometer scale to micrometer one.
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In Figure 42, it can be observed that the porosity of garnets decreases as
the boron content increases. Overall, the incorporation of B¥* leads to a larger
particle size as well as a reduction in porosity.

LuASG:1%Pr LuASG:1::M,Pr,3%B LUASG:1 %Pr,5%B

Figure 41. SEM images of 1% Pr** and different amounts of B** doped
LuszAlsO12 and LusAlsSciO1, garnet samples in different magnifications.

1% Pr! . | 1%Pr1%B

Figure 42. SEM images of 1% Pr’* and different amounts of B** doped
Gd3Al3Sc,01;, garnet samples in different magnifications.

3.5.4. Luminescent Properties

VUV and UV excitation spectra were measured for all synthesized samples
using 312 nm as emission wavelength. Figure 43 (left) shows the normalized
excitation spectra of lutetium garnets in the range from 120 nm to 310 nm with
an intense band being visible at 172 nm. It is assigned to host the absorption
of LuUAG. From 230 nm two intense bands are assigned to praseodymium ion
excitation [217].

The normalized excitation spectra of the GAASG samples are shown in
Figure 43 (right). It is quite difficult to ascribe the bands existing in the 120 nm
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to 200 nm region as not much data is present in the literature for such
composition, however similarly as before, at least in part it could arise from
the band gap of the matrix compound. Bands from 200 nm are attributed to
Pr** centered *Hy — [Xe]4f'5d! transitions and Gd** centered ®S7, — °I; and
8S7, — Py transitions.

Energy (eV) Energy (eV)
6 5

PP, - [Xel4r'sd"

Normalized intensity
Normalized intensity

T T T T T T T T T
150 200 250 300 150 200 250 300 350 400
Wavelength (nm) Wavelength (nm)

Figure 43. VUV and UV excitation spectra of 1% of praseodymium and
different amounts of boron doped LuszAlsOi2, LusAlsSciO2 (left) and
Gd3;Al3Sc,01; (right) samples.

Figures 44 and 45 show the excitation (a) and emission (b) spectra of LuUAG,
LuASG, and GAASG phosphors measured at room temperature. From the data
given in Figure 44, it can be observed that LuzAlsO,, and LuzAlsSci 01, garnets
exhibit characteristic excitation spectra of prascodymium ion with (a) and *Hs4
— [Xe]4f!5d! electron transitions.

Additionally, a peak shift is observed between different samples. LuAG
samples have excitation peaks at lower energy waves than samples containing
Sc*. This shift occurrence can be explained by the covalency effect, because
of the reduction of the energy between the lowest 5d and lowest 4f energy
levels [218]. The presence of Sc** in the structure also affects the intensity of
the excitation spectra, mainly resulting in a reduction in intensity. However,
samples containing B*" have higher intensity, with the most intense being the
compound with 3% of B*".

Electron transitions ascribed to praseodymium ions are also visible in the
emission (b) spectrum [219,220]. During the measurement of emission spectra
Aex = 285 nm was used for the excitation. In the wavelength range of 300 —
460 nm, characteristic, allowed, and more intense [Xe]4f> — [Xe]4f'5d!
electron transitions are visible.

As in the excitation spectra, garnets without Sc** have the most intense
emission, while out of the LuASG samples, garnet doped with 3% boron
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showed the most intense emission. The [Xe]4f> — [Xe]4f2 transitions of lower
intensity are seen in the 450 to 800 nm wavelength spectral range. In this case,
the LuASG sample with 3% B*" has the most intense emission (4f'5d' —
3H;,’F; transition).

It can be observed that in the case of [Xe]4f> — [Xe]4f2 transitions boron
significantly improves the emission intensity. This may be most likely caused
by the increase in particle size, which was induced by the use of B*" as a flux.

Figure 45 (a) shows the excitation spectra of GAASG samples. In this case,
electron transitions characteristic not only of praseodymium ions but also of
gadolinium ions are observed [220,221]. At 242 nm and 285 nm Pr** (*Hs —
[Xe]4f'5d") and at 312 nm — Gd*" (8S72 — °Py). In this case, the B** in the
structure has a totally positive effect and all compounds containing boron have
a stronger excitation, with the highest intensity sample being the one with
doped 5% of B*'. Interestingly, this sample has the highest amount of
impurities, as such it is possible that they are in part responsible for the high-
excitation intensity.

Since a large amount of scandium (especially in gadolinium garnet)
quenches the [Xe]4f2 — [Xe]4f'5d" emission of praseodymium, no emission
of these transitions is observed in Figure 45 (b) [85,86]. However, more
intense [Xe]4f> — [Xe]4f> emission is observed in this case (compared to
LuAG and LuASG). Furthermore, the compound with 5% B*" is also
characterized by the most intense emission. As with excitation, the intensity
is believed to be driven by the resulting impurities and changing particle size,
as boron acts as a flux during synthesis [14,176].
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Figure 44. Excitation (a) and emission (b) spectra of 1% of praseodymium
and different amounts of boron doped LuzAlsO;, and Lu3zAlsSciOa.
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Figure 45. Excitation (a) and emission (b) spectra of 1% of praseodymium
and different amounts of boron doped Gd;Al3Sc,01».

The application of scintillators is based on the excitation of samples with high-
energy radiation. Figures 46 and 47 show the emission spectra in conventional
and heatmap forms with the integrated emission intensities of synthesized
garnets under X-ray excitation at 50 kV and 1.8 mA.

The conventional spectra of LuAG and LuASG can be seen in Figure 46
left part. Both [Xe]4f2 — [Xe]4f'5d! and [Xe]4f2 — [Xe]4f® electron
transitions characteristic of Pr** are observed under X-ray excitation. From the
data, it can be seen that the introduction of scandium into the garnet lattice
reduces the intensity of [Xe]4f2 — [Xe]4f!5d! electron transition but increases
[Xe]4f> — [Xe]4f? emission intensity. LuAG:1%Pr, as under UV excitation,
exhibits the highest [Xe]4f2— [Xe]4f!5d! emission intensity, as shown by the
conventional emission spectrum (left) and heatmap (right).

Meanwhile, the most intense [Xe]4f> — [Xe]4f* transitions are observed
for LuASG:1%Pr,5%B sample. These differences are more clearly visible in
the heatmap and in the graph of integrated intensity since the increase in
intensity (red color) for this sample at 610 nm is readily observable. Similarly,
under UV excitation, the increase in intensity may result from the increase in
particle size upon the doping of B*".

Figure 47 left part shows the emission spectra of GAASG under X-ray
excitation. The [Xe]4f> — [Xe]4f'5d" electron transitions should be quenched
by Sc** ions, but for the GAASG:1%Pr,3%B sample is visible in the 300 to
400 nm spectral range. Furthermore, the introduction of B*" leads to an
increase in the emission intensity for the [Xe]4f> — [Xe]4f* transitions. The
most intense emission was observed for the GdASG:1%Pr,3%B sample,
which is even 1.2x10° more intense than the sample without boron.

The discussed changes can be more clearly visible in the heat map (right
side), which shows a yellow color at this sample and wavelength. These
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observations are also confirmed by the graph of integrated intensities. Overall,
B** has a positive effect on the emission intensity when X-ray excitation is
used. Thus, indicating that such garnets could potentially be better scintillators
than the boron-free samples.
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Figure 46. (Top) Emission spectra under X-Ray excitation (left), heatmap
(right) of 1% of praseodymium and different amounts of boron doped
LusAlsO12 and Lu3AliSciOrn. (Bottom) Integrated intensities of samples
emission spectra.
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Figure 47. (Top) Emission spectra under X-ray excitation (left), heatmap
(right) of 1% of praseodymium and varying amounts of boron doped

Gd3Al3Scy0O1;. (Bottom) Integrated intensities of samples emission spectra.

The measured decay times (excited at 265 nm for lutetium garnets and 285 nm
for gadolinium garnets) and quantum efficiency values of the compounds at
room temperature are given in Table 6.

The decay time of lutetium garnets is in the nanoseconds range, while that
of gadolinium garnets is in microseconds. As there is energy migration
through the Gd** sublattice, it acts as a slow component and the garnets' decay
time becomes longer with Gd** than with Lu** ion [222]. The decay time of
LuAG decreases as much as 3.6 ns when garnet is doped with boron.
LuAG:1%Pr,5%B has the shortest decay time of all synthesized samples, and
it is equal to 19.5 ns. The presence of boron in the garnet structure has a
positive effect on the reduction of decay time values.

The decay times of the GAASG samples vary from 8.8 to 8.3 um. As with
LuAG and LuASG samples, values are reduced by doping compounds with
B*" ions. Gd;Al3Sc¢2012:1%Pr,3%B has the lowest decay time. This reduction
in value is due to the optimal amount of boron ions and the relatively low
amount of impurities (just 0.64%). Further, increase in B** doping leads to an
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increase in the amount of impurities (up to 1.73%), as a result the decay time
may also increase.

In terms of quantum efficiency, LusAlsSciO12:1%Pr,5%B has the highest
value of 87%. Meanwhile, the values of the other samples vary widely,
although they tend to be greater than 50%. Table 6 shows that gadolinium
garnets have lower EQE values than lutetium garnets. Interestingly, only in
the LuAG case, a decrease in EQE was observed when boron was introduced.
As in the LuASG and GdASG cases, a quite steady increase in the efficiency
values was observed based on the B** content in the sample. The higher the
doping content, the higher the values obtained, in LuASG ranging from 49%
to 87%, and in GAASG values changed from 10% to 46%.

Table 6. Synthesized samples decay time and quantum efficiency.

. Quantum

Sample Decay time efficiency [%]
Lu3Als012:1%Pr 23.1+0.1 ns 70
LuzAls012:1%Pr,5%B 19.5+0.1 ns 52
Lu3AlLSci012:1% Pr 22.4+0.1 ns 49
LuszAlSc1012:1% Pr,3%B 19.7+ 0.1 ns 60
Lu3AliSc1012:1% Pr,5%B 19.9£0.1 ns 87
Gds;AL:S¢;012:1% Pr 8.8+0.2 us 10
Gd;Al:Sc2012:1% Pr,1%B 8.6+0.2 us 33
Gd3Al3Sc2012:1% Pr,3%B 8.3+0.2 us 39
Gd3Al3S¢2012:1% Pr,5%B 8.5+0.2 us 46

In conclusion, it can be said that lutetium aluminum garnet doped with 5%
boron has the shortest decay time that managed to synthesize, which is 19.5 ns.
Compounds of this value could already be used in commercial applications.
However, in this case, coatings and ceramics of compounds with such a
composition should be investigated.
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CONCLUSIONS

Regardless of the fact that garnets doped with cerium ions (Ce®") are
always heated in a reducing atmosphere, better luminescence properties
(higher emission intensity, higher quantum efficiency and shorter decay
time) are obtained when these compounds are doped with boron and
heated in air.

The aqueous sol-gel synthesis method allows for the insertion of up to
5 mol% of boron ions into the garnet structure without the presence of
extraneous phases. When compounds are doped with larger amounts of
boron, the appearance of extraneous phases has already been observed.
The exceptions are gotten in GAASG compounds, where an impurity
phase is observed already with 3 mol% of boron.

The sol-gel spin-coating and dip-coating coating deposition techniques
have been successfully used in the coating of garnet films on either quartz
(Si02) or sapphire (Al:Os) substrates. A comparison of the two
preparation techniques and the two substrates reveals that the optimal
choice is a sapphire substrate and spin-coating technology for the
production of films. In such conditions, the coating exhibits optimal
properties, with a more uniform surface and the absence of cracks
observed in other cases.

Yttrium, lutetium aluminum garnet ceramics doped with cerium and co-
doped with boron and magnesium were successfully synthesized for the
first time. Boron-doped ceramics exhibited enhanced emission and
shorter decay times than garnets of similar elemental composition in
literature sources.

The changes in morphology of garnets were observed, wherein the
introduction of boron into the structure results in an increase in particle
size. This is attributed to the role of boron as a flux. Larger particle size
exerts a significant positive influence on the intensities of the reflection,
emission, and excitation spectra of the compounds. Boron doped garnets
(as long as pure garnet phase is observed) exhibit more intense spectral
intensities than compounds lacking boron in their elemental composition.
This phenomenon was observed in all garnets that were studied.
ICP-OES measurements revealed that the boron content of these
compounds is in close agreement with theoretical values. It can be
concluded that boron enters the garnet structure during synthesis and
exerts a significant positive influence on the studied structural and
luminescent properties.
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Radioluminescence emission spectra, that most significantly describe
scintillators, are also characterized by a positive effect resulting from the
presence of boron in garnet composition. This positive effect is
highlighted by the increase emission intensity. The summary of the data
indicates that lutetium aluminum garnets doped with both cerium (Ce*")
and praseodymium (Pr*") ions and co-doped with boron (B*") exhibits the
highest radioluminescence emission intensity values.

Samples containing boron ions within the garnet crystal lattice exhibited
shorter decay times than those without (particularly YAG:Ce and
LuAG:Ce samples). This change can be attributed to the fact that boron
ions possess a higher electronegativity than aluminum ions, which
reduces polarization and therefore shortens the decay time. The described
trend is observed not only in powder samples but also in synthesized
coatings and ceramics.

Based on all of the obtained results, while taking into account the phase
purity and the values of the decay times, the best compounds that could
be used as a scintillator would be praseodymium and 5% of boron doped
lutetium aluminum garnet. In particular it had the shortest overall decay
time, which is equal to 19.5 ns. However, cerium and 5% of boron doped
lutetium aluminum garnet also exhibited excellent properties. The decay
time of this compound was one of the shortest amongst all cerium doped
compounds for powder, coating, and ceramic forms.
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SANTRAUKA

IVADAS

Viena i$ sriciy, kurioje stebima sparti technologijy pazanga, yra susijusi su
elektromagnetinés spinduliuotés naudojimu, kitaip tariant, tai medziagos ar
sistemos, kurios sgveikauja su Sviesa. Tokie junginiai gali biiti naudojami
baltos Sviesos diody (LED) gamybai, ar apsauginiy rasaly, skirty popieriniy
banknoty apsaugai nuo padirbinéjimo, kiirimui. Minétos sistemos yra placiai
pritaikomos ir moksliniuose prietaisuose, pavyzdziui, gaminant detektorius ar
optinius jutiklius [1-3].

Sviesos technologijomis paremti detektoriai pla¢iausiai naudojami
prietaisuose, skirtuose medicininiam zmogaus kiino vaizdavimui ir tyrimui,
pavyzdziui kompiuterinéje tomografijoje (CT) ar pozitrony emisijos
tomografijoje (PET). Siuose prietaisuose naudojamy detektoriy veikimo
principas yra pagrjstas didelés energijos, tokios kaip gama ar rentgeno
spinduliai, konvertavimu | matomg $viesag. Medziagos, kurios konvertuoja
didelés energijos spinduliuote ] matomga Sviesa, yra vadinamos scintiliatoriais
[4,5]. Siekiant gaminti aukstos kokybés detektorius, pirmiausiai, reikia gerinti
juose esanciy scintiliatoriy savybes. Detektoriy, tiksliau, jy sudétyje esanciy
scintiliatoriy, tobulinimas, leisty gauti tikslesng, kokybiskesne ir patikimesne
informacijg analizés metu. Vienas i§ pagrindiniy btdy, kuris leisty pagerinti
medziagy savybes — susintetinti naujus junginius, kurie pasizymeéty visomis
kokybiskiems scintiliatoriams reikalingomis savybémis: aukStu Siluminiu
stabilumu, dideliu tankiu, auk$tu emisijos ir suzadinimo intensyvumu (ypaé
suzadinant junginius aukStos energijos spinduliuote) [6—8]. Be iSvardinty
savybiy svarbu ir aukSta kvantinés iSeigos verté, taCiau daugiausiai
mokslininky démesio §iuo metu yra skiriama gesimo trukmés koregavimui.

Scintiliatoriams svarbi kiek jmanoma trumpesné gesimo trukmé. Siuo
metu tai yra vienas i$ scintiliatoriy kokybe¢ ribojanciy parametry, kuris itin
aktualus. Kuo trumpesné gesimo trukmeé, tuo daugiau signaly gali buti
uzfiksuota per ta patj laiko tarpg. Dél Sios priezasties, atliekant tyrimus
detektoriai galéty sugeneruoti kokybiskesnj, patikimesnj ir didesnés
skiriamosios gebos vaizda [9,10].

Granato struktiirg turintys neorganiniai oksidai yra laikomi beveik idealia
scintiliatoriy matrica. Daug démesio skiriama itrio aliuminio ir lutecio
aliuminio granatams, legiruotiems ceriu (YAG:Ce; LuAG:Ce). Minéti
granatai pasizymi visomis, scintiliatoriams reikalingomis savybémis, jskaitant
ir didelj medziagos tankj. D¢l itin trumpos gesimo trukmés, kurios vertés yra
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nanosekundziy eilés, Sios medziagos yra placiai naudojamos detektoriuose
[8,11,12].

Nors granatuose, kurie yra legiruoti Ce** jonais, gesimo trukmé yra
santykinai trumpa, taciau $ig savybe vis dar sickiama gerinti. Vienas i$ buidy,
kaip tg galima padaryti — pakeisti junginio elementing sudétj. Junginius galima
legiruoti pakeiCiant vienus jonus Kkitais, taip pakoreguojant struktiirines,
morfologines ir liuminescencines savybes. Iki §iol buvo atlikta daug tyrimy
junginius legiruojant skirtingais jonais (pavyzdziui: Ga*>*, Ca*" ar In*"), tadiau
remiantis gautais rezultatais, matyti, kad minétas savybes vis dar galima
tobulinti. Pastaruoju metu daugéja tyrimy, kuriais jrodoma, kad boro jonai turi
teigiamg jtakg granato liuminescencinéms savybéms. Boro riigstis, kuri yra
naudojama kaip sintezés pirmtakas, turi Zemg lydymosi temperatiirg (170 °C),
todél ji veikia ne tik kaip B** jony $altinis, bet tuo paciu ir kaip fliusas. Si
dviguba boro riigsties savybé leidzia ne tik pagerinti granaty emisijos ir
suzadinimo intensyvuma, padidinti kvantinés iSeigos vertes, taciau tuo paciu
ir sumazinti junginiy gesimo trukme¢ [9,13,14]. Dél minéty prieZas¢iy boro
jonai yra puikus komponentas, galintis pagerinti reikiamas scintiliatoriy
charakteristikas, ypa¢ radioliuminescencijos, fotoliuminescencijos emisijos
intensyvuma ir gesimo trukme¢. Remiantis moksline literatlira galima teigti,
kad B** jonai turi teigiamg poveikj, tatiau apie granaty legiravima boro jonais
informacijos vis dar yra labai mazai.

Norint gerinti granaty liuminescencines savybes, kartu su teigiama poveikj
turinéiu boru, junginiai gali biti papildomai legiruojami ir kitais jonais. Siame
darbe tirta, kokig jtaka skirtingoms savybéms turi ne tik populiariausiy
YAG:Ce ir LuAG:Ce granaty legiravimas boru, bet ir kokia B3* jtaka kitiems
granato struktiiros junginiams. Buvo tirti misriis itrio ir Iutecio aliuminio
granatai, taip pat oksidai, kuriuose Y**arba Lu*" yra pakei¢iami gadolinio
jonais. Be Siy pakeitimy, tikintis optines savybes pagerinti dar labiau, minéti
granatai buvo legiruoti magniu ir skandziu [15]. Medziagos, kuriy sudétyje
yra trivalenc¢io prazeodimio jony, pasiZymi trumpesnémis gesimo trukmémis,
lyginant medziagas, legiruotas Ce’** jonais. Dél Sios priezasties, junginiai su
Pr** taip pat yra placiai naudojami, kaip scintiliatoriai [16].

Siame darbe, atsizvelgiant j gesimo trukmés vertes, buvo sintetinami ne tik
ceriu, bet ir prazeodimiu legiruoti granatai, o visiems junginiams buvo
tirlamos scintiliatoriams labai svarbios liuminescencinés, struktiirinés ir
morfologinés savybés. Sintetinami milteliy formos méginiai yra tinkamiausi
tiriant jvairias savybes, taciau tokios formos medziagas sunku pritaikyti
praktisSkai. Dél Sios priezasties papildomai buvo sintetinamos analizuojamy
granaty keramikos ir plonos dangos ant kvarco bei safyro padékly.
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Pagrindinis Sios disertacijos tikslas — susintetinti ir charakterizuoti granato
struktiirg turin€ius neorganinius oksidus, kurie pasizyméty optimaliomis
scintiliatoriams reikalingomis savybémis, pabréziant trumpg gesimo trukme.

Darbo uzdaviniai:

1. Vandeniniu zoliy-geliy sintezés biidu susintetinti milteliy, dangy ir
keramikos formos granato struktiirg turin¢ius junginius, kuriy sudétyje
bty Y> / Lu** / Gd* ir AP* jony. Siuos granatus papildomai legiruoti
ceriu (Ce*") arba prazeodimiu (Pr**), boru (B*"), magniu (Mg?") arba
skandziu (Sc*);

2. Siekiant nustatyti susintetinty junginiy grynuma, kristaling struktiira,
elementing sudétj bei gauty daleliy formg ir dydj, istirti strukttrines ir
morfologines granaty savybes;

3. Istirti granaty optines savybes, iskaitant gesimo trukmés vertes, siekiant
nustatyti potencialy pritaikyma scintiliatoriams.

Darbo naujumas ir svarba:

Sio darbo tikslas — susintetinti skirtingos elementinés sudéties granatus,
legiruotus ceriu ir prazeodimiu, siekiant pagerinti scintiliatoriams reikalingas
liuminescencines savybes. Tam granatai papildomai buvo legiruoti boro,
magnio ir / ar skandZio jonais.

Boru ir skandziu legiruoti, granato struktiirg turintys, milteliy formos
junginiai buvo susintetinti pirmag kartg. Dangos ir keramikos, kuriy sudétyje
yra boro ir cerio jony, taip pat buvo gautos ir itirtos pirma kartg. Susintetintos
naujos elementinés sudéties medziagos pasizyméjo  geresnémis
liuminescencinémis savybémis lyginant su tais granatais, kurie struktiiroje
neturéjo  boro  jony. Pagrindinis  skirtumas buvo  pastebétas
radioliuminescencijos, fotoliuminescencijos emisijos spektruose ir kvantinés
iSeigos bei gesimo trukmiy vertésse.

Ginamieji teiginiai:

1. Vandeniniu zoliy-geliy sintezés metodu sékmingai susintetinti
vienfaziai, granato struktiira turintys, junginiai, legiruoti Ce**, Pr**, B>,
Sc¢**, Mg? jonais;

2. Legiravimas boro jonais pagerina granaty optines savybes. Struktiiroje
esantys B**  jonai padidina radioliuminescencijos ir
fotoliuminescencijos emisijos intensyvuma, kvantinés iSeigos vertes ir
sutrumpina junginiy gesimo trukmes;

3. Granato junginiy formos (milteliai, dangos ir keramikos) turi reik§Sminga
itaka emisijos intensyvumui ir méginiy gesimo trukmiy vertéms;
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4. Lutecio aliuminio granaty, legiruoty prazeodimiu ir boru, gesimo
trukmés yra trumpesnés nei itrio ar gadolinio aliuminio granaty,
legiruoty cerio jonais.
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REZULTATU APZVALGA

Disertacija yra paraSyta remiantis penkiomis mokslinémis publikacijomis,
iSleistomis uzsienyje leidziamuos periodiniuose mokslo leidiniuose,
turin¢ivose cituojamumo rodiklj ,,Claritive“ duomeny bazéje ,,Web of
Science”. Darbo rezultaty dalis yra sudaryta i§ penkiy skyriy, aptariant
skirtingy serijy méginiy savybes.

Skirtingu boro kiekiu legiruoty YAG:Ce, YLuAG:Ce ir LuAG:Ce savybiy
tyrimas kaitinant junginius skirtingose atmosferose

Vandeniniu zoliy-geliy sintezés metodu buvo sintetinami itrio, lutecio ir
itrio / lutecio aliuminio granatai, legiruoti 0,5 % cerio ir skirtingais kiekiais
boro (0 %, 1 %, 3 %, 5 %, 10 % ir 20 %). Yra zinoma, kad junginiai, kuriy
sudétyje yra cerio jony, siekiant iSlaikyti kroviy balansg dazniausiai
sintetinami juos kaitinant redukcingje atmosferoje. Siuo atveju, kadangi j
granato matricg yra jterpiami ir boro jonai, nusprgsta papildomai istirti, ar
tiriamos savybés skiriasi junginj kaitinant ore.

Rentgeno spinduliy difrakcinés analizés tyrimas parodé¢, kad visi junginiai,
nepriklausomai nuo kaitinimo salygy, kurie savo sudétyje turi 5 % ir maziau
boro, pasizymi gryna granato faze (YAG — PDF#96-152-9038, LuAG —
PDF#00-056-1646) turin¢ia kubinés formos kristaling gardelg ir pasizymincia
Ia3d erdvine grupe. Medziagose, kurios buvo legiruotos didesniu boro kiekiu,
nustatytos priemaisinés aliuminio borido fazés (PDF#96-231-0323). Siekiant
nustatyti gauty granaty morfologines savybes, visi méginiai buvo istirti
skenuojanciu elektrony mikroskopu (angl. SEM). SEM vaizdai parode, kad
didinant boro kiekj méginiuose (nepriklausomai nuo kaitinimo atmosferos)
daleliy dydis didéja. Granatuose, legiruotuose 1 % boro, nustatytas daleliy
dydis — 300 nm, 5 % — 400 nm, 10 % — 600 nm, pridéjus 20 % boro stebimos
net 800 nm dydzio dalelés. Sis pokytis jrodo, kad kaip ir tikétasi, sintezés metu
boras veikia kaip fliusas, dél ko stebimas greitesnis aglomeraty formavimasis.

Atlikus fotoliuminescencijos emisijos ir suzadinimo tyrimus kambario
temperattiroje buvo patvirtinta, kad visi sintetinti méginiai pasiZymi cerio
(Ce*) jonams budingais, leidziamais elektrony peréjimais tarp [Xe]5d' ir
[Xe]4f! orbitaliy. Gauti duomenys rodo, kad méginiai, kurie yra kaitinti ore ir
yra legiruoti 1 % bei 5 % boro, pasizymi intensyviausia emisija. Panasiis
rezultatai yra stebimi ir radioliuminescencijos emisijos spektruose. Tiesa,
intensyviausia emisija pasizyméjo YAG:Ce méginys, kaitintas ore, taciau tik
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Siek tiek mazesnio intensyvumo emisija pasiZymi taip pat ore kaitintas
YAG:Ce,5%B.

Vienas i$ pagrindiniy jvardinty uzdaviniy buvo granaty gesimo trukmés
trumpinimas. Visiems susintetintiems junginiams buvo iSmatuotos ir
apskai¢iuotos gesimo trukmés, kurios pateiktos ir 48 paveiksle. Gauti
rezultatai leidzia teigti, kad B** jony pridéjimas j struktiirg, minétas vertes
sutrumpina. Sis pokytis labai gerai matomas palyginant misriy itrio ir lutecio
aliuminio granaty gesimo trukmes: jos sutrumpéja net apie 15 ns. Gesimo
vertés sumazéja ir esant didesniems boro kiekiams junginiuose (daugiau nei
5 %). Taciau reikia atkreipti démesj j tai, kad tokie méginiai, turi priemaiSines
fazes, kurios turi jtakg gesimo trumpéjimui. Teigiami legiravimo pokyciai yra
stebimi ir kvantinés i$eigos (angl. QE) rezultatuose. | junginius jterpiant B**
jony, QE vertés Zymiai padidéja. Ore sintetinto Y AG:Ce verté nuo 58 % (esant
0 % B*") pakinta net iki 91 % (esant 5 % B*"). Dar rySkesnis pokytis stebimas
su redukcinéje atmosferoje kaitintu YAG:Ce. Sio méginio kvantinés iSeigos
verté padidéja nuo 22 % (esant 0 % B*) iki 93 % (esant 5 % B*").
Apibendrinus gautus rezultatus galima teigti, kad boro jonai turi reikSmingg
jtakg granato struktfirinéms, morfologinéms ir liuminescencinéms savybéms.
Méginiai, kuriy  sudétyje yra  boro, pasizymi intensyvesne
fotoliuminescencijos, radioliuminescencijos emisija, akivaizdziai
trumpesnémis gesimo trukmémis ir aukStesnémis kvantinés iSeigos vertémis.
Sintezés metu naudojama kaitinimo atmosfera reikSmingos jtakos neturéjo,
nors rezultatai leidzia teigti, kad boru legiruoti ir ore kaitinti granatai pasizymi
kokybiSkesnémis liuminescencinémis savybémis. Remiantis gautais
duomenimis, visi kiti tyrimai buvo atliekami kaitinant medziagas tik ore ir
pridedant 5 % boro.

- 10°
A= 533 Nm +;:g:ge_: a)
—e— YAG:Ce.
hp=450Nm o | UAG:Ce_A
v—LuAG:Ce_R
703 ——YLUAG:Ce_A
—*—YLuAG:Ce R

b)

E10°

E10°

Intensyvumas (impulsais)

YAG:Ce 5% B_A

Ayp=533 nm
YLUAG:Ce,5% B_A

=4
LuAG:Co,5% B A =450

T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 100 200 300 400 500 600 700
Boro kiekis (%) Laikas (ns)

48 paveikslas. (a) Granaty gesimo trukmés; (b) granaty, legiruoty 5 % boro,
gesimo kreiveés.
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Granaty dangy, susintetinty zoliy-geliy i§sukimo ir jmerkimo metodais,
savybiy tyrimas

D¢l platesniy praktiniy pritaikymo galimybiy buvo sintetinamos boru ir
magniu legiruotos YAG:Ce ir LuAG:Ce dangos ant kvarco (SiO») ir safyro
(Al>0O3) padékly. Remiantis ankstesniais misy bei kity mokslininky atliktais
tyrimais nustatyta, kad optimaliausias boro kiekis granato matricoje yra 5 %,
magnio — 0,03 %, dengiamy sluoksniy skaicius — 5, o kaitinimas turi bati
vykdomas ore. Dél §ios priezasties atitinkamas B** ir Mg** jony kiekis buvo
pridedama j granato struktiirg. Visos dangos sintetintos naudojant zoliy-geliy
18sukimo ar jmerkimo metodus.

Rentgeno spinduliy difrakciné analizé buvo atliekama naudojant slystancio
kampo metodika. Sis metodas leido dalinai i§vengti kvarco ir safyro jtakos
difraktogramoms. Buvo gauti ne tik padéklo fono rezultatai, bet ir dangy
difrakcines smailes. Difraktogramos patvirtina, kad visi susintetinti méginiai
pasizymi gryna granato faze. Priemai$iniy faziy nepastebéta nei viename
junginyje. Morfologijos tyrimo rezultatai matomi i§ SEM vaizdy. Matoma,
kad dangy morfologija skiriasi ir priklauso tiek nuo naudojamo padéklo, tiek
nuo naudojamos dengimo technikos. Zoliy-geliy jmerkimo metodu gautos
dangos yra netolygios, atplysSusios ir sutrikinéjusios. Tuo tarpu iSsukimo
metodu susintetintos plévelés pasizymi akivaizdziai tolygesniu pavirSiumi, o
granato sluoksnis yra pilnai padenges visa padékla. Taciau Siuo atveju stebimi
dangy kokybés skirtumai ant skirtingy padékly. Ant safyro, kaip matyti
49 paveiksle, dangos yra lygios ir be trikiy, o ant kvarco — stebimi atsirade
jtrikimai. Galima daryti iSvada, kad kokybiskiausios dangos buvo gautos ant
Al,Os padékly naudojant zoliy-geliy i8sukimo metodika.

ISmatuoti liuminescencijos emisijos ir suzadinimo spektrai, lyginant su
milteliy méginiais, pasiZymi maZesniu intensyvumu. Visiems granatams yra
matomi vykstantys [Xe]5d! ir [Xe]4f! Ce** jony elektrony peréjimai. Deja, dél
itin mazo spektry juosty intensyvumo, atskiry méginiy verciy lyginimas yra
nekorektiSkas. Gesimo trukmés yra apskaiCiuojamos i$ surinkty impulsy
skaiCiaus, todél jos tarpusavyje gali buti lyginamos. | strukttirg pridéjus boro
ir magnio jony, gesimo trukmés daugeliu atvejy sutrumpéja. Imerkimo
metodu ant kvarco padéklo sintetinto YAG:Ce verté sumazéjo nuo 65,73 ns
iki 49,44 ns, o LuAG:Ce nuo 47,07 ns iki 45,46 ns, kai junginys buvo
legiruojamas B** PanaSus efektas stebimas ir dangy ant safyro padékly.
Pridéjus B** jony LuAG:Ce gesimo trukmé pakinta nuo 66,37 ns iki 62,50 ns.
Deja, taCiau ant Al,Os padéklo YAG:Ce gesimo proceso verté padidéja.
Apibendrinant galima teigti, kad nors apskai¢iuotos gesimo trukmiy vertés
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nekinta tolygiai, taciau boro pridéjimas j struktiirg turi teigiama poveikj jy
sutrumpéjimui dangy méginiuose.

YAGICe@AI203 YAG:Ce B@AIZ03 YAG:Ce.Mg@AI203 LUAG:Ce@AI203 LUAG:Ce B@AI203 LuAG:Ce,Mg@A1203

YAG:Ce@AIZ03 ; LuAG:Ce,Mg@AI203

49 paveikslas. Granaty dangy, nusodinty ant safyro (ALQO;) padéklo
naudojant i§sukimo metodg ir kaitinant sluoksnius po kiekvieno dengimo,
SEM paveikslai.

Pirma kartg boru ir magniu legiruoty YAG:Ce ir LuAG:Ce keramiky sintezé
ir savybiy tyrimas

Aukstoje temperatiiroje sintetinamos keramikos yra placiai naudojamos kaip
aukstos kokybés scintiliatoriai. Kadangi tokios formos medziagos galéty biti
praktiskai pritaikytos, nuspresta patikrinti, kokia legiravimo boru ir magniu
itaka YAG:Ce ir LuAG:Ce keramikos formos méginiuose. Kaip ir plony
dangy sintezés metu, medziagos buvo legiruojamos tik 5 % B**, 0,03 % Mg**
ir kaitinamos ore. Granaty keramikos buvo gaunamos, kai susintetinti ir
600 °C temperattiroje iSkaitinti milteliai, naudojant izostatinj presa, buvo
suspaudziami. Gautos tabletés formos medziagos iskaitinamos 2 val. 1000 °C
temperattiroje ir 5 val. 1500 °C temperatiiroje.

Atlikus rentgeno difrakcing analiz¢ buvo nustatyta, kad visos gautos
keramikos pasizymi gryna granato faze (YAG — PDF#96-152-9038, LuAG —
PDF#00-056-1646). Priemaisinés fazés nebuvo uzfiksuotos. Keramiky dangy
morfologijos tyrimas parodé, kad keramiky pavirSius yra tolygus, be
akivaizdziy pory ir triikiy, o iSmatuotas tabletés storis yra 749 um. PavirSiy
sudarantys kristalitai did¢ja, kai j granaty struktiirg yra jterpiami boro jonai.
Daleliy dydis kinta nuo ~1,5 um iki ~3,2 um tiek YAG:Ce, tick LuAG:Ce
méginiuose. Galima teigti, kad B*" jony jtaka morfologijai yra stebima ne tik
milteliuose, dangose, bet ir keramikose.

Nustatyta, kad visi susintetinti méginiai pasizymi Ce** jonams biidingais
[Xe]5d! ir [Xe]4f! elektrony peréjimais suzadinimo ir emisijos spektruose.
Gauti spektrai patvirtina boro poveikj junginiy liuminescencinéms savybéms.
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50 paveiksle matyti, kad YAG:Ce, legiruotas 5 % boro, ir YAG:Ce, legiruotas
0,03 % magnio, pasizymi didziausiais suzadinimo ir emisijos intensyvumais.
Tuo tarpu LuAG:Ce intensyviausia emsijg turi méginys, legiruotas tik 0,03 %
magnio. Visi susintetinti granatai turi chromo jony priemaisy, kurios
spektruose yra matomos kaip papildomi 2E — *A; elektrony peréjimai bangos
ilgiuose nuo 680 nm iki 730 nm. ApskaiCiuotos gesimo trukmés patvirtina,
kad B*" jonai sumazina gesimo vertes apie 3 ns tiek YAG:Ce, tick LuAG:Ce
atveju. Nors granaty keramikose fiksuojami nedideli gesimo trukmiy
poky¢iai, taCiau yra stebima verCiy maze¢jimo tendencija. Apibendrinant
gautus rezultatus galima patvirtinti, kad keramiky liuminescencinés savybés
turi priklausomybe nuo junginiy legiravimo boro ir magnio jonais, kurie lemia
intensyvesng emisijg ir trumpesn¢ gesimo trukme.

Energija (eV) Energija (eV)

4 38 36 34 32 3 2,8 26 24 2,6 24 2,2 2 1,8 1,6
T T T T L I e e s e e s ey
——YAG:Ce a) b)
——YAG:Ce,B
—— YAG:Ce,B,Mg
—— YAG:Ce,Mg
Emisija: (A,,, = 560 nm)

Ce™ : [Xe]4f'—> [Xe]5d'

—T
——YAG:Ce
—— YAG:Ce,B
——YAG:Ce,B,Mg
—— YAG:Ce,Mg
Suzadinimas: (i, = 450 nm)

Ce™ : [Xe]4f'—> [Xe]5d”

Santykinis intensyvumas
Santykinis intensyvumas

7 T T T T T T T T T T
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50 paveikslas. YAG keramiky suzadinimo (a) ir emisijos (b) spektrai.

Boro ir skandzio jtaka LuAG:Ce ir GdAG:Ce junginiy liuminescencinéms
savybéms

Remiantis ankstesniais rezultatais buvo nustatyta, kad boro jonai pagerina
granaty liuminescencines savybes. Siekiant savybes tobulinti toliau LuAG:Ce
ir GdAAG:Ce granatai, be legiravimo B**, papildomai buvo kei¢iami ir Sc**
jonais. | struktiirg skandis buvo jterpiamas didesniais kiekiais nei boras ar
ceris. Lutecio aliuminio granato atveju skandis pakeité 1/5 aliuminio, o
gadolinio aliuminio granato — 2/5 aliuminio jony kiekio. Atitinkami kiekiai
pasirinkti dél to, kad buity galima gauti stabilius, vienfazius junginius. Visi
granatai sintetinti vandeniniu zoliy-geliy sintezés metodu, o gauti milteliai
iSkaitinti 1200 °C temperattiroje. Méginiai buvo gaunami legiruojant 1 % cerio
ir kei¢iant boro kiekj junginiuose: 0 %, 1 %, 3 % ir 5 % B*'. Mokslingje
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literatiiroje néra informacijos granatus, kurie sudétyje turéty cerio, boro ir
skandzio jony, todé¢l galima daryti iSvada, kad jie buvo sintetinti pirma karta.

Gautiems granatams buvo atliktas induktyviai susietos plazmos optinés
emisijos spektrometrijos (angl. ICP-OES) tyrimas. Sis tyrimas leido nustatyti,
koks tikrasis boro kiekis yra méginio struktiiroje. Remiantis gautais rezultatais
buvo patvirtinta, kad B3* jonai struktiiroje yra, ta¢iau iSmatuotas kiekis buvo
Siek tiek mazesnis nei apskaiciuotas. Nustatyti kiekiai: apskaiciuotas kiekis —
0 % B*" (iSmatuotas kiekis yra 0 %); 1 % (0,9 %); 3 % (2,3 %); 5 % (3,5 %).
Rentgeno difrakcinés analizés metu gautos difraktogramos rodo, kad
LusAlsSci012:1%Ce,5%B, Gd3Al3Sc2012:1%Ce,3%B ir
Gd3Al3Sc2012:1%Ce,5%B turi priemaiSines fazes. Be granato susidaré
papildomos AlBjoir Sc,0s fazés. Boro jony kiekio didéjimas turi reikSminga
jtaka ne tik junginio grynumui, bet ir jo morfologijai. Didinant B** jony kiekj,
daleliy dydis didéja. Sig tendencija patvirtina morfologijos ir daleliy dydzio
pasiskirstymo tyrimai.

Liuminescencinés savybés jrodo jvardintos granaty struktiiros privalumus.
51 paveiksle matyti, kad susintetinti junginiai pasizymi auksta optine kokybe,
kadangi visy junginiy atspindZio spektry vertés yra arti 100 %. Kaip ir tikétasi,
fotoliuminescencijos atspindzio, suzadinimo bei emisijos spektruose stebimi
cerio jonams budingi elektrony peré¢jimai. Tiesa, gadolinio junginiuose
atspindzio ir suzadinimo spektruose papildomai stebimi ir gadolinio jonams
budingi ¥S7» — °P; elektrony peréjimai ties ~275 nm. Emisijos spektrai jrodo,
kad legiravimas B3" jonais padidina intensyvumg. Lyginant méginius su Sc**
jonais ir be ju, nustatyta, kad Sc** emisijos intensyvuma sumazina. Sie jonai
taip pat yra atsakingi uz spektro poslinkj j trumpesniy bangy pusg. Paveiksle
52 matoma, kad radioliuminescencijos emisijos spektry intensyvumas didéja
legiruojant granatus boro jonais. LuzAls012:1%Ce,5%B,
Gd3;Al3Sc012: 1%Ce,3%B ir Gd3;Al3Sc2012: I%Ce, 1%B pasiiyrni
intensyviausia emisija. Gesimo trukmiy vertés, kaip ir buvo siekta, sumazéja
legiruojant junginius B*"ir Sc** jonais. Lutecio aliuminio granato atveju vertés
sumazéja nuo 60,6 ns iki 54,0 ns, gadolinio aliuminio skandZio granato atveju
— nuo 50,8 ns iki 46,6 ns. Galima pastebéti, kad trumpiausiomis gesimo
trukmémis pasiZzymi priemai$iniy faziy turintys junginiai. [Sanalizavus gautus
duomenis, galima patvirtinti, kad B> ir Sc** jonai turi teigiamg efekta
tiriamoms fotoliuminescencinéms ir radioliuminescencinéms savybéms.
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Energija (eV)
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51 paveikslas. LuzAlsO1, ir LuzAlsSciO12 granaty, legiruoty 1 % cerio ir

skirtingais kiekiais boro atspindzio spektrai.

Energija (eV)
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52 paveikslas. LuzAlsO1, ir LuzAlsSciO12 granaty, legiruoty 1 % cerio ir

skirtingais kiekiais boro radioliuminescencijos emisijos spektrai.

Boro ir skandzio jtaka LuAG:Pr ir GAAG:Pr junginiy liuminescencinéms

savybéms

Yra Zinoma, kad Pr** jonais legiruoti granatai pasizymi trumpesnémis gesimo
trukmémis, lyginant junginius su Ce*". Kadangi visi ankstesni tyrimai buvo
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atlickami su cerio jonais, nuspresta patikrinti boro jtakg naujos struktiiros
meéginiams. Keiciant aktyvatoriaus jona, sickiama dar labiau sutrumpinti
gesimo trukme. LuAG:Pr ir GAdAG:Pr granaty milteliai buvo sintetinami
vandeniniu zoliy-geliy sintezés budu, juos iskaitinant 1200 °C temperatiroje.
I struktiirg buvo jterpiama 1 % prazeodimio, 0 %, 1%, 3% arba 5 % boro, o
skandzio buvo pridedama didesniu kieckiu nei B*" ar Pr**. Lutecio aliuminio
granato atveju skandis pakeité 1/5 aliuminio, o gadolinio aliuminio granato —
2/5 aliuminio jony kiekio. Kaip ir junginiy su ceriu atveju, apie $ig sintetinamg
granato struktiirg ir jos tyrimus mokslingje literatiiroje informacijos néra.
Gadolinio aliuminio skandzio granatams atlikus ICP-OES tyrima buvo
nustatyta, kad tiek boras, tiek prazeodimis yra struktiiroje. Beveik visais
atvejais Pr** uzfiksuota ~0,2 % daugiau, o B*" Siek tiek maZiau nei teigiama,
kad buvo jterpta. Granato fazés grynumui méginiuose nustatyti buvo atlikta
Rentgeno difrakciné analizé ir Rietveldo tikslinimas. Lutecio aliuminio
granato atveju, visi sintetinti junginiai pasiZymi gryna granato faze.
53 paveiksle matyti, kad gadolinio aliuminio skandZio granatai, legiruoti
prazeodimiu ir 0 % bei 1 % boro, yra vienfaziai junginiai, turintys Ia3d
erdving grupe. | struktira pridedant didesnius kiekius boro, stebimos
GdAI3(BO3)4 (erdviné grupé R32) ir Sc,0O; (erdviné grupé: I13a) priemaisos.
53 paveikslo desinés pusés apatinéje dalyje matyti visy susintetinty junginiy
gardelés parametro a kitimas priklausomai nuo legiravimo boro jonais.
Didinant boro kiekj, gardelés parametrai mazéja. GdASG:Pr junginiuose
kristalinés gardelés parametras a kinta nuo 12.331 A iki 12.328 A, LuASG:Pr
atveju nuo 12.068 A iki 12.060 A, o LuAG:Pr —nuo 11.914 A iki 11.900 A.
Paveikslo deSinés pusés virSutinéje dalyje matoma sumaketuota kubiné
GdASG:Pr granato kristaliné gardelé ir jg sudarantys poliedrai. Granatas yra
sudarytas i§ 8 kartus koordinuoty dodekaedry, 6 kartus koordinuoty oktaedry
ir 4 kartus koordinuoty tetraedry. Priklausomai nuo jony dydzio (jie uzima
panaSy spindulj turin¢iy elementy vieta), elementai struktiiroje gali uzimti
skirtingas vietas. Siuo atveju Sc**, AI** ir B** uzima tetraedrines ir oktaedrines
vietas, o Lu*", Gd*" ir Pr** — dodekaedrines vietas. SEM tyrimo metu nustatyta,
kad boras veikia kaip fliusas ir didinant jo kiekj junginyje, daleliy dydis didéja.
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53 paveikslas. Gd;Al;Sc,012 granaty, legiruoty Pr’* and B** jonais, Rietveldo
tikslinimo rezultatai, matuojant junginius kambario temperatiiroje. Paveikslo
desinés pusés virSuje — granato struktiros kristaline gardelé, gauta po
Rietveldo tikslinimo. DeSinés pusés apacioje — po Rietveldo tikslinimo
apskaiciuoti gardelés parametrai a.

Visiems méginiams buvo atlikti liuminescenciniai tyrimai. ISmatuoti
atspindzio spektrai leidzia teigti, kad susintetinti granatai, dél pasiektos
artimos 100 % atspindzio vertés, pasizymi itin auksta optine kokybe. Lutecio
aliuminio granaty fotoliuminescencijos emisijos spektruose matomi tiek
leidziami (4f'5d' — °H;,’Fj) , tiek draudziami Py — °Hj; 'Ds — °Ha)
prazeodimio jony elektrony peréjimai. Intensyviausia leidziamy peréjimy
emisija pasizymi LuAG:Pr méginys, kai tuo tarpu LuASG:Pr,3%B turi
intensyviausig draudziamy elektrony peréjimy emisijg. Gadolinio aliuminio
skandZio granatuose néra fiksuojama leidziama Pr’* emisija. Sj pokytj galima
paaiskinti Gd** ir S¢** jony nespinduliniu relaksacijos procesu i 5d suzadintos
biisenos j 4f prading biisena. Intensyviausia [Xe]4f? — [Xe]4f? emisija
pasizymi 5 % boro legiruotas junginys. Radioliuminescencijos emisijos
intensyvumas buvo matuotas visiems susintetintiems junginiams. PrieSingai
nei fotoliuminescencijos tyrimo atveju, 54 paveiksle matyti, kad [Xe]4f> —
[Xe]4f? junginiy emisija yra intensyvesné nei fotoliuminescencijos atveju.
Taip pat matoma, kad kitas junginys (LuASG:1%Pr,5%B) pasizymi
intensyviausia emisija. GAASG:Pr méginiy spektruose matoma, kad pasikeité
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intensyviausig draudziamag emisijg turintis granatas ir §iuo atveju yra méginys,
legiruotas 3 % boro. B**jony jtaka granaty gesimo trukmiy ir kvantinés iSeigos
vertéms yra akivaizdi. LuAG:Pr bandinio atveju, legiruojant boro jonais,
gesimo trukmé pakinta nuo 23,1 ns iki 19,5 ns, o LuASG:Pr — nuo 22,4 ns iki
19.9 ns. Apskaiciavus matyti, kad kvantiné iSeiga padidéja nuo 49 % iki 87 %.

Apibendrinant iStirtus rezultatus galima daryti iSvadg, kad granaty
legiravimas prazeodimio ir boro jonais pagerina liuminescencines savybes ir
jvardintuose junginiuose gaunamas aukS$tas foto ir radioliuminescencijos
intensyvumas. Lyginant visas, Siame darbe iStirtas, granaty struktiiros
modifikacijas, teigiama, kad biitent Sios struktiiros junginys (LuAG:Pr,5%B)
pasizymi trumpiausia Siame darbe iSmatuota gesimo trukme, kuri lygi 19,5 ns.

Energija (eV)

4 35 3 2,5 2
4x10° =TT T T T T T T T T
Lu,Al,0,.:1%Pr A, = X-Ray 50 kV, 1.8 mA
. LuALO M%PrS%B  ap s D M
'S ——Lu,Al,Sc,0,,:1%Pr oo T
ﬂ 3X105 Lu,Al,Sc,0,,:1%Pr,3%B
g_ Lu,AlSc,0,,:1%Pr,5%B
£
=
(2]
© 2x10°
£ \ P,—°H,
3 o T
[Xe]4f'5d" > °H,’F,
>
€ 1x10°
X

[]
-
£

300 400 500 600 700 800

Bangos ilgis (nm)
54 paveikslas. Lu3AlsO12 ir LusAlsSciO12 granaty, legiruoty 1 % prazeodimio
ir skirtingais kiekiais boro radioliuminescencijos emisijos spektrai.
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ISVADOS

Nepriklausomai nuo to, jog, dazniausiai, cerio (Ce*") jonais legiruoti
granatai yra kaitinami redukcinéje atmosferoje, kolegiruojant junginius
boru, geresnémis liuminescencinémis savybémis (didesnis emisijos
intensyvumas, auksStesné kvantinés iSeigos verté ir trumpesné gesimo
trukmeé) pasizymi ore kaitinti granatai.

Atliekant sintez¢ vandeniniu zoliy-geliy sintezés metodu ] granato
struktiirg galima jterpti iki 5 mol% boro jony. Legiruojant junginius
didesniais boro kiekiais, stebimas paSaliniy faziy atsiradimas. ISimtis
stebima GAASG méginiuose, kai priemai$os atsiranda pridéjus 3 mol%
boro.

Granaty dangos ant kvarco (SiO,) ir safyro (AlOs) padékly gali biti
s¢kmingai nusodintos naudojant zoliy-geliy jmerkimo ir iSsukimo
sintezés metodus. Kokybiskiausios dangos buvo gautos zoliy-geliy
i8sukimo sintezés metodu naudojant safyro padéklg. Taip gautos dangos
pasizymi lygiu pavir§iumi, kuriame néra jtrukimy.

Pirmg kartg sékmingai susintetintos itrio aliuminio ir lutecio aliuminio
granaty keramikos, legiruotos ceriu, boru ir / ar magniu. Keramikos,
legiruotos boro jonais, pasiZymi intensyvesne emisija ir trumpesne
gesimo trukme nei panaSios elementinés sudéties junginiai, kuriy
strukttiroje B> néra.

Atliktas skenuojancios elektrony mikroskopijos tyrimas jrodo, kad boro
jony pridéjimas j struktiirg didina daleliy dydj, kadangi B** veikia kaip
fliusas. Didesnés granato dalelés, turi teigiamg jtakg junginiy atspindZzio,
suzadinimo ir emisijos spektry intensyvumams. Boru legiruoti granatai
beveik visais atvejais (kol yra stebima gryna granato fazé) pasizymi
intensyvesniais emisijos spektrais nei junginiai, kuriy elementingje
sudétyje néra boro. Sis poveikis stebimas visuose tirtuose granatuose.
Atlikus ICP-OES matavimus, nustatyta, kad boro kiekis sintetintuose
junginiuose yra gana artimas apskai¢iuotoms reik§méms. Galima teigti,
kad sintezés metu B*' jonai yra jterpiami j granato struktirg ir turi
teigiamg jtaka tirtoms struktiirinéms ir liuminescencinéms savybéms.
Scintiliatoriy savybes apibtidinantys radioliuminescencijos emisijos
spektrai pasizymi teigiamu efektu dél granato sudétyje esanciy boro jony.
Emisijos intensyvumas padidéja, kai méginiai yra legiruojami B>* jonais.
Stebima, kad auksciausias radioliuminescencijos emisijos vertes turi borg
(B*") struktiiroje turintys lutecio aliuminio granatai, legiruoti tiek cerio
(Ce*), tiek prazeodimio jonais (Pr*").
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8. Granatai, kuriy struktiiroje yra boro jony, apskai¢iuotos gesimo trukmés
yra trumpesnés lyginant junginius, kuriy sudétyje néra B** (atkreipiant
démesj ] YAG:Ce ir LuAG:Ce). Ver¢iy sumazéjimas aiSkinamas tuo, kad
boro jonai turi didesn;j elektroneigiamuma nei aliuminio jonai. D¢l Sios
priezasties sumazéja poliarizacija, o dél to sutrumpéja gesimo trukmé.
Aprasyta tendencija stebima ne tik milteliuose, bet ir dangose bei
keramikose.

9. Remiantis gautais rezultatais ir atkreipiant démesj j junginiy grynumg ir
gesimo trukmiy vertes galima teigti, kad lutecio aliuminio granatas,
legiruotas prazeodimiu ir 5 % boro, galéty buti naudojamas kaip
geriausiomis savybémis pasizymintis scintiliatorius i$ visy Siame darbe
sintetinty junginiy. Sis junginys turi pa¢ig trumpiausig i¥matuotg gesimo
trukme, lygia 19,5 ns. Kitas, labai geromis savybémis pasiZymintis
junginys yra lutecio aliuminio granatas, legiruotas ceriu ir 5 % boro. Sio
granato gesimo trukmeé buvo viena i§ trumpiausiy visy formy (milteliai,
dangos ir keramikos) junginiuose.
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Cerium doped yttrium aluminum (YAG:Ce) and lutetium aluminum garnets (LuAG:Ce) are some of the most
popular materials used as scintillators. While the scintillators themselves are materials that absorb and
convert high-energy radiation into light. The decay time in YAG:Ce and LuAG:Ce is about 60 ns, therefore
the essential task for their improvement would be to shorten it as much as possible. For this reason, in this
work, the aforementioned garnets were doped with different amounts of boron. B** ion has a suitable
neutron capture cross section and can therefore absorb gamma radiation. Because of the extremely strong
absorption of thermal neutrons and the weak interaction with MeV gamma rays the material is an exciting
new inorganic scintillator candidate for the detection thermal and epithermal neutrons. B** stimulates and
improves the absorption of such radiation. In the study, 0.05% of cerium and different amounts of boron
doped YAG, YLUAG (Y;sLu;5Als012) and LuAG were synthesized by the sol-gel method. To investigate the
influence of the annealing atmosphere, all samples in powder form were heated either under air or reducing
atmospheres. XRD, SEM characterization techniques were performed on the synthesized samples.
Luminescent properties were measured and analyzed. The main results that have been observed from this
research were that boron does indeed shorten decay time, while also increasing emission intensity. The
most intensive emission was of those powder compounds containing 1% and 5% of boron, regardless of the
annealing atmosphere. While pure samples doped with 5% of boron have the shortest decay times.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Technologies based on fluorescent materials are exceptionally
popular and are constantly being improved. Scintillators are one of
the key compounds in the development of light science today. Such
materials are used in computed tomography (CT) and positron
emission tomography (PET) devices [1,2]. In addition, these com-
pounds can be applied in devices used for the measuring of radio-
active contamination. Since the above-mentioned fields of
application of scintillators are related to human health, it is espe-
cially important that the produced materials are of the highest
possible quality [3,4].

YAG and LuAG compounds doped with Ce®* ions are excellent
scintillating materials. They have nearly perfect physical and che-
mical properties that are required for scintillators: high density (for
YAG:Ce - 4.55 g/cm?; for LuAG:Ce - 6.72 g/cm?), high thermal
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stability, high emission intensity and excellent quantum efficiency.
However, as already mentioned some of the properties of the scin-
tillator compounds need to be improved upon. The most essential
being the decay time. It needs to be shortened as much as possible.
Cerium doped yttrium and lutetium garnets respectively have 88 ns
and 55 ns lifetimes, with 660 ps and 583 ps rise times [5,6]. This is
particularly important because the shorter the decay, the less likely
it is that the incoming signals will overlap with the existing one
when being received by device, resulting in more of the required
information being obtained and thus making the device more
reliable [7].

However, not all fluorescent materials can be used as scintilla-
tors. The other core parameter required for this type of material is
the ability to induce emissions when being excited by high energy
radiation. As already mentioned, such compounds in most cases
have a high density and high thermal stability. Various garnets are
known to have these properties [5,6]. Due to this reason the study on
cerium and other lanthanide doped gadolinium gallium aluminum
garnets is of immense popularity. Although the main application of
cerium doped yttrium aluminum and lutetium aluminum garnets is
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in white light LED’s, due to the good conformity to of the afore-
mentioned characteristics they are also in quite the demand in the
field of scintillators as well [8,9].

In this work, cerium doped yttrium aluminum garnet (YAG:Ce),
cerium doped yttrium lutetium aluminum garnet (YLuAG:Ce),
cerium doped lutetium aluminum garnet (LuAG:Ce) powder samples
with different amounts of boron were synthesized. All samples were
also annealed under either air or reducing atmospheres. Boron, was
used as dopant ion to cause defects in the system, as well as to in-
crease the absorption of high energy radiation. The defects were
introduced into the garnet systems in an attempt to shorten the
decay time, without any substantial reduction in emission intensity.
Therefore, such compounds are likely to be in more demand for the
development of high quality and widely used scintillators.

The main purpose of this work is to synthesize garnets with the
shortest possible decay times, without compromising other lumi-
nescent properties.

2. Experimental
2.1. Synthesis procedure

Yttrium and lutetium aluminum garnets powders were synthe-
sized by the sol-gel method. Cerium concentration was kept at
0.5 mol% of the dodecahedral coordinated yttrium for all of the
samples. Two different atmospheres were chosen for sample calci-
nation. One of them was the air (in compounds name titled _A),
which helps maintain normal garnet-receiving conditions. The other
is a reducing atmosphere (in compounds name titled _R). This at-
mosphere is used to maintain the cerium in its Ce* oxidation state
by reducing any Ce** that form during the preparation procedure. All
of the synthesized powder compounds are listed in Table 1.

Nominal formulas of the synthesized samples are as follows:
Y2985A12A13-x012:Ce0015:Bx, LuzossAlAl3-x012:Cenors:Bx and Y(Lu)zoss
AlLAl34015:Cego1s:Bx. For these compounds, Y503, Luy03, Al(NOs)s
‘9H,0, (NH4),Ce(NO3)s, H3BO3; were used as precursors. Firstly, Y,03
and/or Lu,03 were dissolved in an excess of concentrated nitric acid
at 50 °C. Then, the excess of nitric acid was evaporated and the re-
maining gel was washed with distilled water 3 times, followed by
further evaporation of added water each time. An additional 200 ml
of water were added, after the washing, and AI(NO3);-9H,0,
(NH4),Ce(NO3)s, H3BO3 were then dissolved. The solution was left
under magnetic stirring for 2 h at around 50 °C. After that, citric acid
was added to the solution with a ratio of 1:1 to metal ions and was
left to stir overnight. The solution was evaporated at the same
temperature, and obtained gels were dried at 140 °C for 24 h in the a
drying furnace. The obtained powders were then ground and heated
firstly at 1000 °C for 2 h in the air, with 5°/min heating rate. After
which the same powders were then annealed at 1200 °C for 4 h
under air or reducing atmosphere, with 5°/min heating rate [10,11].
The synthesis scheme is shown in Fig. 1.

2.2. Characterization

X-ray diffraction (XRD): XRD measurements of powders were
performed using the Rigaku MiniFlex II X-ray diffractometer.

Table 1
Synthesized powder samples.
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Y203 or Lup03 and conc. HNO3

(Dissolv g, evaporating)

Aqueous solution Al(NO3)3:9H70;
(NHg)2Ce(NO3)6;
Stirring for 2 b, 50-60 °C H3B03

Aqueous solution

Transperent solution
CeHgO7
Aqueous solution
Stirring for 12 h, 50-60 °C

(Sol)
Transperent solution

Drying at 140 «$

Gel

Cakination at 1000 °C 2h
Cakination at 1200 °C Sh

Y(Lu)2,985A12A13.012:Ce0,015:Bx
Fig. 1. Scheme of garnet sol-gel synthesis.

Powders used for analysis were evenly dispersed on the glass sample
holder using ethanol. Then diffraction patterns were recorded in the
range of 20 angles from 15° to 80° for all compounds. CuKa radiation
(A=1.5418740 A) was used for the analysis. The measurement para-
meters were set as follows: current was 15 mA, voltage - 30kV,
x-ray detector movement step was 0.010° and dwell time of 5.0s.

Electron scanning microscopy measurements (SEM): SEM ana-
lysis was performed using a Hitachi SU-70 scanning electron mi-
croscope. Powder samples were deposited on a double-sided carbon
tape, which was then applied to alumina sample holder.

Measurements of emission and excitation: Edinburgh Instruments
FLS980 spectrometer equipped with double excitation and emission
monochromators and 450 W Xe arc lamp, a cooled (-20 °C) single-
photon counting photomultiplier (Hamamatsu R928) and mirror op-
tics for powder samples were used for measuring the excitation and
emission of the prepared samples. Obtained photoluminescence
emission spectra were corrected using correction file obtained from
a tungsten incandescent lamp certified by NPL (National Physics
Laboratory, UK). Excitation spectra were corrected by a reference
detector.

Calculation of Quantum Efficiency: External quantum efficiencies
were calculated by comparing the emission spectrum of the BaSO4
sample (99% Merck) and the desired compounds that were mea-
sured in Teflon coated integration sphere. The EQE values were ob-
tained employing the following formula (1) [12]:

Y3Al5045 (YAG)

Lu3AlsO;; (LUAG)

Y, sLuy 5Als015 (YLUAG)

YAG:Ce (A and R)
YAG:Ce,1%B (A and R)
YAG:Ce,5%B (A and R)
YAG:Ce,10%B (A and R)
YAG:Ce,20%B (A and R)

LuAG:Ce (A and R)
LuAG:Ce,1%B (A and R)
LuAG:Ce,5%B (A and R)
LuAG:Ce,10%B (A and R)
LuAG:Ce,20%B (A and R)

YLuAG:Ce (A and R)
YLuAG:Ce,1%B (A and R)
YLuAG:Ce,5%B (A and R)
YLuAG:Ce,10%B (A and R)
YLuAG:Ce,20%B (A and R)
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EQE — Jfemsampie = [lempasoq 00 Nem 005
i ref,BaSO4 -J ref sample Nabs 1)

where [ Iem,sampte aNd [ lem pasos are integrated emission intensities of
the phosphor sample and BaSO, respectively. [ Irefsample and
J Letpasoa are the integrated reflectances of the phosphor sample
and BaSO,, respectively. Nep, and Naps stand for the number of
emitted and absorbed photons.

Temperature Dependency Measurements: In order to evaluate
the temperature dependency of luminescence properties a cryostat
“MicrostatN” from the Oxford Instruments was added to the already
described spectrometer. Liquid nitrogen was used to decrease the
temperature. Overall, properties were measured at 10 different
temperatures, starting at 77 K, then from 100K at intervals of 50 K
up to 500 K. Stabilization duration for each temperature point was
kept at 90 s while the allowed temperature tolerance interval was
chosen as+5K. Also, to prevent the water from condensing on the
cryostat window dried nitrogen was being flushed during the pro-
cedure on its surface. From the temperature dependency measure-
ments the activation energy was calculated using Arrhenius function
(Eq. 2) [13]:

_ 1(0)
1= 1 + B(exp—AE/[KT) (2)

where, T is the absolute temperature, B is the quenching frequency
factor, I(0) corresponds to the intensity of the luminescence at
T=0K, AE is the activation energy for the thermal quenching pro-
cess, and k is the Boltzmann constant (8.617342.107° eV/K). Also,
thermal quenching value -TQ, 2, has been calculated following the
(3) equation. B value in this formula is the quenching frequency
factor [14]:

— _Eﬂ
~ kxIn(1/B) (3)

Decay Time Measurements: The photoluminescence decay ki-
netics were studied for powders and thin films using the FLS980
spectrometer. 450 nm laser was used for these measurements.

Radioluminescence Measurements: X-ray lamp (W anode, 40 kV,
30mA) was used for the excitation of the radioluminescence.
Radioluminescence spectra were measured by Andor iSTAR
DH734_18 mm CCD camera coupled to Andor SR-303i-B
spectrometer.

TQ1)2

3. Results and discussion
3.1. X-ray diffraction

In order to determine the purity of the garnet powder samples X-
ray diffraction analysis was performed. All samples, which contain 5
or less % of boron, independently of the atmosphere under which
they were heated, exhibit pure garnets phase (Powder Diffraction
File, (PDF) #96-152-9038). Compounds with 10% and 20% of boron
also contain aluminum borate (AlB;o) impurity phase. This sec-
ondary phase displays peaks at 20.1, 27.1, 34.0, 47.9 and 49.9 20
degrees. These reflections are marked with * sign in the given dif-
fraction patterns. From the given diffractograms (Fig. 2 and
Supplementary 1) it could be said that increasing the amount of
boron, causes an increase of the volume fraction of the impurity
phase as well as to a larger intensity of its specific reflections. Also, it
is noticeable that the introduction of lutetium into the garnet
structure, from YAG, to LuAG with intermediate YLuAG stage, causes
shifting of peaks towards larger angle values. This trend can be at-
tributed to the fact that yttrium and lutetium have different atomic
radii, 116 A and 0.98 A respectively [15]. Due to the relatively low
doping concentration of cerium and boron, this lattice modification
does not affect peak position to a noticeable degree. Boron is a light
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element, for this reason it is complicated to determine its occupancy
by the XRD method. Based on the literature it occupies a tetrahedral
position in the garnet matrix [16,17]. However, when comparing
peaks of PDF cards to that of the measured samples, no shift can be
noticed for yttrium and lutetium aluminum garnets, but yttrium/
lutetium aluminum garnet shows a small displacement from pdf
card peaks. This can be explained by the fact that for identification of
YLuAG samples, YAG PDF card was used as no phase transitions
occur and only the cell parameters are affected by the substitution.
In summary from the measured data, it can be argued that garnets
could be doped with no more than 5% of boron with no additional
impurity phase formation.

3.2. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) analysis was performed in
order to determine the morphology and particle size of the syn-
thesized materials. All samples were measured using two different
magnifications (2.5 k and 20 k). The smaller magnification (2.5 k)
was used to see the larger aggregation of the particles, while the
larger (20 k), to get a clearer vision of the individual particles. SEM
images are shown in Figs. 3 and 4. It is clearly seen that the size of
garnet particles as well as porosity increases, when garnets are
doped with more boron ions and annealed under air. Size of particles
varies around 180 nm when no boron is introduced and increased up
to 300 nm when sample is doped with 1% of B, 400 nm when doped
with 5% of boron, 600 nm - 10% of B and lastly, up to 800 nm when
boron amount reaches 20% B. It can also be observed that when
compound is heated under reducing atmosphere, the particle size,
especially LuAG:Ce,5%B sample, is larger than its equivalent which
was annealed under air. From these images, it is clear that a higher
boron content gives a larger particle size with an almost uniform
increase in diameter. This change is likely due to a lower melting
point of boron doped garnet phase as compared to pure garnet. The
lower melting point may be influenced by the fact that the melting
point of the boric acid is 170 °C. Therefore, in this case, the acid may
also act as a flux. As a result, the particles agglomerate faster, re-
sulting in larger and more discrete particles [18]. Similarly, to par-
ticle size the addition of boron causes increased formation of pores.
Samples without boron show only small and sparse pores, while the
samples with 20% show an abundant amount of larger pores. One of
the most likely explanations for this difference is that at sintering
temperature of 1200 °C, the inner pores are transferred to the sur-
face of the sample where they form open pores. By increasing the
amount of boron in the sample, the melting point of the compound
potentially decreases, which results in quicker sintering and a faster
transfer of pores. The results of the mentioned process are then seen
in the SEM images [19]. The effect of the different heating atmo-
spheres and the introduction of lutetium ions on particle size and
morphology was also investigated. However, the SEM images show
neither the sintering atmosphere nor the introduction of lutetium
induced any significant changes to the particle size or morphology.

3.3. Luminescence properties

Luminescence properties are the most important characteristic of
all of the samples synthesized in this work. These are caused by the
doping of garnet with a rare earth element and in this case cerium.
Cerium distinguishes itself from the other lanthanides because of
the allowed nature of its electron transitions from 5d' to 4f" orbitals
and vice versa. During these jumps, energy is either radiated or
absorbed, which gives the garnet its optical properties. For the
practical application of scintillators, it is essential to produce devices
with the best optical properties, and thus important to find the most
appropriate modifications to the material structure.



G. Inkrataite, M. Kemere, A. Sarakovskis et al. Journal of Alloys and Compounds 875 (2021) 160002

——YAG:Ce20%8 —— YAG:Ce.20%8
+ AIB, (PDF#96.231.0323) * AIB,(PDF#96.231.0323)
T UV W e N [T YV PSP
ngé‘:;:aumm -~ ::o.:?‘.;;o;:uwm)
N Y S N N E J TR S N
g ——YAG:Ce.5%8 5 ——YAG:Ce,5%8
£ .
2 J 2
H NUEEEYE BV N Y/ Y 51 IS T T S N
o ——YAG:Ce,1%8 o« ——YAG:Ce,1%8
L 1 J I A. 1 AAJ A NN L 1 hs l lLA A ahos
_v:g:(?wmln.ml) _vw::::wmlsz-wu)
A T R Y N S ol bbb
15 20 25 30 35 40 45 50 55 60 65 70 75 80 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20(°) 20 (%)

Fig. 2. YAG:Ce powder samples diffractions patterns heated under different atmospheres: left - air atmosphere; right - reducing atmosphere (*-phase of AlBy).
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Fig. 3. SEM images of garnet powder samples made under 2.5 k magnification.
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YLuAG:Ce,5%B_A
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YAG:Ce,5%B_R
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LuAG:Ce,1%B_A

LuAG:Ce10%B_A

LuAG:Ce,20%B_A

Fig. 4. SEM images of garnet powder samples made under 20 k magnification.

Figs. 5, 6 and 7 show excitation and emission spectra of different
compounds measured at room temperature. From these graphs, it
can be noted that, all YAG, YLuAG, and LuAG garnet samples, are
characterized by wide excitation and emission bands. It was already

mentioned that this is caused by electron transitions from 4f to 5d!
in the excitation process and from 5d' to 4f! orbitals in emission
process [20]. These transitions are allowed therefore, figures show
neat single-jump spectra. It was decided to excite all different

Photon energy (eV) Photon energy (eV)
45 4 3.5 3 2.5 26 24 22 2 18

R i o e e e e e e e e e Y I L L e e e e e S B B e e e
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——YAG:Ce_R (@ (b) —— YAG:Ce_R

——YAG:Ce,1% B_A ——YAG:Ce,1% B_A

——YAG:Ce,1% B_R ——YAG:Ce, 1% B_R

——YAG:Ce,5% B_A —— YAG:Ce,5% B_A

—— YAG:Ce,5% B_R —— YAG:Ce,5% B_R
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Fig. 5. Yttrium aluminum garnet samples excitation (a) and emission (b) spectra.
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Fig. 6. Yttrium-lutetium aluminum garnet

garnets with the same wavelength light that would give the best
emission intensity. From the excitation spectra given in Figs. 5a, 6a
and 7a it was concluded that the best choice for excitation is the
450 nm wavelength light. Apart from the basic excitation intensities,
an additional peak at 368 nm can be seen for several of the samples.
This additional peak increases in intensity when increasing the
amount of boron in the samples. Third excitation peak at 340 nm in
YAG phase, 342 nm in YLuAG phase and 345 nm in LuAG phase is
attributed to the electron transition from 4f! to 5d? orbitals [21].
According to Figs. 5b, 6b and 7b, all the samples exhibit band
emission in green region. YAG has emission maximum at A =533 nm,
YLuAG - A=525nm and LuAG has the greatest shift towards higher
energy when compared with yttrium aluminum garnet with emis-
sion maximum at A=514 nm. This shift can be explained by the
difference in the covalence of the compounds, this is the due dif-
ferent electronegativity of the bond. The higher the covalence of the
bond, the greater the shift to longer waves. In this case, the elec-
tronegativity of lutetium is 1.27 and that of yttrium is 1.22. Although
small, the difference is what influences the shift of the emission
maximum of lutetium compounds towards the higher energy range

samples excitation (a) and emission (b) spectra.

[22]. From the figures it can also be noticed that the samples de-
monstrating the highest luminescence intensity were all annealed
under air and not under reducing atmosphere. This effect of the
heating atmosphere has been previously observed by other scien-
tists, but it is still not fully understood as to what may be the cause
of it [23,24]. Other important difference of all synthesized garnets is
the boron amount inside the garnet structure. This difference gives
obvious emission intensity changes. It could be said, that compounds
when the boron amount is the highest, whilst no secondary phase
has formed, have the highest luminescence intensity. The addition of
boron causes an increase of particle size. And since particles with
bigger size have a relatively larger amount of dopant ions in bulk as
compared to the surface resulting in higher emission intensity
[25,26]. When AlB;, phase is formed, the emission weakens. One of
the possible explanations why boron ions affect the luminescent
properties, could be, that boron can create extra defects in Y/LuAG
phosphors. While, equivalent substitution between boron and alu-
minum occurs in the Y3Als0q, matrix, the defects in order to com-
pensate for charge difference, cannot form since the charge is equal.
However, since the radius of B*>* ions is much smaller in comparison
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Fig. 7. Lutetium aluminum garnet samples excitation (a) and emission (b) spectra.
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Fig. 8. Yttrium aluminum garnets sample emission spectra, excited with X-rays.

to that of AI** ions, the irregularity of the coordination polyhedron of
the dopant site can increase, which causes an exceptionally large
increase in local strain. This strain could be partially reduced by the
formation trigonal planar units of BOs;, which tends to then form
oxygen vacancies and thus finally decreases the emission intensity
[27]. For YAG samples, the compounds with 1% of boron that were
annealed under air atmosphere show the most intensive lumines-
cence. Samples that were doped with 5% of boron show slightly
lower emission intensities. Compounds, of which the dodecahedral
position partially occupied by Y** and Lu®* ions, have emission in-
tensities similar to that of YAG powders. The highest luminescence
intensity is seen for sample doped 1% of boron and the second
highest - doped with 5% of boron, all of these samples were an-
nealed under air atmosphere. LuAG sample emission spectra are
shown in Fig. 7b. Similarly, to the aforementioned YAG and YLuAG, in
LuAG spectra, the most intensive emission was detected for com-
pound calcinated under air atmosphere with 1% of boron. Second
and third most intensive luminescence having compounds are

Photon energy (eV)
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samples doped with 5% of boron. From all emission spectra it can be
clearly seen that samples doped 20% of boron and heated under
reducing atmosphere exhibit the weakest emission. To sum up, from
Figs. 5, 6 and 7, it could be said, that all of the synthesized garnet
powders have almost the same excitation and emission intensities
independently of which element occupied the dodecahedral struc-
ture position. So in turn, the majority differences are caused by
addition of different B** amounts into the structure.

For materials that could be used as scintillators, in this case all of
the synthesized compounds: YAG, YLUAG and LuAG, it is important
to measure the emission when using shorter excitation wavelengths
than the blue laser light. Devices incorporating such materials op-
erate on the principle that compounds emit light when they are
excited by X-rays. Therefore, one of the most important studies that
can gauge the value of garnets synthesized in this work as potential
scintillating materials is the measurement of the emission spectrum
when X-rays are used for excitation. However, due to the fact that
such procedure is not readily available, only yttrium aluminum
garnets samples were measured. From Fig. 8 it is clear that, as in the
usual emission spectrum, one broad band, attributed permissible
[Xe]5d! — [Xe]4f! transitions is visible. The emission maxima were
located at A=535nm, overall, the sample that was without boron
and was heated under air atmosphere showed the highest lumi-
nescence intensity. The second most intensive emission is almost
identical to that of the first compound was measured for sample also
heated under air atmosphere, but doped with 5% of boron. Note that
at about 700 nm several additional peaks for several of the samples
were observed. These extra peaks may be attributed Cr>* emission,
which may be incorporated to the compound during synthesis from
precursor impurities. The emission of these ions is very strong under
X-ray excitation, even if the amount is negligible. This can be con-
firmed because in Fig. 5b, in the measured spectrum of the same
samples, no additional peaks are observed [28]. To conclude this
measurement, it is obvious that the compounds that are heated
under air atmosphere are better suited to be used as scintillators,
due to higher emission intensity. Therefore, other more significant
studies will be conducted on the boron-containing compound with
the highest emission - YAG:Ce,5%B_A.

As already mentioned, probably the most important compound
from this work is cerium and 5% of boron co-doped yttrium alu-
minum garnet heated under air atmosphere, so the temperature
dependency measurements were performed on it. As it is known,
cerium ion emission drastically changes at different temperatures. At
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Fig. 9. Yttrium aluminum garnet sample (a) emission spectra at different temperatures and (b) process fitted curve.
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Fig. 10. (a) Different garnet decay times at room temperature; (b) 5% of boron doped garnet decay lines.

low temperature, exactly 77 K, the spectra showed a double band
structure of the Ce** emission (Fig. 9a). When the temperature is
raised, the split emission band, attributed to transitions from 5d
level to ground *Fs), and Fy, configurations, respectively, starts to
broaden and overlap. Then it eventually turns into one broad
emission band at 500K. At temperatures below that point fine
structure is observed [20]. Also, it could be mentioned that lumi-
nescence intensity decreases when the temperature is raised. From
the graph it is clearly visible that emission intensity peak maxima
are at 525nm and 580 nm when the temperature is 77 K, 539 nm
and 576 nm at room temperature, and to 554 nm at highest - 500 K
temperature point.

From the temperature dependent emission spectra integration is
possible which then allows for the calculation of the activation en-
ergy of the processes. The calculated activation energy of this system
was E; =0.152 + 0.003 eV. In this system, activation energy describes
the non-radiative recombination process. Taking into account the
activation energies of other similar systems found by other scien-
tists, E;=0.136eV or E;=0.83 eV, clearly it can be seen that this
value for our system is lower in comparison [13,29]. Other value,
which has been calculated is temperature at which phosphor loses
half of its efficiency - TQ; .. For the characterized system, calculated
TQ,/2=625.317 K. Other scientists have obtained similar thermal
quenching values in their research, which are ranging from 500K to

700K and more [30,31]. Consequently, the developed system not
only gives better luminescent properties such as emission intensity,
quantum yield and decay time but also reduces energy loss in the
form of heat, making for a more effective phosphor overall.

The main idea of all work is to synthesize such compounds, that
have shorter decay times, as this is the most important characteristic
of the samples. As mentioned in introduction part, the improvement
of this property would give scintillators of a much better quality in
different devices. Garnets, such as cerium doped YAG, YLuUAG and
LuAG have fast decay times, which are in nanosecond scale. Of
course, this property could be still be improved upon and by
shortening decay time as a result of co-doping. In this case materials
are co-doped with boron ions. The influence of B>* ions on the decay
times is visible in Fig. 10a. Garnets with an appropriate amount of
boron exhibit a decay time that is shorter than that of the samples
doped with only cerium, except YAG:Ce_A and LuAG:Ce. Surely, it is
necessary to emphasize that only samples with 1% and 5% boron
have a pure garnet phase. Larger alloying may reduce the duration
due to the resulting AlB,, phase. As expected, yttrium garnets ex-
hibit longer decay times by more than 10 ns as compared to lutetium
garnets [16]. If talking about pure garnets, then the shortest decay
time was observed for cerium and 5% of boron co-doped lutetium
aluminum garnet heated under reducing atmosphere, which is
54.7 ns. Of course, the decay times of all garnets were affected by the
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Fig. 11. Yttrium aluminum garnet sample (a) decay time values at different temperatures (b) decay times lines at different temperatures.
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addition of the appropriate amount of boron. However, no clear
dependency was observed since the decay times of other samples
change rather unevenly. Of course, the shortening of the decay times
themselves can be based on the fact that the boron has a higher
electronegativity than that of aluminum. The shortened decay time
again could be associated with the polarization of the local activator
ion environment. Therefore, when the ions electronegativity in-
creases, then the polarization decreases and the decay time becomes
shorter. Different electronegativity of boron as compared to alu-
minum can cause the decrease photoluminescence decay time
which also correlated with blue wavelength shift of emission [32].
The reason why the decay time decreases less when the samples are
heated under a reducing atmosphere, may be due to the fact that
boron incorporates in the structure less well in such a case and thus
does not create the desired effect. Although scintillation decay has
not been measured for some samples, it should be noted that there
have been previous reports drawing a direct correlation between
luminescence and scintillation decays, which are very similar in
most cases [33].

Sample decay times, similarly to emission intensities, change at
different temperatures, and it can be seen in Fig. 11. Although the
profile of the decay lines does not change and the shift does not
occur, but slight variation of decay times was observed. At room

Journal of Alloys and Compounds 875 (2021) 160002

temperature, the decay time is the highest and is 68.0 ns, mean-
while, it is the shortest at 500 K at 64.0 ns. A general trend cannot be
discerned, as durations change unevenly.

All materials capable of luminescence exhibit one or another
value of quantum efficiency (QE). This property demonstrates the
quality of the synthesized phosphor. Of course, quality is indicated
by the approximation of the yield in percentages up to one hundred
[34]. Materials, prepared in this work have broadly distributed effi-
ciency values which are shown in Fig. 12. Ranging from 19.8%
- LuAG:Ce_R to 93.0% - YAG:Ce,5%B_R. From further inspection of the
graph, it can be seen that the optimum content of boron in the
compounds is 5%, since this is the amount that gives the highest QE
value. While yttrium aluminum garnets have a higher initial
quantum efficiency as compared to lutetium ones, addition of boron
increases the QE value for each matrix. This effect is much more
pronounced for LuAG compounds, especially for LuAG:Ce_R Also,
most compounds doped with more than 5% boron have lower
quantum efficiency as compared to the ones doped with 5%, except
for LuAG:Ce_A sample. This can be explained by the presence of an
impurity phase in all of these garnets, which results in a darker
(greyish) color from the yellowish or greenish tones. Furthermore
impurity phase compound contains number of defects, which can
absorb part of the photons falling on the sample, thus reducing the
amount of absorbed and emitted by the desired phase [35]. Another
point is that in this case, although the decay time of the compounds
with doped boron is reduced. The quantum efficiency is not that
which is due to the collarability of these properties (QE=1/z), but
rather increases, especially in the case of garnets doped with 5%
boron. Based on these studies, it is clear that boron has a positive
effect on all scintillation-specific characteristics. That is, increasing
the emission intensity, shortening the decay time, and improving the
quantum yield in most cases. These changes are particularly pro-
nounced for YAG:Ce_A, YAG:Ce_R and LuAG:Ce_R sample series.
Summarizing the results obtained, it is obvious that the addition of
boron has a positive effect on the required optical properties.

If in terms of luminescent properties, they would preferably be
expressed in color, for this reason a CIE chromaticity diagram can be
used. Ce>* emits light in the green region. From Fig. 13 it is obvious
that regardless of which garnets is being measured, its emission is in
this particular region. This is also shown in Fig. 13 when YAG:Ce
emitted light is illuminating the products in the picture. Of course,
the shades and CIE coordinates slightly vary. The most monochro-
matic and closest to the graph edge is YAG sample, while LuAG is
closest to the middle of the graph. Other properties from this dia-
gram for all these samples were also found. Although the main idea

0.8 * YAG:Ce

A LuAG:Ce
® YLUAG:Ce

Fig. 13. CIE chromaticity diagram of garnets and the image (Image - @apsvietimas.net) when YAG:Ce emitted light is used.
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of this work is not about black-body radiation of light, but the CCT
factors were still calculated. This parameter changes from 5000 K for
YAG:Ce, 5325K for YLuAG:Ce to 6182K to LuAG:Ce. Another char-
acteristic, which shows how realistically color could be rendered is
CRI index. This index changes from 18.8 for YAG:Ce, 18.7 for
YLUuAG:Ce, to 16.6 to LuAG:Ce. From these results, it can be said that
the more monochromatic light and the lower the temperature, the
more accurately true colors are reproduced. This obtained trend is
also confirmed by the study conducted by Jargus et al. and other
scientists on the change of these parameters [36]. Taking into ac-
count the data obtained from the chromaticity diagram, it can be
confirmed that if these materials would be used to produce an LED
light, such a garnet alone would not be a sufficient phosphor as it
would produce a green light. If the ambition would be to produce
white daylight it would be needed to additionally insert other
compounds. This material must emit in the red area of the visible light
spectrum. Red phosphor with the green guarantor would emit white
light when excited by the blue light emitted by the InGaN chip [37].

4. Conclusions

Yttrium, yttrium/lutetium and lutetium aluminum garnets doped
with 0.5% of cerium and 1% or 5% of boron were synthesized by the
sol-gel method, without the impurity phase of AlByo. If the boron
concentration exceeds 5%, impurities are then formed. The influence
of boron on the morphology of garnets was observed by scanning
electron microscopy. The introduction of boron into the structure
causes the increase in particle size, because boron source acts as a
flux. In addition to that, the porosity becomes much more prevalent
in the compounds with larger dopant concentrations. Investigated of
luminescent properties showed that samples containing 1% or 5% of
boron, due to the larger particle size s caused by introduction of
boron in compounds were found to have the highest emission in-
tensities. This trend was noticed for all prepared compounds in-
dependent of the matrix even if compared to non-codoped
phosphors. The YAG compound with 5% of boron and annealed
under air atmosphere was revealed to have the almost the same
emission intensity under X-ray excitation as compared to compound
without boron and one of the highest quantum efficiencies out of all
samples. Additionally, this yttrium aluminum garnet had the
shortest decay time of the entire YAG:Ce_A samples series. Most
samples with boron ions inserted into the garnet crystal lattice had
shorter decay times as compared to the ones without. This change
can be explained by the fact that boron ions have a higher electro-
negativity than aluminum ions, which reduces polarization and
therefore shortens the decay time. It can be concluded that
LuAG:Ce,5%B_R and YAG:Ce,5%B_A samples have the best properties
that are required in high quality scintillators. The aforementioned
lutetium garnet sample had the shortest decay time found in the
entire study. While the YAG compound had a short decay time and a
high quantum efficiency coupled with high emission intensity.
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In order to convert high-energy radiation, such as gamma or X-rays, into a visible light, a certain type of material
is needed. Such compounds are usually referred to as scintillators. Over the years many different candidates to fit
the requirements were examined. However, compounds with garnet structure have attracted a particularly large
amount of attention. Cerium doped yttrium and lutetium aluminum garnets (YAG:Ce, LuAG:Ce), have high
density, high thermal stability, a rather intensive emission/excitation and high quantum efficiency which are

needed for a good scintillator. However, further optimization and improvement is still needed especially on the
shortening of the decay time. One way to approach this problem is to alloy the aforementioned compounds with
different elements, such as boron or magnesium.

1. Introduction

The compounds used as scintillators can be synthesized by various
methods such as solid state, microwave and combustion just to name a
few [1]. However, one of the simplest, most convenient and cheapest is
the sol-gel synthesis route. Coatings can also be easily synthesized using
the sol-gel spin-coating or dip-coating techniques, which is quite diffi-
cult or even impossible using other synthesis methods [2,3]. Despite the
similarities between the aforementioned deposition techniques, one
advantage of using a spin-coating technique should be mentioned. A
smoother layer of coating throughout the substrate is prepared, which
allows the entire surface to be coated relatively uniformly [4,5]. The
usage of coatings opens up new areas of practical application that would
be otherwise inaccessible for powders obtained by other methods. As the
actual incorporation of the powder into devices requires extra attention,
while the coatings do not as they retain their shape no matter how they
are placed. The most commonly synthesized compounds either in
powder form or coatings and used as scintillators are different lantha-
nide doped yttrium or lutetium aluminum garnets [5]. These materials
are also important in that their coatings are transparent, which opens up
even more additional practical and research avenues [6]. Transparent
coatings coupled with transparent substrates are required to study
high-quality luminescence characteristics. For this reason, sapphire and
quartz wafers are usually used [7]. By synthesizing such compounds on
the aforementioned substrates, they are well suited for all necessary
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studies. YAG:Ce and LuAG:Ce compounds, in addition to the above
mentioned transparency in the case of coatings, have other properties
that are very important for scintillators: high quantum efficiency,
intense luminescent emission and excitation, high density (for YAG:Ce -
4.55 g/cm?®; for LuAG:Ce - 6.72 g/cm®) and high thermal and chemical
stability [8,9]. It is also very important to note that these compounds
have some of the shortest decay times in nanometer scale [10]. Although
this alone is not a sufficient indication for practical suitability.
Currently, one of the goals for the majority of scintillator research is to
shorten the decay time [11]. One way to do this is to dope the com-
pounds with additional elements. It has been reported that in some cases
both boron B** and magnesium Mg?* ions may shorten the decay time
[12,13]. It should be noted that boron is additionally used as an X-ray
absorber [14]. Therefore, its use in the compound will not only shorten
the decay time, but help also absorb X-rays, resulting in a higher amount
of light that will be converted in the scintillator.

In this work we describe the synthesized YAG and LuAG garnets that
are doped with 0.5% of cerium that are additionally doped with 5% of
boron and/or 0.03% of magnesium. In order to evaluate the compounds
in a more practical applicable setting, coatings were synthesized.
Coatings of these compounds were synthesized by sol-gel spin and dip-
coating methods on different sapphire and quartz substrates. Boron
and additional doping by magnesium are expected to reduced decay
time of garnets. Selected sol-gel method determines the homogeneity of
compounds and low temperatures of synthesis. Phosphor coatings were
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Table 1
Synthesized thin film samples.

Samples Synthesis conditions
YAG:Ce eDip-coating eDip-coating eSpin- eSpin-coating
YAG:Ce:B eQuartz, SiOy eQuartz, Si0;  coating eSapphire,
YAG:Ce: eCoatings *Coatings eQuartz, SiO,  Al,03

Mg together 1byl «Coatings «Coatings
LuAG:Ce 1byl 1byl
LuAG:Ce:

B
LuAG:Ce:

Mg

analyzed by X-ray diffraction analysis, atomic force and scanning elec-
tron microscopies. Emission, excitation spectra and decay times have
been investigated as well. The main novelty and result of this research is
that boron does indeed shorten the decay time, while also increasing
emission intensity.

2. Experimental
2.1. Synthesis procedure

All coatings on different substrates were synthesized by either sol-gel
dip-coating or spin-coating methods. In this work both quartz and sap-
phire were used as substrates. On these substrates thin films of Y ogs.
yAl2Al3.4012:Ceg,015:Bx:Mgy or Luy 9g5.yAlpAl3 xO12:Ce,015:Bx:Mgy were
deposited. Based on previous research, it was determined that YAG dope
with 5% of boron showed the best luminescence properties, hence this
amount was chosen in this for the prepared samples [15]. The magne-
sium content was chosen based results obtained by M.T. Lucchini in
their research [13]. All garnets are doped with 5% of boron or 0.03% of
magnesium. From the literature it is known that doping compounds with
magnesium or boron similarly results in shorter decay times of the
emission process [12,16]. In this study, boron was also used as a flux and
dopant, resulting in larger particles that could affect the higher lumi-
nescence intensity [15]. As more research is being carried on the doping
effect with these elements, it was decided to additionally use coatings in
order to compare the effects of different elements on decay times and
other studied properties. The list of all synthesized samples is shown in
Table 1.

Synthesis of thin films consist of three steps. First, synthesis of sol
using sol-gel method. Secondly, follows the making of aqueous solution
with 3% polyvinyl alcohol (PVA) and substrate preparation. The last
step is coating deposition on substrates.

2.2. Sol synthesis

For the sol Y503, LupO3, Al(NO3)3-9H,0, (NH4)2Ce(NO3)s, H3BO3
and Mg(NOs3)2-6H20 were used as precursors. Firstly, Y203 or LuyO3
were dissolved in an excess of concentrated nitric acid at 50-60 °C.
Then, the excess of nitric acid was evaporated and the remaining gel was
washed with distilled water 3 times, followed by further evaporation of
added water each time. An additional 200 ml of water were added, after
the washing, and Al(NO3)3-9H0, (NH4)2Ce(NO3)s, H3BO3 and Mg
(NO3)2:6H20 were then dissolved. The solution was left under magnetic
stirring for 2 h at around 50-60 °C. After that, citric acid was added to
the solution with a ratio of 1:1 to metal ions and was left to stir overnight
[17,18].

2.3. PVA and sol solution

When the sol was prepared, the 3% PVA solution was introduced into
the already prepared sol in order to improve the wettability of the
substrate. The volume ratio of the PVA and precursor solutions was kept
at a 1:1. The final concentration in the solution was left at 0.1 M for all
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Fig. 1. Examples of different coating processes: (a) dip-coating; (b)
spin-coating.

samples. The substrates were washed for about 30 min in boiling acidic
piranha solution, after that they were soaked in distilled water and then
washed in an ultrasonic bath for 3 min.

2.4. Coating procedure

When the coating solution was ready and the substrates were
washed, the coating processes were started. First, sol-gel dip-coating
technique was used. For dip-coating procedure a KSV Dip Coater device
was used. For Y2,985-yAl2Al13-x012:Ce0,015,Bx, Mgy or Lu2,985-
yAI2AI3-x012:Ce0,015,Bx, Mgy films, five layers were deposited by a
single-dipping process. During the process, the immersion time of the
substrate is 85 mm/min and holding time in the solution is 20 s. With-
drawal from the solution takes place at a speed of 40 mm/min, with
support for 30 s after withdrawal. During a single dipping process
(marked - 1by1), each deposited layer is calcined for 2 h at 900 °C in air,
with heating pace of 1°/min. Then the second layer is deposited using
the same procedure as before. After final deposition, films were
annealed once again at 900 °C for 2 h in air, with 1°/min heating pace,
and lastly at 1000 °C for 2 h in air, with the same heating rate as before
[19]. Samples (marked - together) are that of which the layers were
coated one after the other, with brief annealing of each layer at a tem-
perature of 200 °C ant then all five layers are calcinated as mentioned
earlier.

Secondly, sol-gel spin-coating technique was used for thin film syn-
thesis. For it a “Spincoater model P6700” device was used. The substrate
is placed on the head of the device, and then is attached to it by the
forming vacuum. Several drops of coating solution are placed on the
substrate using a membrane syringe. Using spin-coating method (spin
rate = 2000 rpm for 60 s), the excess solution is eliminated because of
centrifugal forces, resulting in a smooth coating throughout the surface
of the substrate. One layer is applied at one time and is calcined at
900 °C for 2 h in air, with 1°/min heating pace. After final deposition,
the films were annealed for the first time at 900 °C for 2 h in air, with 1°/
min heating pace, and the second time at 1000 °C for 2 h in the air, with
1°/min heating pace. The heating rates were all the same as in the dip-
coating procedure. Both spin and dip-coating processes are shown in
Fig. 1.

2.5. Characterization

X-ray diffraction (XRD): XRD measurements of thin films were per-
formed using Bruker D8 Advance X-ray diffractometer. Monochromatic
CuKoy radiation (A = 1.541 ;\) was used for analysis. Substrates with
thin films were placed in sample holder, dwell time was 1.0 s. Mea-
surements were performed under glancing angle conditions.

Electron scanning microscopy measurements (SEM): SEM analysis
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Fig. 3. Thin film diffractograms of YAG and LuAG garnets on quartz (SiO) substrate using spin-coating technique when each layer is heated separately.

was performed using a Hitachi SU-70 scanning electron microscope.
Coating substrates were held onto the alumina sample holder by copper
bars.

Atomic force microscopy (AFM) measurements: AFM Catalyst
(Bruker) with SiN-needle at k = 0.06 N/m stiffness at F = 18 kHz and
with a tip diameter of 20 nm.

Measurements of emission and excitation: Edinburgh Instruments
FLS980 spectrometer equipped with double excitation and emission
monochromators and 450 W Xe lamp, a cooled (—20 °C) single-photon
counting photomultiplier (Hamamatsu R928). Obtained photo-
luminescence emission spectra were corrected using correction file ob-
tained from a tungsten incandescent lamp certified by NPL (National
Physics Laboratory, UK). Excitation spectra were corrected by a refer-
ence detector [15].

Decay Time Measurements: The photoluminescence decay kinetics
were studied for thin films using the FLS980 spectrometer. 450 nm laser
was used for these measurements.

3. Results and discussion
3.1. X-ray diffraction

When performing X-ray diffraction analysis of the as prepared thin
films, samples must be measured using the glancing angle method. This
method is necessary because the quartz substrate is highly amorphous,
as seen from increased background intensity visible from 20 to 25 20
degrees [20]. When recording diffraction patterns by the conventional
method only this high-intensity amorphousness remains visible, the
phase peaks merge with the background due to the relatively low in-
tensity. This low intensity of the peaks is due to the thinness of the
coating, as only five layers were deposited. Figs. 2 and 3 show dif-
fractograms of two out of four series of prepared coatings of YAG and
LuAG on quartz substrates. From these Figures, it can be said that all
samples have pure garnets phase with cubic symmetry and Ia-3d (#230)
space group. It can also be observed that the most intense peaks, remain
narrow. They also have a slight shift to larger angles in the case of LuAG
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Fig. 4. SEM images of garnet coatings on quartz (SiO,) substrate using dip-coating technique when all layers were coated without intermittent heating.
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Fig. 5. SEM images of garnet coatings on quartz (SiO,) substrate using dip-coating technique when each layer is heated separately.

samples due to the replaced element in the dodecahedral positions, since
yttrium ions are larger (1.16 f\) as compared to lutetium (0.98 A) [21].
From the results of this measurement, it can be stated that all coatings
independently of the doping still retain their pure garnet phase
structures.

3.2. Scanning electron microscopy analysis

Scanning electron microscopy, revealed the fact that different
coating methods and substrates resulted in different morphologies of
thin films [22]. From the micrographs it can be observed that using the
dip-coating technique (Figs. 4 and 5) the coatings are uneven, split and

YAG:Ce,B@SI02

LUAG:Ce@Si02

layered. In principle, it can be argued that such coatings do not have the
same properties over their entire area, as different parts of them have
different material thickness and are inhomogeneous. Of course, when
analyzing SEM data, the two different ways of deposition can be
compared in case of the dip-coating methodology. Fig. 4 shows the
samples of which the layers were coated one after the other, with brief
annealing of each layer at a temperature of 200 °C, this method was
referred to as coating all the layers without intermittent heating, in
micrograph titles. Meanwhile, in Fig. 5, each layer was calcinated at
900 °C with the 1°/min pace. It can be seen that in the first case, the
coatings are less layered, but they have many more cracks and voids on
the substrate. This difference in morphology can be explained by the fact

LUAG:Ce B@SIO2 LUAG:CoMI@SIO2

LUAG:Ce,B@SI02

200 nm

Fig. 6. SEM images of garnet coatings on quartz (SiO,) substrate using spin-coating technique when each layer is heated separately.
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Fig. 8. Photographs of surface topography and 3D images of different coatings synthesized by sol-gel spin-coating method obtained by AFM analysis.

that with short annealing time, the sample is already placed on a heated
hot plate, so that heating and the release of organic impurities and the
evaporation of the remaining water take place rapidly. This causes
cracks and tears in the coatings [23]. Also, looking at the images with
higher magnification, it can be seen that coating the layers together
results in less smooth coatings and formation of more cracks and empty,
uncovered gaps. In this case, it can be said that the coating with
annealing at a higher temperature gives, albeit layered, but less cracked
thin films.

Thin films were much tidier, smoother and less cracked when spin-

Photon energy (eV)

coating technique was used for their preparation. Figs. 6 and 7 show
that the coatings are evenly distributed over the entire substrate, with no
protrusions and empty, uncovered gaps. Fig. 6 shows that on the quartz
substrates cracks in the thin films that may have been caused by the
shrinkage of the substrate during heating. While the higher magnifica-
tion figures show individual particles in the garnet layer that are about
50 nm in size. The essential difference with using different, sapphire
substrate, is only that there are no visible cracks in the coatings on it.
This retention of the smooth surface of the coatings may have been
influenced by a high coefficient of thermal expansion of Al;03 which is

Photon energy (eV)

4 38 36 34 32 3 28 26 24 26 24 22 2 1.8 1.6

L L B e e e e e e e | L e e e e e e e I s e T T

—— YAG:Ce@Si02 (a) (b) ——YAG:Ce@Si02

—— YAG:Ce,B@SiO2 ——YAG:Ce,B@SiO2

—— YAG:Ce,Mg@Si02 [Xel4f'—> [Xe]5d" —— YAG:Ce,Mg@Si02

LuAG:Ce@SiO2

——LuAG:Ce,B@Si02
2 | —— LuAG:CeMg@Si02 2
2 Emission: (A, =550 nm) E
2 &
£ £
o ®
2 2
k] &
© ©
4 o

[Xel4f'—> [Xe]5d?
_A [Xe]5d'-> [Xe]4f'
T T T T T T T T T T 1
300 350 400 450 500 500 550 600 650 700 750 800

Wavelenght (nm)

Wavelenght (nm)
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Fig. 10. Excitation (a) and emission (b) spectra of garnet coatings on quartz (SiO,) substrate using dip-coating technique when each layer is heated separately.

equals from 4.5 t0 5.8 x 10~° K~ 1. Meanwhile, the coefficient of thermal
expansion of quartz is almost 10 times lower and can be from 0.55 to
0.75 x 10~ KL It is obvious that in order for the sapphire to start to
expand the same distance as sapphire, a higher temperature is required,
so when heated at the same temperature, the coating on this substrate
remains unbroken [24,25].

Summarizing the obtained data, it can be stated that in order to
obtain better quality thin films, it is essential to use the spin-coating
technique. This method helps to avoid unnecessary layering of coat-
ings, which affects the inhomogeneity of the coating at different loca-
tions on the substrate.

3.3. Atomic force microscopy

Atomic force microscopy was performed to determine the topog-
raphy of the coatings and their roughness. From Fig. 8 we can see that
the materials are completely covered by the substrate. This fact can be
confirmed by linking the data obtained from the SEM analysis. We can
observe that all the roughness of the samples is in the nm range.
Consequently, we can say that such coatings are smooth, without sharp
protrusions of the coating. The 3D images of the samples show that the
available coating irregularities are evenly distributed and are very
insignificant. Furthermore, it is clear that sample the YAG sample
without boron shows the smoothest surface, without almost no uneven
regions. While the most uneven sample was the LuAG doped with cerium
and boron, showing many uneven locations, though as mentioned pre-
viously the roughness is in nanometer scale.

Table 2
Decay times of different garnets thin films.

Sample Decay time (ns)
Dip-coating, Dip-coating, Spin-coating, Spin-coating,
800, Together $i0g, byl $0g, byl AlgOg, 1by1
YAG:Ce 59.64 65.73 67.67 68.83
YAG:Ce, 59.13 49.44 64.97 77.46
B
YAG:Ce, 59.54 48.69 71.22 74.22
Mg
LuAG:Ce 53.47 47.07 63.31 66.37
LuAG: 50.60 45.46 65.74 62.50
Ce,B
LuAG: 61.88 46.65 60.52 72.93
Ce,Mg

3.4. Luminescence properties

The luminescence of the compounds and its efficiency are highly
dependent on the active centers in the sample. Since for preparation of
films a much diluted solution is used, only a thin layer is deposited on
the substrate. Moreover, the number of active emission centers is much
smaller if compared to that of powders or ceramics. This disparity leads
to the much more reduced emission and excitation intensity [15].
Nevertheless, Fig. 9 — 12 show that the coatings have luminescent
properties. Note, a self-made sample holder was used for the lumines-
cent measurement of the thin films. For this reason, emission intensity is
very sensitive and not comparable parameter, because even the smallest
displacement in the coating can have a huge effect on the emission and
excitation strength.

Despite the fact that the luminescence intensity cannot be compared
between different compounds samples, the properties of YAG and LuAG
garnets can be seen in Figs. 9-12. The excitation spectra (Figures a)
show two intense peaks, which, are assigned to the transitions charac-
teristic to Ce>* ions. These peaks occur during the electron transitions
from 4f! to 5 d* and from 4f! to 5 d? orbitals. Obviously, all samples are
best excited with a wavelength of about 450 nm. Also, for lutetium
garnets, a shift towards shorter wavelengths is observed due to cova-
lence effect of this element. The effect of covalence is the influence of
different ions electronegativity. The transition to longer wavelengths is
observed when there is greater covalence. In the case of yttrium and
lutetium, the electronegativity of yttrium is 1.22 and that of lutetium is
1.27. Although the difference is not large, the effect is observed and the
lutetium garnet peaks shift towards the higher energy [26].

From the emission spectra (images b in all of the figures) one main
emission band characteristic to Ce>* ions is observed and is attributed to
the 5 d' — 4f! electron transitions. Its maximum varies from 505 nm to
550 nm depending on the composition of the garnet. The Figures also
show extraneous peaks of different intensities located in the region from
660 nm to 740 nm. All of these peaks are attributed to Cr®* ion emission
[27]. Given the composition of the materials and substrates used, it can
be stated that the influence of chromium ions seen in the spectrum may
be caused by the impurities in used substrates. All substrates seem to
contain appropriate amounts of chromium impurities. In Fig. 10b this
area particularly stands out. This can be explained by the fact that
sapphire contains about 10% of other elements, including chromium,
impurities. A different quartz substrate has also been used for
dip-coating (Fig. 9b) where all layers were coated without intermittent
heating. It can be seen that higher levels of chromium ions impurities are
also observed in this substrate. The substrates used in the synthesis of the
other two compounds have the lowest amount of parasitic phase. These
quartz substrates, and impurities are the smallest and less than 8%. From
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Fig. 11. Excitation (a) and emission (b) spectra of garnet coatings on quartz (SiO,) substrate using spin-coating technique when each layer is heated separately.
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Fig. 12. Excitation (a) and emission (b) spectra of garnet coatings on sapphire (Al;O3) substrate using spin-coating technique when each layer is heated separately.

the obtained spectra for the thin films, it can be said that regardless of
the coating technique and the substrate used, the optical properties that
are characteristic of synthesized garnets are observed. This confirms that
these coating deposition methods retain their characteristic luminescent
properties.

While the fact that the emission and excitation intensities of the
garnet coatings cannot be compared between each other stands, the
decay times can be compared because the same number of counts were
used for all samples. Depending on the intensity of the emission, only the
duration of the measurement itself varied. The luminescence decay time
was also measured for the prepared compounds. According to the
literature, the specific trends and values applicable for luminescence
decay times (decreases and increases) corelate well with ones obtained
during scintillation decay [28-31]. The basic idea is that the added
boron and magnesium shortens the decay time. Indeed, as seen from
Table 2, both YAG and LuAG samples show a decrease in decay times
when adding boron and magnesium with only slight reduction for some
samples. In some cases the reduction even up to 6 ns (YAG:Ce,B —
dip-coating, SiOj, 1byl). Determination of the sample decay times
shows that in this case the introduction of boron to the structure gives
more of an advantage as compared to magnesium, although there are
more literature sources on magnesium doping [32]. This suggests that
boron is the element that has the potential to adjust and improve the
required luminescent properties, especially in the reducing of the decay
time. The decrease in this parameter can be explained by the fact that

* YAG:Ce
 LuAG:Ce

Fig. 13. CIE chromaticity diagram of garnet thin films on quartz (SiO5) sub-
strate using dip-coating technique when all layers were coated without inter-
mittent heating.
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Table 3

Parameters from CIE diagram from thin films of garnet using different synthesis conditions.
Thin film conditions of synthesis YAG:Ce LuAG:Ce

CIE x CIEy CRI CCT CIE x CIEy CRI ccT
Dip-coating, 5102 tosether 0.3116 0.5624 31.3 5888 K 0.3145 0.5812 25.3 5823 K
Dip-coating, 5102 15! 0.3963 0.5530 37.5 5000 K 0.3188 0.5505 323 5771 K
Spin-coating, 0.4001 0.5430 45.5 5000 K 0.3425 0.5315 45.9 5354 K
$i0g, 1byl

Spin-coating, 0.4029 0.5497 39.2 5000 K 0.3158 0.5497 33.0 5825 K

Alp0g, 1byl

aluminum ions have a lower electronegativity than boron ions. As a
result, the polarization decreases and the decay time was been shorten
accordingly [15,33]. As expected and mentioned in literature LuAG
garnets have shorter decay times than YAG compounds [34]. In princi-
ple, different coating methods do not affect the decay times, they remain
similar. Maybe, slightly longer durations are observed on sapphire
substrate, but this can be affected by the replacement of the substrate
itself. Looking at all the obtained data, it can be seen that the shortest
extinction time is for LuAG:Ce,B sample, which is coated by dip-coating
method, when each layer is heated separately 900 °C. Summarizing the
measured decay times, it can be concluded that the attempt to dope the
samples with appropriate elements is useful. This is justified in the
synthesis of coatings, which have a wider practical application, espe-
cially in terms as scintillators.

Using data obtained from emission spectra, CIE diagrams of different
thin films were determined. For the samples coated by the dip-coating
method, where each layer is annealed separately, the CIE diagram is
shown in Fig. 13. The corresponding data for other thin films using
different coating conditions are shown in Table 3. The Figure shows that
the compounds emit light in the green region of the visible light spec-
trum. All other samples also demonstrate the emission in the green area,
according to the x:y coordinates. These are fairly distant coordinates
from the white light that is normal to the human eye, which can be seen
in the Planck locus, so the color rendering index (CRI) indices are small.
If they are small, then the reproducibility of the true color is low. Also,
samples prepared by spin-coating technique on quartz have the highest
CRI values. The one sample that stands out the rest was coated by the
dip-coating technique, where the layers are coated together, while all
others are relatively similar. Due to the broad emission band shown in
Fig. 9b, the x:y coordinates for the YAG and LuAG samples are almost
indistinguishable and they emit at the same location on the color chart.
Unlike other cases where the color change of these garnets is observed.
In general, it can be said that all prepared samples have similar char-
acteristics that were obtained from the CIE chromaticity diagram. They
remain characteristic to YAG:Ce and LuAG:Ce garnets that were studied
to date by other scientists [35,36].

4. Conclusions

Sol-gel spin-coating and dip-coating coating deposition techniques
have been successfully used in coating garnet film on either quartz
(Si0O2) or sapphire (Aly03) substrates. From XRD patterns could be said
that, pure yttrium and lutetium aluminum garnets doped with 0.5% of
cerium and/or 5% of boron, 0.03% of magnesium were synthesized.
Overall, the used methods allows for a rather simple route of preparing
single phase compounds. When comparing both preparation techniques
and used substrates, it can be stated that it is better to use a sapphire
substrate and spin-coating technology to obtain better films resulting
even surface of coatings without cracks that exist in other cases. AFM
and SEM analyzes confirm the low roughness of the coatings. Most
compounds containing boron or magnesium ions have a shorter decay
time, which can be explained by the different electronegativity between
boron and aluminum elements. Although, it can be observed that
different coating technologies have an effect on the decay time

characteristic and vary depending on how the layers were coated. With
the lowest decay time of 45.46 ns being obtained for LuAG:Ce,B com-
pound prepared by Dip-coating 1byl methodology on SiO substrate.
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Abstract

YAG:Ce and LUAG:Ce ceramics are widely used as scintillator materials that convert
high-energy radiation into visible light. For the practical application of such com-
pounds, short decay times are a necessity. One way of shortening the existing decay
times even more is to change the local environment of emitting ions by means of
doping the matrix with additional elements, for example, boron or magnesium. Fur-
thermore, boron ions also can help absorb gamma rays more efficiently, therefore
improving overall applicability. Due to the aforementioned reasons, YAG and LUAG
ceramics doped with cerium, boron, and magnesium were synthesized. Initial amor-
phous powders have been obtained by means of sol-gel synthesis and pressed into
pellets under isostatic pressure and finally calcinated to form crystalline ceramics.
The effects of boron and magnesium doping on the morphological, structural, and
luminescence properties were investigated. The key results showed that doping with
boron has indeed shortened the decay times of the garnet pellets. Overall, boron
doping of ceramics is a relatively new research area; however, it is rather promising
as it helps both to improve the luminescence properties and to increase particle
growth rate.

KEYWORDS
ceramics, garnets, luminescence, scintillators

high quantum efficiency (when doped with Ce®*), intense emission
and excitation, and relatively high density (YAG:Ce 4.55g/cm?;

Cerium-doped yttrium and lutetium aluminium garnets (YAG:Ce,
LuAG:Ce) are well known scintillators, but are also commonly used in
light-emitting diodes (LEDs). Transparent ceramic phosphors have a
particularly high potential in this field, especially in terms of their prac-
tical application [1]. Cerium ions (Ce®*) are characterized using elec-
tron transitions between the f and d orbital (more specifically
between the 5d* and 4f! orbitals). During these transitions, when
electrons return from the excited state (5d* level) to the ground state
(4! level) they emit energy in the form of visible light, which we
describe as fluorescence [2, 3]. However, for compounds to be applied
as scintillators not only an element emitting light is needed but also a
suitable matrix with very specific properties. The aforementioned gar-
nets have high chemical and thermal stability, radiation resistance,

LUAG:Ce 6.72 g/cm®), and as such are quite suitable compounds and
used as scintillators [4-6].

It should also be emphasized that the decay time of such com-
pounds is in the nano-second range, which is also very important for
high-quality materials required in scintillating devices. While in theory
garnets that are doped with other lanthanides such as europium
(Eu®*) or ytterbium (Yb®*), could be used as scintillators, in reality the
decay time will be longer and such compounds will be less relevant
for practical applications [3, 7]. Although the decay time of cerium
ions in the garnet structure is short, it is still a point of interest for sci-
entists to reduce it even further. This is important because devices
[such as computed tomography (CT) or positron emission tomography
(PET)] that use scintillators are required to obtain the highest possible

Luminescence. 2024;39:e4673.
https://doi.org/10.1002/bio.4673
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image quality [8, 9]. To achieve this a decay time that is as short as
possible is needed. The shorter the decay time, the more signals the
device will be able to capture one after the other without overlap,
resulting in more points and a better and higher quality image at the
same time [10]. This can be achieved by additionally doping the com-
pounds with other elements. There have been some reports that the
doping of garnets with both boron and magnesium has the ability to
shorten the decay times [10, 11].

In addition to the scintillation properties themselves, applicability
is an important factor as well. For this reason, materials synthesized in
the form of monocrystals, coatings, or ceramics are much more viable
to fashion into actual devices compared with powders that are
impractical in this case [12, 13]. In view of this, boron- and/or
magnesium-doped YAG:Ce and LUAG:Ce ceramics were synthesized
in this work. The resulting ceramics were durable and have a suitable
tablet shape. Both B3+ and Mg?* ions are introduced into the crystal
lattice to shorten the decay time while also increasing the emission
intensity.

2 | EXPERIMENTAL

2.1 | Synthesis procedure

Yttrium and lutetium aluminium garnet ceramics were obtained using
an isostatic press. The ceramics consisted of a garnet powder synthe-
sized using the sol-gel method. For the synthesis of powders Y,03,
Luz03, Al(NO3)3-9H,0, (NH4),Ce(NO3z)s, H3BO3, and Mg(NO3),-6H,0O
were used as precursors. The synthesis scheme of powders is shown

in Figure 1. First, Y,O3 or Lu,O3; was dissolved in an excess of

Y,0; or

By
L] =L
00, L0

L

HNO,

The acid was
evaporated

Dlssalved oxides
at50°C

Dried 24 h at
w SO0

! Gel drying furnace

- Ll

H,0 was

eorned - (LGN

concentrated nitric acid at 50°C. Then, the acid was evaporated, and
the remaining gel was washed with distilled water two or three times,
followed by further evaporation of added water. An additional 50 ml
of water was added, after washing Al(NO3)3-9H,0, (NH4),Ce(NO3)s,
H3BO3, and Mg(NO3),-6H,0 were dissolved. The solution was left
under magnetic stirring for 2 h at 50-60°C. After that, citric acid was
added to the solution with a ratio of 1:1 to metal ions and the solution
was left to stir overnight. The solution was evaporated at the same
temperature, and the obtained gels were dried at 140°C for 24 h in
the drying furnace. To remove the organic residue and for all powders
to remain amorphous, the compounds were heated at 600°C for 2 h
under air [14-16].

The resulting white powders were ground in a ‘Retsch Emax’ ball
mill with ZrO, balls (5 mm diameter) at 1200 rpm for 10 min to reduce
and homogenize the size of the synthesized powders resulting in
stronger ceramics later on. After that 0.1 g of the fine powder was ini-
tially compressed into a 10 mm diameter tablet using ‘Perkin Elmer
Hydraulic press’ under a force of 4 kN for 10 min. Then the tablet
was embedded between two 10 mm diameter metal plates, vacuum
sealed in a plastic container and placed in a ‘P/O/Weber’ isostatic
press for 30 min under a force of 400 kN. The obtained tablet was
heated at 1000°C for 2 h in air and then further calcined at 1500°C
for 4 hin air.

While synthesizing ceramics, various different tablet pressing
times (from 30 s to 30 min) and pressures (from 0.5 to 4 kN) were
tested. Attempts were also made to make ceramics from different
amounts of materials (from 0.05 to 1 g). The obtained ceramics
were also heated in different conditions, changing the temperature
(from 800 to 1700°C) and the heating time (from 1 to 6 h) to
adjust the most appropriate heating temperature and time. It was

AI(NO;);-9H,0 (NH,),Ce(NO;)s

50 mL H,0 “” H,B0; and Mg(NO,),6H,0

-] =L

Gelwaswashedi i i Dissolved nitrates ] i i

2:3 times
Stirring
Citric / St

acid \ 50-60°C

u«—u«—

stir overnight

\ Muffle furnace

Heated 2 h at

= oocintear [

~ /-

FIGURE 1  Sol-gel synthesis scheme of powders.
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only after testing many different parameters that the best were
selected.

Nominal formulas of the synthesized samples are the following:
Y2,985-yAl2Al3.,012:Ce0,015Bx,M8y, LUz 9g-y5AI2Al3.,012:Cep015Bx,Msgy.
According to our previous studies, YAG and LUAG ceramics were
doped with 5% or 0% of boron and/or with 0.03 or 0% of magnesium
[16-18]. A list of all ceramics is presented in Table 1, in addition
Figure 2 shows the images of synthesized garnets ceramics. It can be
seen that the YAG samples exhibit a yellow colour in daylight, while
the LUAG samples have a greenish colour. This feature is particularly
well revealed when illuminated using light with a wavelength of
365 nm. Yttrium garnets emit yellow, while lutetium ones emit in the
green part of the spectral region. It is very clear from the photographs
taken (this is confirmed by the emission spectra in Figure 9b) that
YAG:Ce,B shines the brightest from yttrium garnets. Due to the
unevenness of the edges of the obtained ceramics, colour changes are
visible in some samples when excited by 365 nm light. All obtained
samples are not transparent, as confirmed in the supporting informa-

tion Figure S1.

2.2 | Characterization

221 | X-ray diffraction (XRD)

XRD measurements of ceramics were performed using a ‘Rigaku Mini-
Flex I’ X-ray diffractometer. Then diffraction patterns were recorded
in the range 26 angles from 15° to 80° for all compounds. CuKa radia-
tion (\=1.542 A) was used for the analysis. The measurement
parameters were set as follows: Current was 15 mA, voltage—30 kV,
X-ray detector movement step was 0.010°, and dwell time 5.0 s.

TABLE 1 The list of synthesized ceramic samples.
YAG LUAG
YAG:Ce LUAG:Ce
YAG:Ce,5%B (YAG:Ce,B) LUAG:Ce,5%B (LUAG:Ce,B)
YAG:Ce,5%B,0.03%Mg (YAG: LuAG:Ce,5%B,0.03%Mg (LUAG:
Ce,B,Mg) Ce,B,Mg)

YAG:Ce,0.03%Mg (YAG:Ce,Mg) LUAG:Ce,0.03%Mg (LUAG:Ce,Mg)

LUMINESCENCE-w | py-1 2%
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2.2.2 | Scanning electron microscopy (SEM)
measurements

SEM analysis was performed using a ‘Hitachi SU-70" scanning elec-
tron microscope. Ceramics were fixed onto the alumina sample holder
by copper holders. Particle sizes were measured using Image)
software.

2.2.3 | Measurements of emission and excitation

Edinburgh Instruments FLS980 spectrometer equipped with double
excitation and emission monochromators and 450 W Xe lamp, a
cooled (—20°C) single-photon counting photomultiplier (Hamamatsu
R928). Obtained photoluminescence emission spectra were corrected
using a correction file obtained from a tungsten incandescent lamp
certified by the National Physics Laboratory (NPL, UK). Excitation

spectra were corrected using a reference detector.

224 | Decay time measurements

The photoluminescence decay kinetics were studied for ceramics
using the FLS980 spectrometer. A 400 nm laser was used for these
measurements [16, 17].

3 | RESULTS AND DISCUSSION

3.1 | X-ray diffraction analysis

XRD analysis was performed to determine the purity of the synthe-
sized ceramics. The diffraction patterns of the garnet samples are
shown in Figure 3. Every peak corresponds to the garnet phase
according to the reference data (YAG: PDF#96-152-9038 and LUAG:
PDF#00-056-1646). No additional and unassigned reflections were
observed that could be attributed to any impurity phases. Therefore,
from the given results it can be clearly seen that all of the obtained
yttrium aluminium (Part a) and lutetium aluminium (Part b) garnet
ceramics exhibit a single-phase structure. A cubic garnet crystal lattice
was observed with an la3d (#230) space group for all compounds. This

LuAG:Ce,B |LuAG:Ce,Mg|LuAG:Ce,B, Mg

FIGURE 2 Different garnet ceramics in daylight (upper) and under 365 nm excitation (lower).
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FIGURE 3 Diffractions patterns of YAG (a) and LUAG (b) ceramics.

YAG:Ce,5%B,0.03%Mg

crystal structure is characterized by three different cation positions
with different coordination numbers and can be expressed as
A3B,C3015. A is the 12-fold coordinated dodecahedral position, B is
the six-fold coordinated octahedral position and C is the four-fold
coordinated tetrahedral position. LUAG and YAG AI** occupies both
octahedral and tetrahedral positions. Furthermore, from the diffrac-
tion patterns it can be seen that the reflections in the LUAG samples
are slightly shifted towards larger 26 angle values (YAG:Ce peak max-
ima at 33.30° and LUAG:Ce at 33.60°) even though the same crystal
structure is observed for both sample series. This shift can be
explained by the change (decrease) in the ionic radius of the atom in
the dodecahedral position: the atomic radius of yttrium is 1.16 A and
for lutetium it is 0.98 A [19]. Slight peak shifts are observed in the dif-
fraction patterns, which may have occurred due to the doping effect.

3.2 | SEM analysis

SEM analysis was performed to determine the surface morphology of
the ceramics as well as to estimate the particle size. Figures 4 and 5
show the surfaces of YAG and LuAG ceramics under different

15 20 25 %0 35 40 45 50 55 60 6 70 75
20(°)

FIGURE 4 Scanning electron
microscopy (SEM) images of YAG ceramic
samples.

magnifications. This was done to investigate both the broader surface
of the ceramics as well as the individual particles that make up the
ceramics. It can be clearly seen from the figures that the incorporation
of boron into the garnet structure has a significant influence on the
morphology of the ceramics. This was expressed mostly in the fact
that the particle size increased drastically when comparing the sam-
ples doped with boron to the ones doped with cerium only (in both
LUAG and YAG cases). This can be explained by a couple of reasons.
First, in some cases when compounds are alloyed with other elements
their melting point decreases and, as such, the particle growth
increases due to a more rapid mass transport. Second, as boron can
also act as a flux, not just dopant in this case, which also drastically
increases grain growth, this results in larger individual particles [20].
Particle size distribution histograms obtained from the SEM
images are shown in Figures 6 and 7. The size of all particles varies
from 0.6 to 8 um. The histograms more clearly depict the information
provided by the SEM images. The particle size distribution of YAG:Ce
is between 1 to 2 um with the average size being 1.43 pm. In the
presence of boron (B3*) the particle size changes and is between
1 and 6 um with the average size being 3.51 um. For LUAG:Ce sam-
ples the particle size is between 0.3 to 1.8 um with the average size
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FIGURE 5 Scanning electron
microscopy (SEM) images of LUAG
ceramic samples.

LUAG:Ce

LUAG:Ce;5%B:

LuAG:Ce,5%B
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LUAG:Ce,5%BJ0:03%Mg

LuAG:Ce0.03%Mg

LUAG:Ce,5%B,0.03%Mg |/
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FIGURE 6 Particle size histograms of R 2 3

YAG ceramic samples.

being 0.98 um and for LUAG:Ce,5%B between 1 and 5 pm with the
average size being 2.88 pm. It is also worthy to mention that for mag-
nesium or co-doping with both elements a similar increase in particle
size was observed. Only some slight deviation can be seen for LUAG
that is doped with both boron and magnesium as the particle size
increased only slightly compared with the undoped sample. As already
mentioned, this change in particle size may have occurred due to the
fact that boron/magnesium acts as a flux. Furthermore, Figures 6 and
7 show that the yttrium aluminium garnets have larger particles than
lutetium aluminium garnets. This trend can be attributed to the fact
that YAG has a melting point of ~1970°C and LUAG has a melting
point of ~2060°C. This means that the mass transport during yttrium
aluminium garnet preparation happens slightly faster compared with
the lutetium garnet and as such larger particles are obtained [21, 22].

Particle diameter (um)

Particle diameter (um)

In addition to surface morphology, the thickness of ceramics was
determined using SEM. During the synthesis, the aim was to obtain
ceramics as thin as possible. Figure 8 shows a side view of YAG:
Ce,5%B ceramic. It can be seen that the thickness of the ceramic is
~749 pum. It is therefore clear that a sufficiently thin ceramic was
obtained during the synthesis.

3.3 | Luminescence properties

Photoluminescence emission and excitation spectra were measured
for all samples and are shown in Figures 9 and 10. For all ceramics,
electron transitions between 4f!, 5d* and 5d? levels are observed.
These electron transitions are characteristic of the Ce** ions and are
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FIGURE 7 Particle size histograms of
LuAG ceramic samples.

YAG:Ce,5%B

exhibited as broad emission and excitation bands [23]. The excitation

spectra (Part a) consist of two broad bands. These bands are located
at 342 and 457 nm for yttrium aluminium garnet and at 347 and
450 nm for lutetium aluminium garnet. The first (less intensive) band
is attributed to the electron transition that occurs between 4f' and
5d? levels, and the second band is between 4f! and 5d* levels [24]. It
can be observed that the YAG:Ce,B and LUAG:Ce,Mg compounds
have the most intense bands in the excitation spectra.

Figures 9b and 10b show a broad band emission spectra of the
Ce®" ions. Similarly as before this band appears due to the electron
transition from the 5d* to the 4f orbital [23]. The emission was mea-
sured by exciting the compounds with 450 nm wavelength light. The

FIGURE 8 Scanning electron
microscopy (SEM) images of YAG:Ce,5%B
ceramic sample side view.

emission maxima are seen at 545 and 512 nm for YAG and LUAG
ceramics, respectively. The lutetium aluminium garnet samples have
their emission maxima shifted towards the higher energy side. This
blue shift can be explained using the different covalency of the sam-
ples that originated from the different electronegativity of the (Lu®*
and Y®*) bonds inside the matrix. The higher the covalency of the
bond, the greater the shift towards shorter wavelengths. Yttrium ions
are known to have an electronegativity of 1.22 and lutetium of 1.27.
It can be seen that although the difference in electronegativity is
small, the covalency of the compounds changes, resulting in a shift of
the spectra towards shorter wavelengths [25]. Similarly to the excita-
tion spectra, the emission spectra show that the YAG:Ce,B and LUAG:
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FIGURE 9 YAG ceramics excitation (a) and emission (b) spectra.
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FIGURE 10 LuAG ceramics excitation (a) and emission (b) spectra.

Ce,Mg samples have the highest emission intensity. The increase in
emission intensity can be explained by the change in particle size
(from SEM data). Both YAG:Ce,B and LUAG:Ce,Mg have the largest
particles, and larger particles in most cases have higher emission
intensity due to relatively small surface area to volume ratio. This
occurs because most luminescence quenching defects exist on the
surface of the particles, therefore less surface area compared with
volume means that less of these defects are present [26, 27].

In addition to Ce>" emissions, Cr®* ion emission is also observed
in the emission spectra at ~700 nm. The emission of chromium ions
originates from the 2E—*A, electron transitions [28]. The chromium
ions are most likely to be introduced as impurities from the precursors
used during synthesis as even extremely small amounts have been
reported to show reasonably intensive emission [17].

The main idea behind the boron and/or magnesium doping was
to reduce the decay times. As such they were measured for all of the
obtained samples. The decay curves of YAG and LUAG ceramics with
and without boron and magnesium doping are also shown in

Figure 11. From decay curves, it was determined that a two-

Wavelenght (nm)

component process is happening. Bi-exponential decay occurred due
to doping of YAG:Ce and LUAG:Ce with boron and magnesium ions.
As a result of this doping, defects appear in the samples that trap elec-
trons and delay recombination and, as such, cause the bi-exponential
decay profile [29]. It can be seen that samples doped with magnesium
exhibit decay curves with a similar profile as boron-doped ones, but
with different intensities. The intensity of these curves decreases
fairly uniformly for all samples. No sharp difference in the angle of
incidence of the curves is observed, as in the samples without magne-
sium. Observing the curves of decay times of all samples, it is obvious
that garnets containing B+ have the highest count intensity. Further-
more, it is clear that samples containing boron have shorter decay
times than those without boron.

For more clarity the decay times of all synthesized samples are
displayed in Table 2. Due to the two-component nature of the pro-
cess average decay times were calculated. The obtained results sug-
gest that the doping of ceramics with boron was successful and as a
result the decay times of the compounds decreased. For YAG:Ce that

was not doped with boron the decay time is 55.79 ns, and after
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FIGURE 11 Decay curves of the
obtained ceramics.
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TABLE 2 Decay times of YAG and LUAG ceramics.
Decay time (ns)

Sample T
YAG:Ce 18.59 £ 0.77
YAG:Ce,5%B 16.04 £ 0.37
YAG:Ce,5%B,0.03%Mg 18.41 + 0.50
YAG:Ce,0.03%Mg 21.44 +£0.39
LUAG:Ce 21.24+0.92
LuAG:Ce,5%B 21.32+0.89
LUAG:Ce,5%B,0.03%Mg 17.55+£0.93
LuAG:Ce,0.03%Mg 32.24+0.37

doping it decreased to 52.74 ns. For lutetium aluminium garnets, this
change is even more visible and the decay times decrease from 52.17
to 48.86 ns. The reduction in decay times of ceramics by doping com-
pounds with boron is based on the polarization of a local activator in
an ionic environment. Because boron has a higher electronegativity
than aluminium, polarization decreases and decay time becomes
shorter [16, 30]. However, for magnesium and combination doping
the decay times have increased, in most cases. This may potentially
show that magnesium doping is not suitable for ceramics, at least for
YAG and LUAG. Comparing the results seen from the emission spectra
(Figures 9 and 10) it can be observed that magnesium improves the
emission intensity, which may be caused by increased particle size
and changes in the morphology of the compounds. However, the
decay time depends on the electronegativity difference of the differ-
ent ions [26, 30]. Based on the obtained results, it can be concluded
that boron-doped ceramics have a shorter decay time, which is
required for scintillators. The decay times of this synthesized ceramic
are one of the shortest compared with the work of other scientists
(for YAG:Ce this varies from 58 to 60 ns, for LUAG this is from 54 to
50 ns) [31-33]. Although scintillation decay times have not been mea-
sured in this work, it can be argued from the literature that for both
photoluminescence and scintillation decay times (decreases and
increases), specific trends and values correlate [17, 34-36].
Commission Internationale de I’éclairage (CIE) chromaticity dia-
grams are plotted using coordinates derived from emission spectra of
the ceramics. The diagram is shown in Figure 12. Cerium (Ce®*) ions
are known to emit light in the green region, as also evidenced by the

T2 Tav

5848 +0.77 55.79 £ 0.97
56.44 £ 0.37 52.74 £ 0.75
67.84 £0.50 66.51+0.79
60.06 + 0.39 60.16 + 0.78
51.97 £0.92 5217 £1.10
52.68 + 0.89 48.86 + 1.14
51.92+0.93 48.67 + 1.17
57.47 +0.37 54.86 + 1.09

* YAG:Ce 4
® YAG:Ce,5%B
= LuAG:Ce

A LUAG:Ce,5%B

FIGURE 12

Commission Internationale de I’éclairage (CIE)
chromaticity diagram of synthesized garnet ceramic samples.

diagram [37]. It can be seen that the emission colour of the yttrium
aluminium garnet is more monochromatic because it is closer to the
edge of the CIE diagram chart [38]. In addition, lutetium aluminium
garnets are closer to the middle of the graph. The more monochro-
matic light, the better the quality of the samples because they emit
light over a narrower range. Only four sample points are shown in
Figure 12, as the others overlapped due to a small coordinate differ-
ence and no large difference between them was visible.
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4 | CONCLUSION

Yttrium and lutetium aluminium garnet ceramics doped with boron
and/or magnesium were obtained using an isostatic press. The XRD
patterns showed that all the synthesized ceramics had a pure garnet
phase. While the doping did not affect the purity of the phases, its
effect was observed in the analysis of particle morphology. Samples
containing boron/magnesium ions contained larger particles on the
surface due to the flux properties of the elements. In terms of lumi-
nescence, all ceramics had emission characteristics for cerium ions,
and samples with boron and magnesium had a higher emission inten-
sity than that of pure YAG:Ce. The measured decay times confirmed
that, at least, boron doping was successful as the decay times of the
compounds decreased for YAG from 55.79 + 0.97 to 52.74 + 0.75 ns
and for LUAG from 52.17 + 1.10 to 48.86 + 1.14 ns. Overall, the
decay times of the compounds were successfully reduced and were
one of the shortest reported in the literature. Furthermore, the emis-
sion intensity also increased, therefore indicating that boron doping
could be applied potentially in the scintillator field of research for

ceramics samples.
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ARTICLE INFO ABSTRACT

Keywords:
Boron co-doping
Ce®" activated garnets

This study concerns cerium and boron doped LusAl4SciO12 and GdsAlsScp012 garnet p-crystalline powders,
which were synthesized for the first time. Rare earth ion, particularly Ce®" activated garnets, due to their high
density and efficient Ce®" luminescence upon blue, UV, or x-ray excitation, can be used as scintillators that

LuAG:Ce . . convert high-energy radiation into visible light. The incorporation of B>+ and Sc®* ions into the garnet matrix
GdAG, photo- and radioluminescences f AN . . B
Scintillator corresponds to the improvement of the scintillating properties. Boron in these compounds could act like a flux

and thus modulate particle morphology, while scandium solely changes the physical and luminescent properties
of these garnets. From the measured radioluminescence emission spectra, it could be concluded that boron
doping results in a higher emission intensity when the compounds are excited by high-energy radiation. The most
striking effect is that the decay time is reduced, and the quantum efficiency of the compounds increases. After
improving the kinetic properties of these compounds, it is possible to discuss a wider application of the syn-
thesized materials. In addition to the aforementioned properties, room temperature as well as temperature
dependent photoluminescence emission, excitation, and decay times at different temperatures were taken for all
samples. The elemental composition of the samples was determined by using the ICP-OES technique. The crystal
structure was analyzed by means of powder XRD. Particle morphology and size distribution were also
investigated.

The main idea of this research is to synthesize new and adjusted garnet type compounds that show better
luminescent properties, which are required for scintillator materials.

1. Introduction characterized by high thermal stability, high energy resolution, and

body density. Of course, LuAG:Ce and GdAG:Ce present the required

One of the key areas where a lot of advances in technology are
achieved is related to the use of electromagnetic radiation, in other
words in materials or technical systems that interact with light. Such
materials range from light emitting diodes (LEDs) for general and special
lighting purposes, security inks, for example for anti-couterfeiting of
valuables such as banknotes, to more scientific ones in detector equip-
ment or optical sensors [1-3]. For example, computer-aided detection
devices, such as CT (computed tomography) or PET (positron emission
tomography) are based on the conversion of gamma radiation or X-rays
into visible light. Materials that convert high-energy radiation into
visible light are commonly called scintillators [4,5]. Garnets such as
lutetium aluminum garnet (LuAG) and gadolinium aluminum garnet
(GdAG) that are doped with lanthanides such as cerium (Ce3+) show
excellent scintillation properties. Doped LuAG and GdAG are

* Corresponding author.
E-mail address: greta.inkrataite@chgf.vu.lt (G. Inkrataite).

https://doi.org/10.1016/j.jallcom.2023.171634

luminescent properties as well, i.e. high light yield and quantum effi-
ciency as well as a sufficiently short decay time [6-8]. For scintillators,
the shortest possible decay time is especially important. The shorter the
decay time value is, the more signals the device can capture during the
same period, which will result in a much better image quality and energy
resolution, which makes the detector system more reliable [9,10].

A development goal concerning these compounds is to improve their
physical properties, in this case, the luminescent properties, especially
to shorten the decay time. One way to improve the desired properties is
the use of boron. B> ions, act as a flux and improve the emission in-
tensity while at the same time due to their dual nature also acting as a
dopant they shorten the decay time of scintillator compounds [9,11,12].
Another chemical element that may potentially lead to the improvement
of optical properties of garnets is scandium. This trivalent ion may also

Received 14 June 2023; Received in revised form 27 July 2023; Accepted 2 August 2023

Available online 3 August 2023
0925-8388/© 2023 Elsevier B.V. All rights reserved.
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Table 1
Synthesized powder sample list.

LuAls0; (LUAG) LusAl4Sc; 012 (LUASG) Gd3Al3Sc;012 (GAASG)

LuAG:1 %Ce
LuAG:1 %Ce,5 %B

LuASG:1 %Ce
LuASG:1 %Ce,3 %B
LuASG:1 %Ce,5 %B

GdASG:1 %Ce

GdASG:1 %Ce,1 %B
GdASG:1 %Ce,3 %B
GdASG:1 %Ce,5 %B

shorten the decay time, increase emission intensity, and improve the
physical properties of garnets. This is especially important in gadolinium
aluminum garnets since this garnet type is not very stable and is often
accompanied by impurity phases. It will only be obtained as single phase
if the composition is modified in such a way that AI** is partially
replaced by Sc or other trivalent ions [13-15].

The main goal of the present work was to synthesize garnets with a
new composition, which would exhibit a shorter decay time than the
base compounds, while maintaining excellent luminescent properties.
As such in this work Ce®* and different amount of B>* doped LuzAlsO019,
LugAl4Sc;012 and GdsAl3ScaO12 garnet powders were synthesized. All
samples were calcinated under air atmosphere at a temperature of 1200
°C to avoid impurity phases. Phase purity and luminescent properties
were investigated in detail.

2. Experimental section
2.1. Synthesis procedure

Lutetium or gadolinium aluminum scandium garnet powders were
synthesized by the aqueous sol-gel method. Cerium concentration was
kept at 1 % for all samples. While boron ions were introduced into the
garnet lattice at different contents. All synthesized powder compounds
are listed in the Table 1.

Nominal formulas of synthesized samples are as follows:
Lug,97Al5_x012:Ceq,03,Bx, Luzg7Als_xSc1012:Ceq,03,Bx, Gda,07Al3_xSco0

Luzo, \ ,’

T da

Sc;0,
Gd;O; ‘
HNO,

=

The acid was
evaporated

Dissolved oxides
t50 °C

4= —

Dried 24 h at H,0 was
140 °C evaporated
Gel drying furnace
Muffle furnace

Heated2 hat
600 °Cin air

N
|
L. 00
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12:Ceg,03,Bx. For these compounds Lu303 (99.9 % Alfa Aesar) or Gd,03
(99.9 % Aldrich), Sc303 (99.9 % ThermoFisher) Al(NO3)3-9 H,0
(99.999 % Alfa Aesar), (NH4)2Ce(NO3)g (99.5 % Roth), H3BO3 (99.5 %
Chempur) were used as precursors. Firstly, Gd203 or LugO3 and Scz03
were dissolved in an excess of concentrated nitric acid at 50 °C. Then,
acid was evaporated, and the remaining gel was washed with distilled
water 2-3 times, followed by further evaporation of added water. An
additional 50 ml of H;0 was added and Al(NOs3)3-9 H30, (NHy4).Ce
(NOs3)e, H3BO3 were dissolved. The solution was left under magnetic
stirring for 2 h at 50 — 60 °C. After that, citric acid was added to the
solution, and it was left to stir overnight. The solution was then evap-
orated and obtained gels were dried at 140 °C for 24 h in a drying
furnace. The obtained powders were ground and firstly calcinated at
1000 °C for 2 h in air, with a 5 K/min heating pace, secondly the same
powders were heated in a muffle furnace at 1200 °C for 4 h under air
with 5 K/min heating pace [11,16]. The synthesis scheme is shown in
Fig. 1.

2.2. Characterization

X-ray diffraction (XRD) analysis: A Rigaku MiniFlex II X-ray
diffractometer was used for the analysis of the powder samples. Powders
were pressed into a glass sample holder. Diffraction patterns were
recorded in the 20 range from 15° to 80° for all compounds. Cu-Ky;
radiation (A = 1.5418740 A) was used for analysis. Measurement pa-
rameters: current was 15 mA, voltage — 30 kV, X-ray detector movement
step — 0.010°, dwell time - 5.0 s

Quantification of B in the synthesized species was performed by
inductively coupled plasma optical emission spectrometry (ICP-OES)
using Perkin-Elmer Optima 7000 DV spectrometer (Perkin-Elmer,
Walthman, MA, USA). The powders were dissolved in concentrated ni-
tric acid (HNOs, Rotipuran® Supra 69 %, Roth) in a beaker and diluted
to an appropriate volume with deionized water. Calibration solutions
were prepared by dilution of the stock standard solution (single-element
ICP standard, 1000 mg/L, Roth).

AI(NO;);-9H,0 (NH,),Ce(NO;);

50 mL H,0 “ ” H;BO;

- ] = ]

Gel was washed I Dissolved nitrates i] I I

2-3 times

Citric / Sieing
acid \ 50— 60°C
] Stir overnight ﬂ
Muffle furnace
Heated4 hat |
1400 °Cin air - e

Fig. 1. Scheme of sol-gel synthesis of the respective garnets.
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Table 2
Boron content in % in GAASG samples measured by ICP-OES.

Journal of Alloys and Compounds 966 (2023) 171634

Amount of boron (weighed in)

Amount of boron (determined)

Sample

Gd3Al3S¢,012:1 %Ce 0%
Gd3Al38¢,0,5:1 %Ce,1 %B 1%
Gd3Al;8¢,015:1 %Ce,3 %B 3%
Gd3Al3Sc2012:1 %Ce,5 %B 5%

0%
0.9%
2.3 %
3.5%

—— LuALSc,0,,:1%Ce,5%B
+ AIB,, (PDF#96-231-0323)
IS TN YR T Y O A
—— Lu,AlLSc,0,,:1%Ce,3%B
el L
2 A S S| A A
g —— Lu,Al,Sc,0,,11%Ce
gl
£ Jo o A A
K} —— LU AL0,:1%Ce,5%B
)\ I J J A A L\J\ VN A
LuALO,,1%Ce
LUAG (PDF#00-056-1646)
odd A A
15 20 25 30 35 40 45 5 55 60 6 70 75 80
20(°)
U GdAILSC,0,,:1%Ce 5%
+  Sc,0, (PDF#96-100-8929)
+  AIB, (PDF#96-231-0323)
_.L,.; J e b }\'AAA A A
> Gd Al Sc,0,,:1%Ce,3%B
-5 L * saﬁ’(?r}rtp‘szs-mo.aszs)
c
Q
| TSR RS NI
2 T GdALSC,0,,:1%Ce 1%E
5
[
TS B "
T GdALSC,0,1%Ce
A A _/LJ\:JL,\A A
15 20 25 30 35 40 45 50 55 60 6 70 75 80
20(°

Fig. 2. Diffraction patterns of Lu3Als012, Lu3Al4Sci0q2 (above) and
Gd3Al3Sc,0;2 (below) doped with 1 % of cerium and different concentrations
of boron.

Particle morphology measurements: For the investigation of the
particle shape, a scanning electron microscope was used. Respective
photographs were taken using a Hitachi SU-70 scanning electron mi-
croscope. The particle sizes of the prepared materials were measured
using the dynamic light scattering method with Horiba LA-950-V2
organic device.

1% Ce; 1% B

Reflection spectroscopy: Edinburgh Instruments FL920 spectrometer
was used for these measurements. Spectrometer was equipped with an
integration sphere, which was coated by the white polymer Spec-
tralon®. An ozone free 450 W xenon arc lamp was using as light source.
Two S300 monochromators (Czerny-Turner Optics) with 1800 F/mm
gratings and a photomultiplier tube R928 (Hamamatsu) were used in the
spectrometer in synchronous scan mode The photomultiplier tube was
cooled to —20 °C by using Peltier elements. Reflection spectra were
measured between 250 and 800 nm. BaSO4 (99.99 %, Sigma-Aldrich)
was used as a standard.

Photoluminescence spectroscopy Edinburgh Instruments FLS980
spectrometer equipped with excitation and emission monochromators
and 450 W Xe arc lamp, and single-photon counting photomultiplier
tube (Hamamatsu R928P) which was cooled to —20 °C. Obtained pho-
toluminescence emission spectra were corrected using a correction file
obtained from a tungsten incandescent lamp certified by NPL (National
Physics Laboratory, UK). Excitation spectra were corrected by a refer-
ence detector.

Determination of the quantum efficiency: Quantum yield like
reflection spectra were measured by using an Edinburgh Instruments
FL920 spectrometer with an integration sphere coated by the white
polymer Spectralon®. External quantum efficiencies (EQE) were calcu-
lated by comparing the emission spectrum of the BaSO4 sample (99.99
%, Sigma-Aldrich). The EQE values were obtained calculated with the
following formula 1 [11,17]:

Lonsampte = | Lem pa Nen
EQE = L ensanpte = [ fonuso, X 100% = — % 100% 1)
S L asos — | Lref sampe

abs

where [Tom,sample and [Tem Baso4 are integrated emission intensities of the
phosphor sample and BaSOy, respectively. |. Tref, and J Tref 4 are the inte-
grated reflectance of the phosphor sample and BaSO4, respectively. Nem
and N,ps stand for the number of emitted and absorbed photons.

Temperature resolved spectroscopy: Measurements were performed
using Edinburgh Instruments FLS920 spectrometer, with an ozone
generating 450 W Xe lamp (Osram AG) and a single-photon counting
photomultiplier tube (Hamamatsu R928) which was cooled to —20 °C.
Analysis in the temperature range from 77 to 500 K was used and
recorded by using a liquid nitrogen cooled cryostat (Oxford Instruments
MicrostatN2).

Time resolved spectroscopy: Decay kinetics of the powder samples
were measured using the same Edinburgh Instruments FLS920 spec-
trometer. For photoluminescence decay time measurements, a 450 nm

1% Ce, 3% B

7

Fig. 3. SEM images of 1 % Ce* and different amounts of B>+ doped Gd3Al3Sc,0,5 garnet powder samples (magnification = 2.5 k.).
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Fig. 4. SEM images of 1 % Ce®* and different amounts of B> doped Gd3Al3Sc,01, garnet powder samples (magnification = 20 k.).
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Fig. 5. Particle size histograms of 1 % Ce** and different amounts of B3 doped Gd3Al3Sc,01 garnet powder samples.

1scussion

3. Results and di

laser was used as an excitation source.

Radioluminescence spectroscopy: An Edinburgh Instruments FLS980
spectrometer equipped with a photomultiplier tube (PMT, Hamamatsu

3.1. ICP-OES analysis

ray

ier elements was used. X-

analysis Oxford Instruments Neptune 5200 tube was used as an X-ray

radiation source.

C by Pelt

-20°

R928P) which is cooled to

The boron content in gadolinium aluminum scandium garnets was
determined by using ICP-OES and the results are listed in Table 2. In all

samples, the measured boron amount was slightly smaller than the
calculated amounts used for the synthesis. This trend is expressed more
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Fig. 6. Reflection spectra of 1 % cerium and different amounts of boron doped
Lu3Al5012, LusAlsSe; 012 (above) and Gd3Al3Sca012 (below).

in the compounds with higher total boron amount values (samples with
3 % and 5 % of Boron).

3.2. X-ray diffraction

To determine the phase purity of powder garnet samples X-ray
diffraction analysis was performed. Lutetium aluminum garnet sample
purity was checked based on Powder Diffraction File, (PDF)
#00-056-1646. The purity of gadolinium aluminum scandium garnet is
checked based on the same structure since no material PDF card of this
garnet was found. The diffraction patterns show (Fig. 2) that garnets
containing less than 3 % of boron (except LuAG) have a pure garnet
phase, regardless of whether doped with Ce®" ions or not. Lutetium or
gadolinium aluminum scandium garnet compounds with more boron
contain aluminum borate AlB;( ((PDF) #96-231-0323) impurities. The
reflections attributed to these impurities are marked with a 4 sign in the
XRD patterns. When increasing the boron amount in gadolinium
aluminum scandium garnets, impurities of scandium oxide Sc,03 ((PDF)
#96-100-8929) are also observed in the samples. Sco03 phase is marked
with a * sign. From the given diffraction patterns, it could be said that

Journal of Alloys and Compounds 966 (2023) 171634

the increasing amount of boron, leads to a rise in intensity and number
of reflections that are ascribed to the impurities phase. As is commonly
know the ionic radius of Gd®" (1.08 f\) is larger than that of Lu®t
(0.98 A) ions [18]. We can also observe this difference in ionic size in the
diffractograms, as they show a shift to smaller angle values when gad-
olinium ions are present in the garnet lattice. Low amounts of cerium
and boron ions do not significantly affect the peak position [19]. In
summary from the measured data, it can be said that synthesized garnets
could be doped with no additional impurity phase formation in LuAG
with up to 5 % of boron. In lutetium or gadolinium aluminum scandium
garnets the single-phase compounds are only obtained up to 3 % of
boron.

3.3. Particles morphology analysis

Scanning electron microscopy (SEM) images were taken to deter-
mine the morphology of the garnet powders. All samples were imaged at
different magnifications (2.5 k and 20 k). Lower magnification images
show the overall size of the particles, while the higher magnification
images reveal individual particles, porosity, arrangement, and shape.
While analyzing the obtained results, all samples, regardless of the
composition have similar morphological characteristics. This is mainly
reflected in the particle shape, porosity, and particle arrangement, while
in the case of particle size, significant differences were observed. These
characteristics were most likely determined by chemical composition,
synthesis procedure, and doping with B®* ions. Fig. 3 displays images of
cerium and different amount of boron doped gadolinium aluminum
scandium garnet. All compounds have irregularly shaped inter-
connected particles, between which no significant porosity is observed.
However, the particle size changes when compounds are co-doped with
boron. The higher the boron content is used during the garnet synthesis,
the larger the particle size is observed. These changes can be explained
by the fact that boron can act as a flux. Since the melting point of boric
acid used in the synthesis is 170 °C. Furthermore, boron most likely
lowers the melting point of garnet. As a result, when heated at the same
temperatures, garnets doped with a higher amount of boron show
accelerated grain growth. For these reasons, larger garnet particles are
obtained [20]. As can be seen from Fig. 4 as the boron content in the
compounds increases, the porosity of the samples decreases. In
boron-free garnets, relatively high porosity is observed, which disap-
pears when samples are doped with 5 % of boron. This change can also
be explained by boron acting as a flux and thus increasing grain growth.

The particle size distribution of the garnet samples was recorded by
using the “Horiba LA-950-V2 organic” device. Histograms of particle
size distribution are depicted in Fig. 5 and the supplementary material
(Figure SM1). From the presented data, particle size correlates with the
data obtained from the SEM images. Increasing the amount of boron in
the samples increases the particle size. While the particle size of the
samples with 1 % of boron changes only slightly. The average particle
size of garnet containing 5 % B>* increases much more to 60 um, while
the particle size of garnet without boron is about 50 um. The same trend
regards to particle sizes is observed in other histograms in the supple-
mentary file.

3.4. Luminescence properties

The operation mechanism of scintillators is based on the high energy
conversion to visible light in the form of luminescence. In this case, the
photo and radio luminescent properties are determined by the presence
of cerium ions in the composition of garnets. Ce>" ions are characterized
by interconfigurational electron transitions between the [Xel5d! and
[Xe]4 ' configuration with light emitted in the green to yellow spectral
range [21]. The luminescence properties were the main indicator which
was sought to be modified, by adjusting the materials in such a way that
they could be most applicable as scintillators.

Cerium doped garnets are among the most popular materials used in
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Fig. 8. a) Excitation and b) emission spectra of 1 % cerium and different amounts of boron doped Gd3Al3Sc2042.

scintillation physics [22]. The reflection spectra of the synthesized
lutetium aluminum and gadolinium aluminum garnets doped with
scandium, cerium, and boron are shown in Fig. 6. It can be also noted
that doping with other ions affects absorption strength, this is also
observed when doping with B®* and Sc®* ions. However, scandium also
causes the absorption band to red shift from 430 to 450 nm [23]. Similar
trends are observed for the gadolinium garnets. In this case, it is not
possible to estimate the shift due to scandium ions, since the compound
without scandium is not stable in bulk form. However, B>" influences
the absorption strength. As the boron content increases, absorption be-
comes stronger. Electron transitions characteristic of Ce>* can be
observed, however, additionally, characteristic transitions of Gd®* can
also be observed at 340 nm and are identified as the intraconfigurational
transitions 587/, — GPj. These transitions are not present in Lu based
garnet samples because of the lack of Gd>* [24].

Figs. 7 and 8 show excitation and emission spectra of different
compounds measured at room temperature. Emission spectra were
measured using 450 nm exciting wavelength. From these graphs, it can
be seen that 5d* and 4 f! electron transitions are observed in both the
excitation and emission spectra [25]. As was already observed from the

reflection spectra, LuAG samples (Fig. 7) show the same tendency, when
garnet was doped with Sc3* the emission and excitation spectra shifted
to lower energy waves and the intensity of the spectra decreased [23]. In
this case, boron does not have a significant effect on the emission in-
tensity, but a small amount of it does not reduce the intensity as well.
However, a larger amount reduces the intensity. XRD showed that the
compounds with higher boron content show AlB; impurities that could
be responsible for the reduction in intensity. Other possible explanation
for effect of boron on luminescence intensity is that B** can cause
additional defects in lutetium or gadolinium phosphors. Although
equivalent substitution of AI** and B®* ions occur in matrix, defects that
appear to compensate for the ionic charge cannot form because the ionic
charges are the same and equal to 3 + . However, the B** radius is much
smaller than the AI** ion in tetrahedral and octahedral coordination and
the irregularity of the coordination polyhedron of the dopant site can
increase, which causes an exceptionally large increase in local strain.
This strain could be partially reduced by the formation of trigonal-planar
moieties of [BO3], which tend to then form oxygen vacancies and thus
finally decreases the emission intensity [26]. The emission spectra also
show two peaks, which are specific to cerium doped garnets, as they
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ray excitation.

Table 3
Synthesized samples decay time and quantum efficiency.
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Chi? values Quantum efficiency [%]

Sample Decay time [ns]
Lu3Als012:1 %Ce 60.6 + 0.1
LusAls012:1 %Ce,5 %B 58.8 £0.1
LuzAlSc042:1 %Ce 54.9 £ 0.1
Lu3Al4Sc;012:1 %Ce,3 %B 53.1+0.1
Lu3Al4Sc;012:1 %Ce,5 %B 54.0 £0.1
Gd3Al3Scy012:1 %Ce 50.8 £ 0.2
Gd3Al3Scy012:1 %Ce,1 %B 49.6 £ 0.2
Gd3Al3Scy01:1 %Ce,3 %B 46.8 £ 0.2
Gd3Al3Sc;012:1 %Ce,5 %B 46.6 + 0.2

1.242 39
1.106 59
1172 31
1.245 35
1.142 33
1.170 12
1.168 13
1.127 15
1.137 14

indicate two different electronic transitions, which are the inter-
configurational transitions °D — “Fs  at higher energy and °D — “F;5 at
lower energy [25].

Emission and excitation spectra of gadolinium aluminum scandium
garnet samples are plotted in Fig. 8. An %575 — 6Ij electron transition at
260 nm, which is attributed to Gd**, is additionally visible in the exci-
tation spectra [27]. In contrast to LuAG, boron has an obvious influence

on the intensity of these luminescence spectra. From the emission and
excitation spectra, it can be derived that compounds doped with 5 % and
especially 3 % B%* show the highest intensities, while the boron free
compound shows the lowest. From the SEM data, it is known that
compounds with more boron have larger particles. The particle growth
was likely responsible for the increase in intensity, due to the lower
surface area to volume ratio resulting in less surface quenching and thus
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Fig. 11. Temperature dependent excitation (left) and emission (right) of 1 % cerium and 3 % boron doped Lu3Al;Sc;015.

higher PL intensity [28,29]. In this case, it can also be observed that the
emission maximum is red-shifted towards 580 nm. This shift can be
explained by the different covalency of these compounds, which results
from the different electronegativity of constituent atoms [30].

To find out how effective the synthesized materials are as scintilla-
tors, radioluminescence emission measurements were also performed
for all samples. All cerium and boron doped lutetium and gadolinium
aluminum scandium garnets were excited with X-rays (50 kV, 1.8 mA).
From the above part of Fig. 9, lutetium garnets without scandium have a
more intense emission. This was to be expected since the scandium ex-
tinguishes the intensity of the emission [31]. However, garnet doped
with 5 % of boron has the most intense emission characteristic of cerium
ions [Xe]5d! — [Xel4 f' with maxima at a wavelength of 550 nm. The
emission intensity of this sample is as much as 1.5 times higher than that
of the boron-free sample. This, as in the case of photoluminescence, can
be explained by the different particle sizes [28,29]. An additional peak
at around 685 nm can be attributed to the photoluminescence of a Cr>*
impurity, which was most likely caused due to the use of chromium
containing aluminum nitrate as a starting material. The emission of
these ions when excited by X-rays is relatively strong, so impurity is very
clearly visible even at extremely low content. This is quite a common
occurrence and the low content of impurities can be confirmed due to
the fact that these emission peaks are not observed under regular exci-
tation conditions (Fig. 7) [32]. The bottom graph of Fig. 9 shows the
emission spectra of cerium and boron doped gadolinium aluminum
scandium garnets. From these spectra, it can be seen that boron in-
creases the intensity of the emission like in LuAG samples. The most
intense emission was observed for garnet doped with 3 % of boron, and
the least intense emission for the boron-free garnet. This garnet indeed
has an additional peak at approximately 608 nm, however, this is an
artifact stemming from the measurement procedure and not a property
of the sample. From the results of the radioluminescence emission
spectra, it can be concluded that the addition of boron has a large and
important influence on the compounds that are used for excitation with
X-rays. In this case, boron ions increase the intensity of radio-
luminescence emission.

Ce®* activated garnets have a decay time in the ns range [25]. In this
case, the same trend is obtained. The measured decay times of the
compounds and the B** influence of these values are shown in Table 3.
The decay times of the synthesized samples range from 60 to 46 ns. It
should be noted that in this synthesized series, the decay times of lute-
tium aluminum garnet are slightly shorter than the usual ones
mentioned in other sources, where they equal to 68 ns [33]. In this case,

lutetium aluminum garnet doped only with cerium boron has the longest
decay time, which is 60.6 ns. Increasing the boron content and adding
scandium shortens the decay time. Lutetium garnet doped with scan-
dium and 3 % boron, most likely due to the formation recombination
centers has the shortest decay, equaling 53.1 ns [31]. As expected, the
decay time of gadolinium aluminum scandium garnets is shorter than
that of lutetium garnets [34]. It can be seen from Table 3 that increasing
the amount of boron in the compounds decreases the decay time. The
decay time is even 4.2 ns shorter for the compound doped with 5 % of
boron compared to the compound without boron. This decrease in decay
when doping compound with boron can be also explained by the fact
that boron has a higher electronegativity than aluminum. The decrease
in decay time may be related to the polarization of the local activator ion
environment. Therefore, when the electronegativity of the activator ions
increases, the polarization decreases and the decay times become
shorter [25]. Fig. 10 and supplementary material (Figs. SM5, SM6)
shows the decay curves of the samples. It is clear from the figure that all
the compounds exhibit decay curves that are characteristic of
cerium-doped garnets.

Table 3 also shows the quantum efficiency values of the compounds.
Lutetium aluminum garnets exhibit higher EQE values than gadolinium
aluminum scandium garnets. A significant difference can again be seen
due to the addition of boron to the compounds. Boron increases the
quantum efficiency of the compounds. For LuAG, the EQE increases by
more than 19 %. The corresponding change is also seen in gadolinium
garnets, although it is smaller. However, it can be observed that garnets
containing scandium doped with 5 % of boron have a lower EQE value.
This can be explained by the appearance of impurities, which are
confirmed by X-ray diffraction analysis. Additionally, the color of the
sample with impurities is greyer as compared to materials without im-
purities. Furthermore, compounds doped with larger amounts of B>*
have more defects that absorb part of the photons falling on the sample.
This is reducing in the amount of photons absorbed and emitted by the
desired phase [35]. Nevertheless, it can be said that boron has a sig-
nificant positive effect on the quantum yield.

The photoluminescence emission and excitation spectra of the syn-
thesized samples were also recorded at different temperatures between
77 and 500 K. Measurements at different temperatures were performed
for the following four samples: LuzAl5012:1 %Ce; LuzAls012:1 %Ce,5 %
B; LugAlsSci012:1 %Ce, and LuzAlsSci0;2:1 %Ce,3 %B. Fig. 11 shows
the spectra of the LugAl4Sc;012:1 %Ce,3 %B compound. Spectra of other
samples are shown in the supplementary material, viz. by figures SM2
and SM3. Fig. 11 shows that the sample, regardless of temperature,
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contains electron transitions characteristic to that of cerium ions. The
intensities of both emission and excitation peaks decrease with
increasing temperature. From Fig. 11 (left), all samples have electron
transitions from 4 f' to 5d' (at 353 nm) and 5d? (at 438 nm) orbitals.
From Fig. 11 (right), the emission of cerium ions varies with tempera-
ture. At low temperatures, especially at 77 K, Ce>* shows a double band
structure emission at 517 and 541 nm. These two bands are attributed to
interconfigurational transitions between states of the [Xe] 5d' and the
[Xel4 f* configuration, while the latter is composed of the spin-obit split
%Fs/5 and 2Fy/; ground state terms. As the temperature increases, the
splitting between the two emission bands decreases and they finally
merge. Such emission band peaks at 520 nm, which was already
observed for room temperature measurements [25]. The same trend of
variation in the intensities of the excitation and emission spectra of
cerium ions is observed in the supplementary material for other samples
as well. As the temperature increases, the intensity of the spectra de-
creases, and the emission spectrum bands merge into one.

Decay times at different temperatures were also recorded for all four
samples. Fig. 12 shows the profiles of the decay curves of LuzAl4Sc;012:1
%Ce,3 %B (decay curves of the three other samples are presented in the
supplementary material) and the temperature dependent values of the
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decay times. It turns out that the curves are single exponential and
follow the profiles typical of Ge>* ions [36]. From Fig. 12 decay times
values of compounds with B** (red and green) are shorter as compared
to ones without boron. Furthermore, the decay time values are almost
not affected by different temperatures. However, in the case when
inspecting different temperatures, a discrete trend cannot be observed,
as in some cases it leads to a reduction in others it shows an increase. The
results are thus rather scattered and show no clear trend, unfortunately.

4. Conclusions

Cerium doped lutetium/gadolinium aluminum garnets co-doped by
scandium and different amounts of boron were synthesized by a wet-
chemical sol-gel method. Samples containing up to 3 % of boron
(except for LuAG) do not show impurity phases. From the ICP-OES
measurements, it was determined that the amount of boron in these
compounds is quite close to the theoretical values. SEM and particle size
analyses confirm that boron acts also as a flux, i.e. if the boron content is
increased the particle size increases. This is especially predominant in
the gadolinium-based garnets with larger particles, a higher efficiency of
photoluminescence is observed and as such it could be concluded that
boron has a positive effect on the emission intensity. The most intense
radioluminescence emission was obtained for the LuAG:1 %Ce,5 %B
sample. Furthermore, the introduction of boron into the samples, led to
an overall decrease in decay times and most cases to an increase in EQE.
Only noticeable exceptions were observed for LugAl4Sc;012:1 %Ce,5 %B
wherein decay time increased and EQE decreased as compared to sample
doped with just 3 % of boron, and GdsAl3Scy012:1 %Ce,5 %B EQE also
decreased as compared to the sample with just 3 % of boron. The
observed decay time changes could be explained by the fact that B3* has
higher electronegativity than aluminum ions and such a stronger po-
larization effect induces a higher polarized local environment. If the
samples comprise scandium in the garnet structure, the decay times
become shorter as well. However, the quantum efficiency is only slightly
reduced.
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The structural and luminescence properties of the LuzAl4Sc1012:Pr and Gd3Al3ScyO12:Pr garnet scintillators co-
doped with boron (B**) ions were investigated. The addition of B%* and Sc” to the structure has a positive effect
on the luminescence properties, especially on the photo, radio emission intensities, quantum efficiency, and
results in a reduction of the decay time, which is necessary for high-quality scintillators. Structural properties of
garnets have been determined after X-ray diffraction analysis coupled with Rietveld refinement. Surface
morphology analysis was performed using a scanning electron microscope and particle size was also determined.
Elemental composition was confirmed by the ICP-OES technique. Reflection, excitation (in the UV and VUV

range), emission (upon excitation by UV or X-rays), decay time, and quantum efficiency at room temperature
were measured. Furthermore, the influence of temperature on excitation, emission, and decay curves was also
analyzed. The obtained luminescence properties indicated positive effect caused by doping.

1. Introduction

Although a lot of research has been devoted to luminescent materials
and their applications for more than 100 years, the scientific field itself
remains relevant for many modern technical devices. Especially when it
comes to scintillators and their improvements in their quality. High
quality compounds are essential for various and important applications
[1,2]. In order to improve the quality of scintillators, it is vital to
discover new compounds that fit all the relevant requirements raised for
these materials: high thermal stability, high density, high emission in-
tensity, and good excitation properties (especially when it comes to
excitation with high-energy radiation) [3-5]. A high quantum efficiency
value is also important. However, one of the most important charac-
teristics of scintillators, is the decay time. A short decay time is essential,
so more signals could be recorded during the same timeframe. As a result
a much higher quality and higher resolution image, for example in
computed tomography (CT), single photon emission computed tomog-
raphy (SPECT), or positron emission tomography (PET) is obtained
[6-9]. All of the listed characteristics can be obtained, at least to a
certain extent, in compounds with garnet structure. LuAG (LuzAl5012)
and GdASG (GdsAl3Scy0;2) hosts are for many reasons excellent

* Corresponding author.
E-mail address: greta.inkrataite@chgf.vu.lt (G. Inkrataite).

https://doi.org/10.1016/j.ceramint.2024.08.041

materials for the use as scintillators [10-12]. In particular, garnets
doped with trivalent praseodymium are often used in this field. How-
ever, compounds doped with Pr°* don’t show sufficient quality for
continuous use. For this reason, a lot of research was done on the
improvement of such compounds [13-15]. From the data present in the
literature, it was decided to synthesized praseodymium doped garnets.
However, in this paper Sc>* ions were used to modify the original LuAG
and GAASG lattices by replacing part of the AI** ions. It is particularly
important for gadolinium garnets, since only GdsAls0;5 cannot be
synthesized as single phase compound without substitution [16,17]. As
described in the literature, scandium may be able to influence the
luminescence properties (increased emission intensity and shorter decay
time) [12,18]. Furthermore, replacing AI** with B>+ could also improve
the luminescence properties, especially the photo/radio emission in-
tensity, and shorten the decay time [8,19]. Boric acid, which was used
for the synthesis has a low melting/decomposition point (170 °C),
therefore it was not only used as a boron source, but also as a flux. The
use of boric acid, results in larger particles, which has a positive effect on
the luminescence properties [20].

As such, based on the aforementioned problems and potential solu-
tions a new and as scarcely investigated set of Luy, 97Al5.4012:Prg 03,Bx (X
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=0, 0.15), Lug.g7Al4.xSc1012:Prg 03,Bx (x = 0, 0.09, 0.15),and Gdz 97Al3.
xS¢2012:Prg 03,Bx (x=0, 0.03 0.09, 0.15), garnets was synthesized. These
are new samples have been studied by both structural and luminescence
properties. X-ray diffraction analysis (XRD) with Rietveld refinement,
scanning electron microscope (SEM), particle size distribution analysis,
and inductively coupled plasma optical emission spectrometry (ICP-
OES) were performed for structural and elemental investigation.
Reflection, excitation in the UV and VUV region, emission upon exci-
tation by UV and X-rays, decay time, and quantum efficiency were also
measured. Temperature dependent analysis of emission, excitation, and
decay times was performed. The main purpose of this work was to
synthesize garnets with new compositions that would demonstrate the
shortest possible decay times and improved luminescence properties.

2. Experimental Section
2.1. Synthesis procedure

An aqueous sol-gel method was used for the lutetium and gadolinium
aluminum scandium garnet synthesis. For all samples, the same pra-
seodymium amount (1 mol%) was used, while the amount of boron is 0,
1, 3 and 5 mol%. All samples are listed in Table 1.

Nominal formulas of synthesized samples are as follows: Lug g7Als.
x012:Pro.03,Bx  (LuAG), Lu.g7Al44Sc1012:Pro03,Bx (LuASG) and
Gdy.97Al3.4S¢2012:Pro 03,Bx (GAASG). LuzO3 (99.9 % Alfa Aesar), Gdy03
(99.9 % Aldrich), ScpO3 (99.9 % ThermoFisher), AI(NO3)3-9H20
(99.999 % Alfa Aesar), Pr(NO3)3-5H50 (99.9 % Aldrich), H3BOs (99.5 %
Chempur) were used as precursor materials. Firstly, Gd203 or LuzO3 and
Scp03 were dissolved in a small amount (about 5 ml) of concentrated
nitric acid at a temperature of 50 °C. Then, the acid was evaporated, and
the remaining gel was washed with distilled water 3 times by evapo-
rating the added water. After the washing process, an additional 50 ml of
H,0 was added, along with the dissolution of AI(NO3)3-9H20, Pr
(NO3)3-6H20, and H3BOs3. The solution was left under magnetic stirring
for 2 h at a temperature of 50 °C. Subsequently, citric acid was intro-
duced to the solution, and it was left to stir overnight. The solution was
then evaporated at a temperature of 50 °C, and the obtained gels were
dried in a drying furnace at 140 °C for 24 h. Finally, the obtained
powders were ground and subjected to two heating processes: firstly,
heating at 1000 °C for 2 h in air with a heating pace of 5 °C/min, after
which the powders were ground and further calcined at 1200 °C for 4 h
under air with a heating pace of 5 °C/min [19,21]. The synthesis scheme
is shown in Fig. 1.

2.2. Characterization

X-ray diffraction analysis (XRD) were performed using a Rigaku
MiniFlex II X-ray diffractometer. Before analysis 0.05 g of samples were
dispersed using 0.1 ml of ethanol on a glass sample holder and left to dry
for 5 min in the air. Then diffraction patterns were recorded in the range
of 26 angles from 15° to 80° for all compounds. For analysis, Cu K, ra-
diation (A = 1.5418 A) was used. Other parameters of measurement:
current — 15 mA, voltage — 30 kV, dwell time - 5.0 s, X-ray detector
movement step — 0.010°. The FullProf program for Rietveld refinement
was used.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES), for elemental composition of the synthesized materials was

Table 1

List of the synthesized samples.
LuzAls012 (LUAG) LuzAlsSc1012 (LUASG) Gd3Al38c2012 (GAASG)
LuAG:1%Pr LuASG:1%Pr GdASG:1%Pr

LuAG:1%Pr,5%B LuASG:1%Pr,3%B

LuASG:1%Pr,5%B

GAASG:1%Pr,1%B
GAASG:1%Pr,3%B
GAASG:1%Pr,5%B
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determined using PerkinElmer Optima 7000 DV spectrometer. For
calibration standard stock solutions of Pr3* (single-element ICP stan-
dard, 1000 mg/L, Roth) and B (multi-element ICP standard, 1000 mg/L,
Roth) were diluted accordingly.

Scanning electron microscopy (SEM)) was done, using a Hitachi SU-
70 scanning electron microscope was used for the determination of
particle morphology. For the measurement samples were prepared by
dispersing them on a conductive double-sided carbon tape, that was
attached to an aluminum sample holder.

The particle size distributions were measured using a Horiba LA-950-
V2 organic device employing dynamic light scattering.

Diffuse reflection measurements between were recorded on an
Edinburgh Instruments FL920 spectrometer equipped with an integra-
tion sphere coated by the white polymer Spectralon®. As a radiation
source an ozone free 450 W xenon arc lamp was employed. The spec-
trometer contains two TMS300 monochromators (Czerny-Turner Op-
tics) with 1800 F/mm gratings and a photomultiplier tube R928
(Hamamatsu), which were driven in the so-called synchronous scan
mode. The photomultiplier tube is cooled to —20 °C by using Peltier
elements. BaSO4 (99.99 %, Sigma-Aldrich) was used as a white standard
for the reflection measurements.

Quantum Efficiency: The quantum yield, was measured using the
diffuse reflection setup. External quantum efficiencies (EQE) were
calculated by comparing the emission spectrum of the BaSO4 sample
(99.99 %, Sigma-Aldrich). The EQE values were obtained and calculated
with the following formula 1, where [ Imsample — integrated emission
intensities of the phosphor sample, [ Impaso4 — integrated emission
intensities of BaSOq4. [ Irs — integrated reflectance of the phosphor
sample, [ Iy, Basos — integrated reflectance of BaSO4. Nem and Naps stand
for the number of emitted and absorbed photons [19,22].

_ S Temsampte = [ IemBaso,

EQE x 100% = % x 100% m

S g paso, — [ Tref sampte abs

Emission and excitation spectra were done by using an Edinburgh
Instruments FLS980 spectrometer. The spectrometer uses an excitation
and emission monochromators, 450 W Xe arc lamp, and to —20 °C
cooled single-photon counting photomultiplier tube (Hamamatsu
R928P) during measurement. Photoluminescence emission spectra were
corrected using a correction file obtained from a tungsten incandescent
lamp certified by NPL (National Physics Laboratory, UK). Excitation
spectra were corrected by a reference detector.

Collection of excitation spectra in the VUV range was performed on a
commercial Edinburgh Instruments FL920 spectrometer, which was
modified by the integration of VUV monochromators for the excitation
branch. The excitation branch consists of a Dy lamp (DS-775) as VUV
radiation source, an Acton Research VM-504 VUV monochromator and a
mirror based focusing unit. The monochromator has manually adjust-
able (by a micrometer screw) inlet and outlet openings, as well as a 1200
grooves per mm (F/mm) grid. The inside of the monochromator and the
focusing unit are operated under much reduced pressure (<5 x 10" mbar
the focusing unit are operated and the lamp radiates through an MgF,
window directly into the radiation path being under vacuum. The
remaining distance between the exit of the focusing unit, which is also
closed by an MgF, window, and the sample is continuously flushed with
dry nitrogen. The sample is fixed in the standard FLS920 sample
chamber in a modified sample holder at a 45° angle to the excitation
beam. The measurement is carried out in a 90° arrangement. The
emission arm of the spectrometer consists of a convex quartz collecting
lens, a TMS300 monochromator with an 1800 F/mm grating (Czerny-
Turner Optics) and a photomultiplier tube (PMT, Hamamatsu R928)
which is operated in single photon counting mode and is cooled to
—20 °C by a Peltier element. To consider that the excitation source ex-
hibits intensity fluctuations over the measured spectral range, all VUV
excitation spectra are divided by the excitation spectrum of a standard
compound. Sodium salicylate (>99.5 %, Merck KGaA) was used for this
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Fig. 1. Scheme of praseodymium doped garnet sol-gel synthesis procedure.

purpose because it exhibits relatively constant excitability over the
relevant spectral range.

Temperature resolved spectroscopy was performed by using Edin-
burgh Instruments FLS920 spectrometer. The spectrometer uses an
ozone lamp (450 W Xe; Osram AG) and a single-photon counting pho-
tomultiplier tube (Hamamatsu R928). Spectra in temperature range
from 77 K to 500 K was measured. These spectra were recorded by using
a liquid nitrogen cooled cryostat (Oxford Instruments MicrostatN2).

Time resolved spectroscopy, i.e. The photoluminescence decay
curves of the garnet samples were recorded by using an Edinburgh In-
struments FLS920 spectrometer. For lutetium aluminum/scandium
garnet samples, photoluminescence decay times were measured using a
265 nm laser excitation source. For gadolinium aluminum scandium
garnets decay times were performed with a millisecond pulsed xenon
flashlamp (Edinburgh Instruments pF920H).

Radioluminescence measurements were performed on an Edinburgh
Instruments FLS980 spectrometer equipped with a photomultiplier tube
(PMT, Hamamatsu R928P) which is cooled to —20 °C by Peltier ele-
ments. For the generation of X-rays an Oxford Instruments Neptune
5200 tube was used, while the whole spectrometer set-up was cladded
by Pb foil to absorb scattered x-rays.

3. Results and discussion
3.1. Inductively coupled plasma optical emission spectroscopy

All synthesized garnet samples were doped with 1 % of praseo-
dymium and different amounts of boron. The Gd3Al3ScoO12 garnets
were analyzed by ICP-OES to determine the molar concentration of Pr>*
and B3* in the samples. The results are shown in Table 2. The analysis
results show that the praseodymium amount varies slightly but is close
to 1 %, the discrepancies may most likely be caused by the small amount
present and the inaccuracies of the analysis itself. The amount of boron

Table 2
Praseodymium and boron content in% in GAASG samples measured by ICP-OES.

Sample Praseodymium Boron
Weighed Determined ~ Weighed Determined
in in
Gd3Al3Sc2012:1%Pr 1.0% 1.2% 0% 0%
Gd3Al38¢3012:1% 1.0% 1.0% 1.0% 13%
Pr,1%B
Gd3Al3Sc2012:1% 1.0% 1.3% 3.0% 2.6%
Pr,3%B
Gd3Al3Sc2012:1% 1.0% 1.3% 5.0% 4.2%
Pr,5%B

in the compounds varied from 0 % to 5 % during the synthesis. From the
obtained results, it can be seen that the actual measured amount is not
identical to the calculated one. However, the difference is quite small in
all cases. Despite the existing differences and the overall trend remains
as expected, the more B" was added to the structure, the more was
detected. Garnets, which should contain 3 % and 5 % boron, show
slightly lower values of 2.6 % and 4.2 % respectively. This reduction
may have occurred because of the low melting point of boric acid which
causes some of the B** to evaporate.

3.2. X-ray diffraction

Since luminescence properties are dependent on the phase compo-
sition of the materials it is imperative to fully investigate the composi-
tional makeup of each sample. As such, the phase purity of the samples
was investigated by X-ray diffraction analysis and Rietveld refinement.
The XRD patterns and the results of Rietveld refinement of GdASG doped
with Pr3* and B3* are plotted in Fig. 2, while the results for LuAG, and
LuASG doped with Pr®* and B®* can be found in Supplementary mate-
rial as figures SM1 and SM2. The reliability factors as well as cell
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parameter values obtained after refinement are given in Supplementary
materials as table SM1. From the Rietveld refinement results displayed
in Fig. 2 (left), it can be observed that samples containing 0 and 1 % of
boron possess a single phase garnet structure with a space group Ia3d.
The model shows quite a good fit with no unattributed reflections.
However, when the sample is doped with 3 % of B>* an additional
diffraction peak is observed at around 32 26(°). This impurity phase was
identified as Scy03 with a space group of I3@ and when 5 % B** is added,
another impurity phase of GdAl3(BOs)s with an R32 space group
(Powder Diffraction File, (PDF) #04-002-9348) is observed as indicated
by new reflection at around 33.5 26(°). However, while the impurities in
these cases are indeed present, their fractions are rather insignificant. In
the case when 3 % of boron was used the impurities consisted of only
0.64 %, and in the second case (5 % of Boron) — 1.73 %. In the case of
LuAG and LuASG, the compounds (figures SM1 and SM2) have pure
garnet phase (space group — 3d , Powder Diffraction File, (PDF) #00-
056-1646) with no formation of impurity phases as indicated by no
additional reflections being observed after the refinement procedure.
Fig. 2 (bottom right) shows the variation of unit cell parameters based
on the B>* content in the samples. In all cases when boron was intro-
duced into the unit cell a reduction of the lattice parameter was
observed. This is due to the ionic radii difference between A" (0.53 ;\)
and B>* (0.27 A) [23]. In GdASG:Pr, the unit cell parameter a slightly
reduces from 12.331 A to 12.328 A, in LuASG:Pr from 12.068 A to
12.060 A, and in LuAG:Pr from 11.914 A to 11.900 A. The unit cell
parameter of LugAls01 5 garnet was reported to be around 11.906 A [24].
Overall, the gadolinium based garnet showed the largest size, followed
by the Al-Sc garnet, and the simple Lu-Al garnet exhibited the smallest
lattice parameter. Overall, it can be stated that Sc3t (0.75 f\) and Pr3*
(2.47 A) doping causes an expansion of the crystal lattice, while the
introduction of B** ions causes it to contract as is expected from the

ionic radii differences [23].

The visualization of the garnet structure from the data obtained after
Rietveld refinement can be found in Fig. 2 (top right). Visualization was
made with the “Vesta” software [25]. Garnets have a cubic crystal
structure with the Ia3d space group. In such a structure there are three
independent positions, an 8-fold coordinated dodecahedral, a 6-fold
coordinated octahedral, and a 4-fold coordinated tetrahedral. Depend-
ing on the size, elements can occupy different positions in the structure.
In this case, S¢>* AI*™ and B>* occupy tetrahedral and octahedral sites,
and Lu®", Gd** and Pr¥* the dodecahedral sites. All of the coordination
polyhedrons are shown in Fig. 2. Overall, the obtained crystallographic
results fit well with the ones reported in the literature [26-28].

3.3. Particle morphology analysis

All synthesized samples were subjected to particle morphology
determination by scanning electron microscope (SEM). To observe the
complete view of the particles, the images were taken at different
magnifications. The lower magnification images performed under 10 k
magnification represent a broader view of the sample morphology,
while images done under higher magnification of 50 k, were performed
to observe particle boundaries and their arrangement more closely. SEM
images of LusAlsO;2 and Lu3AlsSciO;2 garnets doped with Pr’* and
different amounts of boron are shown in Fig. 3. Gd3Al3Sc012 garnets —
in Fig. 4. Garnet samples that are prepared by the sol-gel method, are
commonly are characterized by irregularly shaped individual and
interconnected particles that may have unfilled pores between them
[29-31]. A similar case was observed for all samples under study as well.
As can be seen from the given SEM micrographs, morphological prop-
erties of all lutetium, lutetium/scandium, and gadolinium alumi-
num/scandium garnets are dependent on the B®* ion doping. It can be
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DLUASG:1%Pr,5%B

LUASG:1%Pr,5%B

Fig. 3. SEM images of 1 % Pr®" and different amounts of B** doped Lu3Als0;2 and LusAlsSc;0;5 garnet samples in different magnifications.

1% Pr.1% B

1% Pr, 5% B

Fig. 4. SEM images of 1 % Pr°* and different amounts of B>* doped GdsAlsSc,0; garnet samples in different magnifications.

seen that samples without boron have smaller particles as compared to
those containing B>* ions. As the boron content increases, the particle
size also increases. This is observed for LuAG and LuASG samples.

The size distribution of the garnet particles was measured using the
“Horiba LA-950-V2 organic” device. Histograms of the particle size
distribution and calculated d10, d50, d90 values of gadolinium

However, it is especially noticeable in the GdsAl3Sc2012 ples. This
may be caused by the fact that the initial particle size for this compo-
sition is much smaller as compared to the Lu based garnets as well as by
a more gradual increase in boron content. In this case, particle size in-
creases from nanometer scale to micrometer one. These changes in
particle size are related to the B>" acting as a flux, since the melting
point of boric acid is 170 °C, which allows for faster particle size growth.
Furthermore, the incorporation of boron may also lead to a reduced
melting point of the final garnet compound which would allow for faster
mass transport and result in larger grains as well [20]. Particle
agglomeration due to B>* acting as a flux also causes a significant effect
on the porosity of all samples. In Fig. 4, it can be observed that the
porosity of garnets decreases as the boron content increases. Overall, the
incorporation of B>* leads to a larger particle size as well as a reduction
in porosity.

1 n scandium garnets doped with praseodymium and boron can
be seen in Fig. 5. Pr** and B** doped lutetium aluminum/scandium
garnet particle distributions can be seen in the supplementary material
figure SM3. Fig. 5 shows that the data correlates well with the data from
the SEM images. As the B%* content increases, the particle size also in-
creases. Of course, deviations can be observed, but the trend remains. A
particularly pronounced increase in particles size is observed when 3 %
boron was doped in the gadolinium aluminum scandium garnets
(Fig. 5). Arguably, this sample has the largest particle size. Garnet doped
with 5 % boron may have slightly smaller particles due to the presence of
a slight amount of impurities. However, it is worth noting that during
the measurement not the individual particles, but the size of agglom-
erates may also be measured. As such while the sizes tend to correlate
discrepancies may also be caused by this fact. At the same time, figure
SM3 shows a similar tendency.
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Fig. 5. Particle size histograms of 1 % Pr>" and different amounts of B> doped GdsAl3Sc,0;, garnet samples.

3.4. Luminescence properties
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greenish color in the samples which is typical for Pr®* doped materials
[33]. A slight shift from 451 to 453 nm can be observed between the
reflectance spectra bands of lutetium and gadolinium garnets. The
spectra of Gd3Al3Sca012 garnets are shifted to longer wavelengths. This
can be explained by the different radii of Lu®* (0.98 A) and Gd** (1.05
;\) ions and the covalence effect [34]. Furthermore, a rather high
reflectance value is observed in the spectral ranges where there are no
electron transitions. This value is between 90 % and 100 % relatively to
the white BaSO4 standard and shows a high optical quality of the syn-
thesized materials. Based on the reflection spectra, the band gap en-
ergies were also calculated for all samples, which are listed in table SM2
in the Supplementary material file. It can be seen that lutetium
aluminum garnets have a slightly smaller band gap energies than gad-
olinium aluminum garnets. Furthermore doping of boron increases the
band gap energy for all samples. Scandium also has the same effect.

VUV and UV excitation spectra were measured for all synthesized
samples using 312 nm as emission wavelength. Fig. 8 shows the
normalized excitation spectra of lutetium garnets in the range from 120
nm to 310 nm with an intense band being visible at 172 nm. It is
assigned to host the absorption of LuAG. From 230 nm two intense bands
are assigned to praseodymium ion excitation [35]. The normalized
excitation spectra of the GAASG samples are shown in Fig. 9. It is quite
difficult to ascribe the bands existing in the 120 nm-200 nm region as
not much data is present in the literature for such composition, however
similarly as before, at least in part it could arise from the band gap of the
matrix compound. Bands from 200 nm are attributed to Pr’* ions
centered 3H4 - [Xe]4f15 d! transitions and Gd>* ions centered 857/2 —
°1; and 887/2 - °P; transitions.

Figs. 10 and 11 show the excitation (a) and emission (b) spectra of
LuAG, LuASG, and GdASG phosphors measured at room temperature.
From the data given in Fig. 10, it can be observed that LuzAls012 and
Lu3AlsSciOq2 garnets exhibit characteristic excitation spectra of pra-
seodymium ions with (a) and 3H4 — [Xe]4f's d! electron transitions.
Additionally, a peak shift is observed between different samples. LuAG
samples have excitation peaks at lower energy values than samples
containing Sc3*. This shift occurrence can be explained by the covalency
effect, because of the reduction of the energy between the lowest 5d and
lowest 4f energy levels [36]. The presence of Sc3* in the structure also
affects the intensity of the excitation spectra, mainly resulting in a
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Fig. 8. VUV and UV excitation spectra of 1 % of praseodymium and different
amounts of boron doped Lu3Als0;, and LuzAl4Sc;01, samples.
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Fig. 9. VUV and UV excitation spectra of 1 % of praseodymium and different
amounts of boron doped Gd3Al3Sc2012.

reduction in intensity. However, samples containing B> have higher
intensity, with the most intense emission being observed at 3 % of B>*
doping. Electron transitions ascribed to praseodymium ions are also
visible in the emission (b) spectra [15,37]. During the measurement of
emission spectra Ay = 285 nm was used for the excitation. In the
wavelength range of 300-460 nm, characteristic, allowed, and more
intense [Xe]4f2 — [Xe]4f'5 d" electron transitions are visible. As in the
excitation spectra, garnets without Sc®* have the most intense emission,
while out of the LuASG samples, garnet doped with 3 % of boron showed
the most intense emission. The [Xe]4f? — [Xel4f? transitions of lower
intensity are seen in the 450-800 nm wavelength spectral range. In this
case, the LuASG sample with 3 % of B>* has the most intense emission
4fl's5d! — 3Hj,3Fj transition). It can be observed that in the case of [Xe]
42 > [Xe]4f? transitions boron significantly improves the emission in-
tensity. This may be most likely caused by the increase in particle size,
which was induced by the use of B3 as a flux. Fig. 11 (a) shows the
excitation spectra of GAASG samples. In this case, electron transitions
characteristic not only of praseodymium ions but also of gadolinium ions
are observed [15,38]. At 242 nm and 285 nm pr3t (3H4 - [Xe]4f15 dl)
and at 312 nm - Gd** (887/2 - °P)). In this case, the B>* in the structure
has a totally positive effect and all compounds containing boron have a
stronger excitation, with the highest intensity sample being the one with
doped 5 % of B%*. Interestingly, this sample has the highest amount of
impurities, as such it is possible that they are in part responsible for the
high excitation intensity. Since a large amount of scandium and gado-
linium quenches the [Xe]4f2 - [Xe]4f]5 d" emission of praseodymium,
no emission of these transitions is observed in Fig. 11 (b) [39,40]. The
effect of Sc>*/Gd®* ion on luminescence quenching can be explained by
a non-radiative relaxation process from the 5d excited state to the 4f
ground state, it may also be caused by photoionization process as well
[41-43]. However, more intense [Xe]4f2 — [Xe]4f2 emission is observed
in this case (compared to LuAG and LuASG). Furthermore, the com-
pound with 5 % of B is also characterized by the most intense emis-
sion. As with excitation, the intensity is believed to be driven by the
resulting impurities and changing particle size [20,44].

The application of scintillators is based on the excitation of samples
with high energy radiation. Figs. 12 and 13 show the emission spectra in
conventional and heatmap forms with the integrated emission in-
tensities of synthesized garnets under X-ray excitation at 50 kV and 1.8
mA. The conventional spectra of LuAG and LuASG can be seen in Fig. 12

41885

179



G. Inkrataite et al.

Energy (eV)
5

6 5.5 45

Ceramics International 50 (2024) 41879-41891

\J T )
a) »,,=312nm

*H, > [Xe]4f'5d"

T T T T 1
200 220 240 260 280 300
Wavelength (nm)

Energy (eV)
4 35 3 25 2
i L) L} T L) =
— Lu,Al,0,,:1%Pr %, =285 nmb) F 7X10
— Lu,Al,0,, 1%Pr,5%B E 6x10”
—— Lu,AlSc,0,,:1%Pr ™
— Lu,AlSc,0,,:1%Pr,3%B E 5x107 ‘g
— Lu,AlSc,0,,1%Pr,5%B °
F4x10" £
>
-
[XeJaf'sd' > H,F, E3x10" ‘0
c
Q
2
£
H r \
ey
300

Wavelength (nm)
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Fig. 11. Excitation (a) and emission (b) spectra of 1 % of praseodymium and different amounts of boron doped GdsAl;Sc2015.

left part. Both [Xe]4f? — [Xe]4f'5 d! and [Xe]4f? — [Xe]4f? electron
transitions characteristic of Pr®* are observed under X-ray excitation.
From the given data, it can be seen that the introduction of scandium
into the garnet lattice reduces the intensity of [Xe]4f> — [Xe]4f'5 d!
electron transition but increases [Xe]4f2 - [Xe]4f2 emission intensity.
LuAG:1%Pr, as under UV excitation, exhibits the highest [Xel4f? — [Xel
4f'5 d' emission intensity, as shown by the conventional emission
spectrum (left) and heatmap (right). Meanwhile, the most intense [Xe]
42 [Xe]4f2 transitions are observed for LuASG:1%Pr,5%B sample.
These differences are more clearly visible in the heatmap and in the
graph of integrated intensity since the increase in intensity (red color)
for this sample at 610 nm is readily observable. Similarly, under UV
excitation, the increase in intensity may result from the increase in
particle size upon the doping of B>*. Fig. 13 left part shows the emission
spectra of GAASG under X-ray excitation. The [Xe]4fZ — [Xe]4f15 d!
electron transitions should be quenched by Sc®* and Gd** ions, but for
the GdASG:1%Pr,3%B sample are visible in the 300-400 nm spectral
range. Furthermore, the introduction of B** leads to an increase in the
emission intensity for the [Xe]4f2 - [Xe]4f2 transitions. The most
intense emission was observed for the GAASG:1%Pr,3%B sample, which
is even 1.2 x 10° counts more intense than the sample without boron.
The discussed changes can be more clearly visible in the heatmap (right
side), which shows a yellow color at this sample and wavelength. These
observations also are also confirmed by the graph of integrated

intensities. Overall, B>* has a positive effect on the emission intensity
when X-ray excitation is used. Thus, indicating that such garnets could
potentially be better scintillators than the boron-free samples.

The measured decay times (excited at 265 nm for lutetium garnets
and 285 nm for gadolinium garnets) and quantum efficiency values of
the compounds at room temperature are given in Table 3. Decay time of
Pr®* in the garnet matrix were calculated by fitting the curves using the
first-order exponential equation. Due to the different existing electron
transitions in Gd and Lu based garnets, decay times were measured using
different emission wavelengths (for lutetium aluminum garnets - 312
nm, and for gadolinium aluminum scandium garnets - 487 nm). This was
done in order to analyze the most intense emission bands. Furthermore,
due to the differing nature of electron transitions for these bands ([Xe]
4f2  [Xe]4f'5 d' for Lu based, and [Xe]4f> — [Xe]4f? for Gd) a dif-
ference between micro and nano second range in decay times was
measured. The faster decay times in Lu based garnets were observed due
to the allowed nature of [Xel4f? — [Xe]4f'5 d' transitions, which are in
general much faster than forbidden [Xe]4f2 — [Xe]4f? ones that were
analyzed in Gd based garnet. However, gadolinium ions may also affect
the decay times and increase them even further. While the decay time
curves are shown in Figs. 14 and 15, the obtained data exhibit that all
the curves vary exponentially and are typically characteristic of Pr’"
ions. The decay time of lutetium garnets is in the nanoseconds range,
while that of gadolinium garnets is in microseconds. As there is energy
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Fig. 12. (Top) Emission spectra under X-Ray excitation (left), heatmap (right) of 1 % of praseodymium and different amounts of boron doped Lu3Al50,5 and
Lu3Al4Sc; 042, (Bottom) integrated intensities of samples emission spectra (integration errors are not included due to their extremely small values as compared to the

measured results).

migration through the Gd>* sublattice, it acts as a slow component and
the garnets’ decay time becomes longer with Gd** than with Lu>* ion
[45]. The decay time of LuAG decreases as much as 3.6 ns when garnet is
doped with boron. LuAG:1%Pr,5%B has the shortest decay time of all
synthesized samples, and it is equal to 19.5 ns. The presence of boron in
the garnet structure has a positive effect on the reduction of decay time
values. The shortening of the decay times themselves can be based on
the fact that the boron has a higher electronegativity than that of
aluminum. The decrease in the decay time is due to the effect of B* ions,
which can be explained by the polarization of the local environment of
the activator ions. The polarization decreases when the electronegativity
of the ions increases, and as a result decay time becomes shorter. As such
the difference in the electronegativity between AI>* and B** ions causes
this effect, which in turn causes the changes in decay time values [46].
The decay times of the GAASG samples vary from 8.8 to 8.3 pm. As with
LuAG and LuASG samples, values are reduced by doping compounds
with B®* ions. Gd3Al3Sca012:1%Pr,3%B has the lowest decay time. This
reduction in value is due to the optimal amount of boron ions and the
relatively low amount of impurities (just 0.64 %). Further, increase in
B%* doping leads to an increase in the amount of impurities (up to 1.73
%), as a result the decay time may also increase.

In terms of quantum efficiency, LuzAl4Sc;012:1%Pr,5%B has the
highest value of 87 %. Meanwhile, the values of the other samples vary
widely, although they tend to be greater than 50 %. Table 3 shows that
gadolinium garnets have lower EQE values than lutetium garnets.

Interestingly, only in the LuAG case, a decrease in EQE was observed
when boron was introduced. As in the LuASG and GdASG cases, a quite
steady increase in the efficiency values was observed based on the B>*
content in the sample. The higher the doping content, the higher the
values obtained, in LuASG ranging from 49 % to 87 %, and in GdASG
values changed from 10 % to 46 %. This positive change in EQE may be
related to the different polarization of the activator ion environment.
The changes in the local environment in this case are caused by the
dopant ions. As they have different electronegativity values as compared
to the base ones. As the polarization decreases, the EQE values increase.
Since boron ions have a higher electronegativity than aluminum ions, it
caused changes in polarization and as result and increase in EQE is
observed [47,48].

To obtain a more fundamental view of the doping effects in
Gd3Al3Scz012 system, garnets were further characterized by means of
temperature dependent luminescence analysis. The excitation (a),
emission (b) spectra, heatmap of the emission spectra, and graph of
integrated intensities (bottom) of the compound doped with 1 % of
praseodymium and 3 % of boron are shown in Fig. 16. The spectra of the
other garnets are depicted in the supplementary material, viz. figures
SM4, SM5, and SM6. Similarly, to that of room temperature measure-
ments, the same excitation and emission spectra are observed at
different temperatures. In the conventional spectra (part a of the figure)
the characteristic bands of Pr>* ions at 242 nm and 285 nm due to *Hy —
[Xe]4f'5 d! electron transitions can be seen. Bands at 275 nm and 312
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Fig. 13. (Top) Emission spectra under X-ray excitation (left), heatmap (right) of 1 % of praseodymium and varying amounts of boron doped Gd3Al3Sc,0;,. (Bottom)
integrated intensities of samples emission spectra (integration errors are not included due to their extremely small values as compared to the measured results).

Table 3
Synthesized samples decay time and quantum efficiency.

Sample Decay time y*value  Quantum efficiency [%]
Lu3Al5012:1%Pr 23.1+£0.1ns 1.198 70
LuzAl50,2:1%Pr,5%B 19.5 £ 0.1 ns 1118 52
LuzAl;Sc;012:1%Pr 224+ 0.1 ns 1.260 49
Lu3Al4Sc;042:1%Pr,3%B 19.7 £ 0.1 ns 1.050 60
Lu3Al4Sc;012:1%Pr,5%B 199+ 0.1 ns 1.114 87
Gd3Al3Sc20,2:1%Pr 8.8 +£0.2ps 1.164 10
Gd3Al3Scy012:1%Pr,1%B 8.6 £0.2ps 0.946 33
Gd3Al3Sc5012:1%Pr,3%B 83+02ps 1.221 39
Gd3Al3Sc;0,2:1%Pr,5%B 85+0.2ps 1.181 46

nm are attributed to electron transitions caused by Gd** ions. Emission
spectra (b) also show [Xe]4f2 — [Xe]4fZ electron transitions character-
istic of praseodymium ions, when 285 nm excitation light was used. The
most intense emission feature is ascribed to the *Py — >H, transition.
Both excitation and emission spectra show the same tendency, mainly
that the luminescence intensities decrease with increasing temperature,
samples at 77 K have the highest intensity and at 500 K — the lowest. As
the temperature is raised, the resulting vibrations cause the Pr®* ions to
transfer energy to the surrounding lattice. For this reason, the proba-
bility of non-radiative transition increases. Especially at high tempera-
tures, an even greater decrease in intensity is observed due to thermal
quenching [49]. The emission spectra heatmap and the displayed inte-
grated intensities (Fig. 16 bottom) yield a clearer image of the
decreasing emission intensity, as a change in color from red-yellow to a

10*
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Fig. 14. Decay curves of 1 % of praseodymium and different amounts of boron
doped Lu3Als0;2 and LuzAlsSc;Oga.

more white-blue is observed for electron transitions upon an increase in
temperature. All of the measured praseodymium and boron doped
gadolinium aluminum scandium garnet samples show the same trend.
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Fig. 15. Decay curves of 1 % of praseodymium and different amounts of boron
doped Gd3Al3Sc2012.

Activation energies were calculated for all praseodymium doped
gadolinium aluminum scandium garnets and the obtained data is pre-
sented in Table 4. Activation energy is characterized by low values
ranging from 0.029 to 0.034 eV. The obtained activation energy values,
are similar to those reported in the literature, for garnets with similar
chemical compositions [50]. However, it is worth noting that the
available data especially for the Gd based garnets is scarce. Furthermore,
the activation energy changes unevenly when increasing the amount of
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boron. When 1 % of boron is introduced a reduction of activation energy
is observed, however further additions lead to increase in value. The
changes increase of activation energy may be related to the formation of
impurities. As, at 3, 5 % of boron not only the garnet but also secondary
phase were observed. Overall, the addition of boron to the structure
produces only minor, insignificant changes to the activation energy.

As aresults in the room temperature, in different temperatures decay
time of Pr°" in the garnet matrix were calculated by fitting the curves
using the first-order exponential equation. The values of the decay time
measured using Aex = 285 nm and Aey = 487 nm at different tempera-
tures are plotted in Fig. 17. In this case, the thermal quenching of
luminescence as already mentioned in the discussion of the excitation
and emission spectra, is particularly visible. Upon increasing the tem-
perature, the decay time decreases from 11 ps to 3 ps. Gd3Al3Scp012:1%
Pr,3%B garnet decay curves are shown in Fig. 18 (the decay curves of the
remaining samples are presented in supplementary material figure
SM7), measured at different temperatures show a typical shape for
garnet doped with Pr®* ions in all temperatures. The curve shape and
angle (lowest at highest temperature, and highest at lowest tempera-
ture) confirm that the thermal quenching occurs, and the obtained decay
times decrease as the temperature increases.

Table 4

Praseodymium and boron doped Gd3Al3Sc,012 activation energies.
Sample Activation energy (eV) R?
Gd3Al3Sc2012:1%Pr 0.034 £ 0.002 0.977
Gd3Al3Sc2012:1%Pr,1%B 0.029 + 0.003 0.936
Gd3Al3Sc2012:1%Pr,3%B 0.033 £ 0.002 0.970
Gd3Al3Sc012:1%Pr,5%B 0.034 £ 0.002 0.965
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Fig. 16. a) Conventional excitation, b) emission spectra in different temperatures (top), emission heatmap and integrated intensities (bottom) of 1 % of praseo-
dymium and 3 % of boron doped Gd3Al3Sc,0;, (integration errors are not included due to their extremely small values as compared to the measured results).
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Fig. 18. Decay curves in different temperatures of 1 % of praseodymium and 3
% of boron doped Gd3Al3Sc2015.

4. Conclusions

Lu3Als012, LugAlsSc; 012, and GdzAl3Scy012 garnets doped with 1 %
of praseodymium and different amounts of boron were synthesized by
using an aqueous sol-gel synthesis method. All samples, except the
gadolinium garnets doped with 3 and 5 % of boron, are of single phase.
Furthermore, Rietveld analysis revealed that the introduction of boron
led to a slight contraction of the unit cell. ICP-OES analysis in addition
confirmed that all Gd*" based garnets (which were doped with boron)
contained an appropriate amount of B*" ions, indicating the successful
incorporation of the boron into the crystal structure. Boron doping may
have lowered melting point of garnets, while also acting as a flux, as a
result of which the particle size increased — as indicated by the SEM
images and particle size distribution measurements. The luminescence
measurements revealed that a larger particle size has a positive effect on
the emission intensity as well. Compounds doped with boron
(LusAl4Sc1012:1%Pr,3%B and LusAlySci012:1%Pr,5%B; GdASG:1%
Pr,3%B and GdASG:1%Pr,5%B) had the most intense emission under

Ceramics International 50 (2024) 4187941891

excitation by UV and X-rays. Doping with boron ions also has a positive
effect on the decay time and quantum efficiency values. Increasing the
boron content shortens the decay time and increases the quantum effi-
ciency up to 87 % for LusAlsSci012:1%Pr,5%B. Thus, it can be sum-
marized that the doping of garnet samples with B>* ions has a positive
and necessary influence on the luminescent and radioluminescence
properties of studied garnets. As such, the overall increase in the emis-
sion intensity, and shorter decay times are a significant improvement
and could be a valuable route for the preparation of better scintillator
materials for practical application.
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Figure SM1. Rietveld refinement results of XRD data recorded for Pr’* and B** doped
Lu3Als012 at room temperature (red dots are the experimental data; black lines are calculated

data), Bragg reflections are indicated by vertical ticks.
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Figure SM2. Rietveld refinement results of XRD data recorded for Pr’* and B*" doped
Lu3Al4SciO12 at room temperature (red dots are the experimental data; black lines are calculated

data), Bragg reflections are indicated by vertical ticks.

Table SM1. Rietveld refinement results.

Sample paralljrl:e::eieg A) Rp Rwp Rewp
Lu3A15012:1%Pr 11.914(3) 4.61 6.01 4.03
LuSAISOu:l%Pr,S%B 11.900(2) 6.62 9.15 4.02
Lu3A14Sc1012:1%Pr 12.068(2) 5.06 6.73 3.90
Lu3Al4Sc1012:1%Pr,3%B 12.067(4) 7.92 11.2 4.54
Lu3Al4Sc1012:1%Pr,5%B 12.059(9) 5.69 7.51 3.67
GdSAlssCZOu:l%Pr 12.330(8) 3.32 4.29 4.80
Gd3Al3Sc2012:1%Pr,1%B 12.330(8) 8.17 10.40 7.31
Gd3Al3Sc2012:1%Pr,3%B 12.329(8) 3.84 5.30 4.00
Gd3A13Sc2012:1%Pr,5%B 12.327(9) 3.53 4.67 4.38
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Figure SM3. Particles size histograms of 1 % Pr*3 and different amount of B*> doped LuzAlsO12

and LuzAlsSc1012 garnet powder samples.
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Table SM2. Calculated band gap energies for synthesized samples.

Sample Band g(zetg )energy
Lu,ALO, 1%Pr 4.096
Lu AISO12 1%Pr,5%B 4.105
Lu Al ScIO12 1%Pr 1.146
Lu3Al4Sc1012.1%Pr,3%B 4.160
Lu Al Sc 0, :l%Pr,S%B 4.132
Gd Al ScZO12 1%Pr 4.031
Gd,ALSc,0,,:1%Pr,1%B 4.033
Gd3Al3Sc2012:1%Pr,3%B 4.055
Gd3Al3Sc2012:1%Pr,5%B 4.059
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Figure SM4. Temperature dependency emission (b) and excitation (a) of 1 % praseodymium

doped Gd;Al3Sc201o.
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Figure SMS5. Temperature dependency emission (b) and excitation (a) of 1 % praseodymium
and 1 % boron doped GdzAl3Sc2012.
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Figure SM6. Temperature dependency emission (b) and excitation (a) of 1 % praseodymium
and 5 % boron doped Gd3Al3Sc2012.
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