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Chapter 1

Introduction

The past two decades have witnessed high improvement in research of new scintillation ma-
terials. This development was prompted by requirements of innovative applications in many
fields of human activity which use ionising radiation. Nowadays, scintillators are widely
used in sophisticated medical imaging modalities using X-rays or gamma rays [93, 97], or in
geophysical exploration, and numerous other scientific and industrial applications [49].

The use of scintillation to detect radiation started in 1896 by finding a new type of ra-
diation (X-rays) [14]. The scintillation phenomenon to detect radiation was firstly used by
CaWO4 phosphor [12], while the first single crystal inorganic scintillator, namely NaI:Tl,
was introduced much later by Hofstdler in 1948 [26]. Since these discoveries, there have
been a number of advancements in our understanding of the basic physical processes govern-
ing the transformation of ionizing radiation into scintillation light. These physical processes
are now generally well understood, although details for specific materials may still be lack-
ing [78]. Today we have a wide variety of well-characterized inorganic scintillator materials
for various applications - oxides, halides, and chalcogenides; crystals, glasses, and ceramics
[34].

Scintillation materials, being the focus of this thesis, are thin epitaxial films which rep-
resent an interesting alternative to bulk single crystals for 2D imaging scintillation screens
for X-ray or electron detection [35]. Oxide single crystals doped by trivalent cerium Ce ions
exhibit high intensity of luminescence in the visible or near UV spectral ranges, fast scintil-
lation response (20–100 ns), high light yield, along with favorable mechanical and chemical
properties [59, 57, 52, 92]. The thickness of high 2D-spatial resolution scintillator materials
should be within several microns [35] and it is very promising to prepare such devices in the
form of thin, preferably single crystalline, by method of liquid phase epitaxy.

1.1 Motivation

Epitaxial layers have several advantages compared to the Czochralski grown single crystals.
Firstly, the epitaxial garnet film are grown from the flux at temperatures around Tg ∼ 1000 ◦C,
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while the growth temperatures of the Czochralski garnet crystals are as high as 2000 ◦C. This
consequently leads to lower structural disorder and a lower number of intrinsic crystal defects
as antisite defects and oxygen vacancies in epitaxial films [106, 60, 43]. Secondly, it has been
recently shown that the higher content of Ce3+ ions can be achieved in epitaxial garnet films
compared to the Czochralski single crystals [39], because it is important to obtain reasonable
light yield from a few micrometers thick films. Unfortunately, the main disadvantage of the
liquid phase epitaxy growth is contamination of the film by the ions coming from the used
flux. Epitaxial films prepared from the PbO-B2O3 (PbO) based flux contain Pb2+ ions, which
behave as quenching centres at room temperature and degrade performance of this material,
e.g. Pb impurities significantly decrease light yield [2, 1]. Therefore, reduction of potential
contamination from the flux is one of the challenges of this work.

In last decades, particular emphasis was put on the yttrium and lutetium aluminum gar-
nets doped by trivalent Ce3+ ions, Y3Al5O12 (YAG:Ce) and Lu3Al5O12:Ce (LuAG:Ce), re-
spectively, due to their fast allowed 5d-4f emission and relatively high light yield (LY) of 20
kPh/MeV for YAG:Ce [52] and 26 kPh/MeV for LuAG:Ce [68]. However, due to complexity
of garnet structure, many kinds of defects such as antisites LuAl of YAl [61], where lutetium
and yttrium ions occupy the aluminum octahedral positions, vacancies, or vacancy complexes
are formed [95, 82, 101, 85, 43]. As a consequence, energy levels related to shallow or deep
traps appear in the energy gap which may result in delayed radiative recombination at the
Ce3+ centres and negatively influence the scintillation response.

Material Gd3Ga3Al2O12:Ce (GGAG:Ce) represents a promising material concept to di-
minish such defects [32]. It was shown that optimal concentration of Gd and Ga ions in this
garnet can increase light yield up to 50-60 kPh/MeV [31, 30].

It has been proposed that the YAG bandgap decreases with increasing Ga3+ concentra-
tion and later Nikl et all postulated that Ga3+ doping might remove shallow traps placed near
the bottom of the conduction band by lowering the conduction band (CB) below the defect
states [62]. Figure 1 schematically describes how the trap state in the forbidden gap of the

Figure 1.1: Influence of Gd, Ga substitution on the position of bottom of the conduction band
and position of the 5d(Ce3+) excited states. Demonstration is divided into the three stages
(a), (b) and (c).

(a) Initial and excited state of Ce3+ in the forbidden gap bounded by conduction and valence
band, (CB) and (VB), respectively. Red lines refer to the shallow traps and are located near
to bottom of the conduction band.

10



(b) Influence of Ga doping is shift of the bottom of the conduction band. Shallow traps are
buried in the conduction band together with the Ce3+ excited state.

(c) Suitable amount of Gd substitution shifts Ce3+ excited state downwards and avoids pho-
toionization from Ce3+ state into the conduction band.

material (e.g. YAG or LuAG) associated with antisites might be enveloped by the conduction
band CB via Ga doping. It happens under the condition that the trap position remains fixed
independently to the CB shift. Gd substitution also plays important role in studied material,
because Gd doping increases the crystal field and shifts down the 5d(Ce3+) split states [100],
and thus, avoid the photoionization from Ce3+ excited states.

Promising high performance of Ce3+ doped LuAG:Gd,Ga multicomponent garnets mo-
tivated us to investigate optical and scintillation properties of this material in the form of the
thin epitaxial layers.

1.2 Aims of the thesis

This thesis is focused on development and fundamental understanding of scintillators, in the
form of thin single crystalline epitaxial layers and their potential applications as e.g. 2D
imaging screens.

The main subject of the presented thesis Oxide scintillator detectors is study of the Ce3+

doped LuAG:Gd,Ga multicomponent garnets that represent a new concept of scintillation ma-
terial improving properties of nowadays well known LuAG:Ce scintillator. The first essential
part of this research is mastering of technology for preparation of thin single crystalline epi-
taxial films of a good quality. A big challenge was to harmonize lattice mismatch of substrate
and layer due to incorporated large ions as Gd and Ga. Finally, the special series of samples
were prepared for thesis purpose with various content of Ce, Gd and Ga and will be presented
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in the section 5.4. Study of optical and scintillation properties involved various experimental
techniques that will be described in the Chapter 6. The results of presented work are divided
into the following three parts.

(i) The role of the first part is to put more light on the interesting phenomena of mutual Ce,
Gd and Ga co-doping. Influence of Gd and Ga concentration on the position of the Ce3+

emission peak, known as red and blue shift will be studied. Evidences of non-radiative en-
ergy transfer from the Gd3+ to the Ce3+ will be presented.

(ii) An principal part of this work is the study of the nature of non-radiative energy trans-
fer process from Gd3+ to Ce3+ ions. Detailed study of efficient energy transfer from Gd3+

donor to an acceptor Ce3+ emission center, which represents an important mechanism for high
sensitive scintillators or phosphors, will be the subject of this chapter. The analysis of the ex-
perimental data will use the single-step energy transfer and diffusion limited approaches.

(iii) Finally, the idea of Gd, Ga substitution in LuAG:Ce garnet was proposed as a promising
way to settle the problem of shallow traps and to suppress the undesired slow light. The main
task of this part is to investigate positive effect of Ga content on increase of light yield by
cathodoluminescent measurement of emission and decay kinetics at various temperatures.
Removing of shallow traps will be studied also by means of light yield measurement and
thermoluminescence.

Finally, the scintillation characteristics of the best epitaxial multicomponent garnet films
grown from BaO-based flux will be compared to the high quality single crystals.

1.3 Structure of the thesis

The presented thesis Oxide scintillator detectors is divided into four parts: Theoretical, Tech-
nological, Experimental part and Conclusion.

In the first Theoretical part a principle and mechanism of scintillation materials is shortly
shortly described. Since, the application of scintillators is necessarily connected with the
proper understanding of physical processes ongoing in the material, the chapters in this part
are concentrated on the physical phenomena that are closely linked to those observed in the
studied material. Especially, the emphasis was put on the luminescence of optically active
centres and energy transfer mechanism. The second Technological part is concentrated on
the method of liquid phase epitaxy that is used for preparation of the studied material and
describes specifics of garnet crystallographic structure. The experimental results are sum-
marized in the third Experimental part which is divided into three parts according to the
three above mentioned goals. At the end all finding are summarized in the Conclusion.
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Chapter 2

Scintillation materials

A scintillation material works as a converter which transforms the energy of one high energy
photon (X-ray, γ-ray) or particle (proton, electron, neutron, α particle ect.) into a number
of ultraviolet or visible photons, which are easily detectable with a conventional photomulti-
plier tube or semiconductor detector. Scintillation detectors consist of a scintillation material
followed by an optional optical relay element and a photodetector, see Fig. 2.1. Incident radi-
ation, x- or γ-ray photon, is absorbed and converted into ultraviolet or visible light, which is
focused by the optical relay element onto the photodetector at the output of which an electrical
signal is available for further processing [59].

Figure 2.1: Scheme of the scintillation detector with the main parts [59].

2.1 Mechanism in inorganic scintillators

Mechanism in inorganic scintillators can be divided into three stages as it is displayed in the
Fig. 2.2:

Stage one: The ionization event creates an inner shell hole and an energetic primary
electron, followed by radiative decay (secondary X-rays), nonradiative decay (Auger pro-
cesses - secondary electrons), and inelastic electron-electron scattering in the time domain of
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Figure 2.2: A sketch of the scintillator conversion mechanism in a wide band-gap single crys-
tal solid state. The process is divided into three consecutive stages of conversion, transport
and luminescence, which are described in the text [59].

∼ 10−15 - 10−13 [17]. An electron hole pair is created by energy typically equal to two to seven
times the band gap energy of the crystal [4, 79]. In some crystals the number of pairs created
varies with recoil electron energy and this non-linearity can limit the energy resolution for
the detection of gamma rays by multi-step absorption. This stage is called conversion.

Stage two: In the second stage hot electrons and holes thermalize by intraband trans-
itions and electron-phonon relaxation. It happens when the electron energy becomes less than
the ionization threshold. The charge carriers can remain as diffuse band states in the case of
semiconductors, become trapped on defects and impurities, become self-trapped by the crys-
tal lattice, or form free and impurity-bound excitons. Everything happens in a time scale of
∼ 10−12 - 10−11 s. During this stage luminescent centres may be excited impact excitation by
hot electrons, sequential electron-hole capture or sequential hole-electron capture, and sens-
itizer (donor) - activator (acceptor) energy transfer processes over a time scale ranging from
< 10−12 to > 10−8 s [17]. Depending on the carrier mobility, this time is responsible for the
intrinsic rise time of the scintillation light. Processes in the second stage are called altogether
as transport in scintillation mechanism.

Stage three: The third stage of scintillation mechanism is luminescence. The excited
luminescent centres return to the ground state by non-radiative quenching processes or by
emitting a photon. The radiative process can be as short as 10−9 s for electron-hole recom-
bination, free and bound exciton emission, and core-valence recombination. However, it can
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also take many minutes for the case of highly forbidden processes. Generally, there are many
different luminescent species and scintillation mechanisms possible in inorganic materials.
The luminescence can be intrinsic to the material and involve electron-hole recombination;
free, self-tapped, and defect trapped exciton luminescence. Or it may be extrinsic, such as
luminescence associated with impurities or defects and additive dopant ions.

There are several origins of the luminescence in the third stage. For example, free and
impurity-bound exciton, when ionization of electrons and holes creates free excitons with
electron-hole binding energies of a few to ∼ 60 MeV [104], which radiative decay time
can be very fast (< 1 ns) [17]. Then, self-activated scintillation proceeds on the luminescent
recombination centres which are constituents of the crystal. Luminescence from activator
ions occurs in material which contain some luminescent centres. Special case is core-valence
luminescence which is present in the materials which energy gap between the valence band
and the top core band is less than the fundamental band gap [77]. A photon is emitted when
an electron in the valence band fills an ionization hole in the top core band. This process has
very short decay time of the order of 1 ns, however emission of the light is limited, because
of inefficient creation of the holes in an upper core band.

2.2 Basic characteristics of ideal scintillator

There are many requirements which have to be met by the scintillating material. Required
characteristics can be divided into two groups physical and luminescent characteristics.

2.2.1 Luminescent properties

(a) Overall efficiency

Overall efficiency of X-ray-to-light conversion is important characteristic in applications where
the photon integrating (steady-state) mode is used. For example in phosphor screens where
a thin layer of phosphor is used to convert an x-ray image into a light by using a stable x-ray
source. Thus, the overall efficiency is defined by intrinsic and extrinsic material characterist-
ics. For the number of UV/visible photons Nph produced in the scintillation conversion per
energy E of incoming X-ray or γ-ray photon is described by the following equation, which
was derived in [44, 73, 79] as follows:

Nph =
E

βEg

SQ, (2.1)

where Eg represents forbidden gap of the material, shown in the Fig.2.2. Numerator of the
fraction represents the number of thermalized electron-hole pairs produced by the absorption
X-ray and γ-ray energy E. Quantities S and Q are quantum efficiencies of the transport and
luminescence stages, respectively. Phenomenological parameter β was found to be between
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2 and 3 for most materials and represents the loss factor governed by the interaction of hot
electrons with lattice phonons before thermalization of electron-hole pairs. The energy which
is needed for creation of one electron-hole pair can be written as:

Ehg = βEg (2.2)

According to Bartram and Lempicki [4] the best scintillators have β close to the 2.5. It means
that small band gap materials are preferred. But on the other hand Eg must be large enough
to transmit the emitted light. Also the luminescent center itself must exhibit large enough
Stokes shift to avoid re-absorption of the emitted light.
Finaly, the relative efficiency is written as:

η =
EvisNph

E
, (2.3)

where Evis stands for the energy of generated UV/visible photons.

(b) Light yield of scintillation material

Light yield is a material characteristic analogous to overall efficiency, however, it is used in
scintillators where (X- or γ -ray) photon counting regime is used. Light yield has lower value
in terms of Eq. 2.1 as it represents the fraction of generated UV/visible photons, which arrived

Figure 2.3: Scintillation yield as a function of the bandgap of compounds. The solid curve
represents the maximum attainable scintillation yield assuming a β value of 2.5. Data points
represent observed yields for fluoride, chloride, bromide, iodide, oxide, and sulfide com-
pounds. Adapted from ref. [21].
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to a photo-detector within a certain time gate after a high-energy absorption with an energy
of 1 MeV. Time window is typically between 100 ns and 10 µs. It is worth noting that the
LY is usually energy dependent, which results in the non-proportionality of the scintillation
material response and degrades the energy resolution. To obtain maximum theoretical light
yield the transfer efficiency, S, and the quantum efficiency, QE, need to be close to unity.
Indeed in optimized scintillator materials both S and QE are often closed to 100 %, see the
Fig. 2.3.

(c) Scintillation response - kinetics of luminescence

The kinetic of the light response of scintillation material is determined by the characteristics
of the second and third stage in the scintillation mechanism (transport and luminescence) as
they are much slower in comparison with the initial stage named conversion. The decay rate
of the luminescent centre itself is defined by its transition dipole moment from the excited
to the ground state and can be further enhanced by additional non-radiative quenching, or
energy transfer processes away from the excited state. If energy transfer occurs, parameter Q
from the Eq. 2.1 decrease and overall conversion efficiency gets smaller. In the simplest case
of exponential decay, the emission intensity I(t) is

I(t) ∼ exp

(
−t
τ

)
(2.4)

and τ is called the decay time. Because of trapping and re-trapping processes which occur
during the second stage (transport) the light response of the material under high energy ex-
citation is often more complicated due to slower non-exponential components. Therefore,
light emission can be in the range of seconds, minutes or even ours after excitation. This
phenomenon, called afterglow or persistence, should be avoided in scintillation materials es-
pecially in medical applications as it lowers the image quality.

(d) Energy resolution

The energy resolution R is the ability for a scintillator to distinguish radiations of slightly
different energies. It is usually described as a function of different contributions:

R2 = R2
np +R2

inh +R2
tr +R2

lim (2.5)

where the Rnp is a factor of non-proportionality, when the number of emitted photons is not
proportional to the incident energy. FactorRinh is related to the inhomogeneity of the crystal
and the third factorRtr is attributed to the efficiency of the light collection by detector. For the
ideal scintillator, the first three contributions are negligible and the factor Rlim which gives
the intrinsic resolution of the detector. A good energy resolution requires a high light yield.
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(e) Spectral match with photodetector

Both the emission wavelength and the light yield of the scintillation material determine the
most suitable photo-detector. Spectral matching, between the wavelength range of the emitted
light by the scintillator and the sensitivity spectrum of the detector, is required.

2.2.2 Physical properties

(a) Radiation and chemical stability, mechanical strength

Radiation damage is mostly important for detectors in high energy physics experiments. For
the chemical and mechanical stability stability, there should be the following factors known
and controlled; environmental or chemical durability, ruggedness and mechanical shock res-
istant, and variation of light output with temperature and time. Insensitivity to air, light and
moisture are also desirable characteristics.

(b) Detection efficiency

In order to efficiently absorb the high energy radiation of the X-rays of γ-rays, the material
should be featured with high density ρ and and high effective Zeff for efficient X-ray or γ-ray
conversion. The absorption probability by photoelectric effect is proportional to ρZeff

3−4

[93, 94]. The effective atomic number of a compound AxByCz can be calculated as follows:

Zeff = (WAZ
4
A +WBZ

4
B +WCZ

4
C)1/4 (2.6)

where Z are the atomic numbers for the elements A, B, C and W are the corresponding
weight fractions of the elements in the compound.
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Chapter 3

Luminescence

Atoms emit light by spontaneous emission when electrons in excited states drop down to a
lower level by radiative transitions. In solids the radiative emission is called luminescence.
The most important types of luminescence according to the excitation mechanism are listed
in the Table 3.1.

Name Excitation mechanism

Photoluminescence Light
Cathodoluminescence Electrons
Radioluminescence X-rays, α-, β-, or γ-rays
Thermoluminescence Heating
Electroluminescence Electric field or current
Triboluminescence Mechanical energy
Sonoluminescence Sound waves in liquids
Chemiluminescence Chemical reaction

Table 3.1: The various types of luminescence

In this work we will focus on the following types; photoluminescence, cathodolumin-
escence and radioluminescence. Photoluminescence occurs after excitation with radiation
within the optical range. In other words, it is re-emission of light after absorbing a photon of
higher energy. Luminescence can also be produced under excitation with an electron beam,
and in this case it is called cathodoluminescence. This technique is conventionally used to
investigate some characteristics of samples, such as impurities, traps and lattice defects as
well as to investigate crystal distortion. Excitation by high-energy electromagnetic radiation
such as X-rays, α-rays, β-rays (electrons), or γ-rays leads to a type of photoluminescence is
called radioluminescence.

3.1 Luminescence in solids

The main processes of luminescence in solids are displayed in the Fig. 3.1. The photon is
emitted when an electron in an excited state drops down into an empty state in the ground
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state band. Firstly, electrons are injected into the excited state band and relax to the lowest
available level before dropping down to the empty levels in the ground state by emitting a
photon. These empty levels are created by the injection of holes in analogous way as injection
of electrons into the excited state. The photon cannot be emitted unless the lower level for the
transition is empty. It is due to the Pauli principle which does not allow to put two electrons
into the same level.

Figure 3.1: General scheme of luminescence in solids.

The spontaneous emission rate for radiative transition between two levels, when the upper
level has a population N at time t, is given by:

(
dN

dt

)
radiative

= −AN (3.1)

The photon emission rate is therefore proportional to the number of atoms in the excited
state and to the Einstein A coefficient of the transition. The Eq.3.1 can be solved to give:

N(t) = N(0)exp(−At) = N(0)exp

(
−t
τR

)
(3.2)

where τR = A−1 is the radiative lifetime of the transition, indicated as a wavy line in the
Fig. 3.1. However, radiative emission is not the only mechanism by which the electrons in an
excited state can drop down to the ground state. Another process is non-radiative relaxation.
For instance, an electron can lose its excitation energy as heat by emitting phonons, or it
may transfer the energy to the impurities or defects called traps. Radiative emission has to
compete with non-radiative recombination, which has a time constant τNR, and is indicated
in the Fig. 3.1 as a straight line. The rate equation for the population of the excited state when
non-radiative processes are possible is:
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(
dN

dt

)
total

= −N
(

1

τR
+

1

τNR

)
. (3.3)

Finally, the luminescence efficiency ηR is defined as the ratio of the radiative emission
rate to the total de-excitation rate. Dividing Eq. 3.2 by Eq. 3.2 we obtain:

ηR =
AN

N

(
1

τR
+

1

τNR

) =
1

1 +
τR
τNR

, (3.4)

If τR� τNR then luminescent efficiency ηR approaches unity and the maximum possible
amount of light is emitted. On the other hand, if τR� τNR then ηR is very small and the light
emission is very inefficient. To sum up, efficient luminescence requires that the radiative
lifetime should be much shorter than the non-radiative one.

3.2 Luminescence of optically active centres

Generally, the origin of luminescence can be of intrinsic or extrinsic character. Optical prop-
erties and applications of inorganic solids depend on the presence of so-called optically active
centres, which are the sources of extrinsic luminescence. These centres consist of dopant ions
that are intentionally introduced into the crystal during the growth process, active defects (e.
g. color center) or other impurities within the crystalline host lattice. These types of localized
centres have energy levels within the energy gap of the material and significantly influence
optical properties and appearance.

Firstly, section 3.2.1 will describe the physics of vibronic transitions, without any micro-
scopic details, just considering that electron-phonon coupling is present. Then, section 3.2.2
will focus on configurational coordinate diagram for understanding of Stoke shift in materials,
and finally, rare-earth ions as extrinsic luminescent centres will be present.

3.2.1 Vibronic absorption and emission

The electronic states of impurity atoms doped into a crystal couple strongly to the vibrational
modes of the host material through the electron-phonon interaction. Therefore, optical trans-
itions between the states are vibronic and involve the simultaneous excitation of phonons.

The optical transitions between the ground state of an isolated atom (e.g. dopant ion) at
energy E1 and one of its excited states at energy E2 are shown in the Fig. 3.2(a). If this atom
is inserted into a crystalline host material, the electronic levels can couple to the vibrations
of the lattice through the electron-phonon interaction. The presence of coupling is drawn as
a continuous band of photon modes with each electronic state, as it is shown in Fig. 3.2(b).
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Figure 3.2: (a) Optical transitions between the ground state and an excited state of an isolated
atom. (b) Absorption and emission transitions in a vibronic solid, in which the electron-
phonon interaction couples each electronic state to a continuous band of phonons.

At first, we consider absorption process. The absorption of a photon puts electron in an
excited electronic state and creates a phonon. According to the law of conservation of energy
we determine energy of photon }ωabs as following:

}ωabs = (E2 + }Ω2)− E1 = (E2 − E1) + }Ω2, (3.5)

where involved frequency Ω2 is the angular frequency of the phonon. It follows that absorp-
tion is possible for a band of energies from (E2 - E1) up to maximum energy of the phonon
modes. After absorbing the photon, the electron relaxes non-radiatively to the bottom of the
upper band. In the relaxation process, the vibrational energy of the localized phonon excited
during the absorption transition rapidly spreads throughout the whole crystal and converts to
heat. Finally, the system returns to the ground state band by a vibronic transition of energy
equal to:

}ωem = E2 − (E1 + }Ω1) = (E2 − E1)− }Ω1 (3.6)

where the frequency of the phonon created in the ground state is equal to Ω1. Electron in
the ground state relaxes to the bottom of the band by non-radiative transitions where the
vibrational energy is again transformed into heat in the lattice.

The vibronic coupling leads to broad absorption and emission band which is observed
in many materials. The emission occurs at lower energy than the absorption. This red shift
is called Stoke shift. According to the Fig. 3.2 we can see that Stokes shift arises from the
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vibrational relaxation that take place within the vibronic bands. Unlike the isolated atoms in
which the absorption and emission lines occur at the same frequency.

3.2.2 Model of the configurational coordinate diagram

The Stoke shift between absorption and emission can be explain more in detail using the
model of configurational coordinate diagram that is based on two main approximations:

(i) The first approximation is used to limit our attention to only one representative (ideal)
mode of vibration instead of the many possible modes. Considering the ligand B
ions pulsate radially ’in’ and ’out’ about the A central ion (called breathing mode, see
Fig. 3.3), we need only one nuclear coordinate which corresponds to the distance A-B.
This coordinate is called configurational coordinate Q. Although here are many vibra-
tional modes in the crystal, in general, the configurational coordinate can represent the
average amplitude of one of these modes or linear combination of several of them.

(ii) The second approximation is called adiabatic approximation according to Born and
Oppenheimer (1927). It considers that the ions move very slowly in comparison to
the valence electrons. Therefore, electrons move without perceiving changes in the
nuclear positions. This approximation is valid because nuclei are much heavier than
the electrons, and therefore move on a far slower time scale.

Figure 3.3: Optical centre AB6 oscillating in the breathing mode. This particular centre
consists of a dopand optical ion A in an octahedral environment of B ions.

The solution of the Schrodinger equation of one-coordinate dynamic center with config-
urational coordinateQ leads to potential energy curve for the ground state g and excited state
e as it is shown in Fig. 3.4. Such a diagram is called a configurational coordinate diagram.
The curves in the diagram represent the interionic interaction potential energy. The horizontal
lines over each curve represent the set of permitted discrete energies (phonon states). In gen-
eral, the equilibrium position coordinates Q0 and Q′0 of the ground state and excited state,
respectively, are different. The energy Eg of the electronic ground state can be expanded as
a Taylor series about the minimum at Q0 as follows:
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Figure 3.4: The configurational coordinate diagram for the AB6 optical centre displayed in
the Fig. 3.3 which oscillates in the breathing mode. The dashed curves are parabolas within
the approximation of the harmonic oscillator. The horizontal full lines represents phonon
states.

Eg(Q) = Eg(Q0) +
dEg

dQ
(Q−Q0) +

1

2

d2Eg

dQ2
(Q−Q0)2 + . . . . (3.7)

Since we are at minimum, dE/dQ must be equal to zero. Therefore, the Eg curve will
be approximately parabolic for small distances from Q0. The same analysis can be applied
to the excited state. This means that to first order we have harmonic oscillator potentials.
Thus, according to harmonic oscillator approximation the potential curves of ground and
excited states can be approximated by parabolas, see Fig. 3.4 (dashed lines). Finally, interionic
potential energies, Eg(Q) and Ee(Q), of the ground state and excited state are given by

Eg(Q) = Eg +
1

2
MΩ2

1(Q−Q0)2 (3.8)

Ee(Q) = Ee +
1

2
MΩ2

2(Q−Q′0)2 (3.9)

whereM is an effective oscillating mass and Ω1 and Ω2 are characteristic vibrational frequen-
cies for the ground and excited states, respectively. These frequencies are different because
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the center can pulsate at different frequencies in the ground and excited states.
The discrete energy levels (horizontal lines in the Fig. 3.4) correspond to the phonon

levels of harmonic oscillator. For the lowest energy state the maximum probability to find
an electron is at equilibrium position Q0. For higher energy states the maximum probabil-
ity correspond the configurational coordinate energy Q where the corresponding vibrational
energy crosses with the parabola. This feature strongly influences the shape of emission and
absorption spectra.

3.2.3 Optical transitions in configurational coordinate diagram

Figure 3.5: A sketch of configurational coordinate diagram describing transitions between
two electronic states. Harmonic oscillators at the same frequency Ω are assumed for both
states. The absorption and emission band profiles are sketched based on the 0 → m (ab-
sorption) and n← 0 (emission) relative transitions probabilities, described in the text. For
simplicity the minima of these parabolas, Q0 and Q′0, are not shown.

The electronic transitions take place so rapidly that the nuclei do not move significantly
during the transition, what implies that optical transitions in configurational diagram can
be represented by vertical arrows, as shown in Fig. 3.5. This is called The Frank-Condon
principle and follows from Born-Oppenheimer (adiabatic) approximation.

27



In presented configurational diagram in Fig. 3.5 we consider a simplified two electronic
states of optically active center, in which the g and e states are both described by harmonic os-
cillators of the same frequency Ω and with maxima atQ0 andQ′0, respectively. The absorption
transition begins at the lowest vibrational level of the ground state (marked A). The emission
starts at the lowest vibrational level of the excited state (marked C) after non-radiative re-
laxation from higher vibrational states (B → C). Finally, emission ends in the ground state
(marked D) and is also followed by non radiative relaxation to the lowest vibrational level
of the ground state (D→ A). This gives rise to vibronic absorption and emission bands, as
shown in the right hand side of the Fig. 3.5. In principle, the absorption and emission bands
for a particular vibrational mode should consist of a series of discrete lines corresponding
to the creation of a specific number of phonons. However, in fact the electronic states can
couple to many different phonon modes with a whole range of frequencies, and therefore the
spectra form continuous bands.

The relaxation energies in the ground and excited states can be expressed as a product
of the phonon energy (}Ω1 and }Ω2) and the Huang-Rhys factor. The Huang-Rhys factors,
Se and Sg in the ground and excited states, respectively, give the mean number of phonons
involved in the absorption and emission processes.

The transition from the lowest vibrational level of the ground state to the lowest vibrational
level of the excited state is called zero-phonon line. There are no vibrational quanta involved
and the absorption and emission lines occurs at the same frequency. In general, the peaks
of absorption and emission band occur away from the zero-phonon line due to the difference
between Q0 and Q′0. As it is shown in the Fig. 3.5, there is a mirror symmetry between
the emission and absorption about the zero-phonon line. The energy difference between the

Figure 3.6: Configurational coordinate diagrams illustrating (a) the case of intermediate and
strong coupling and (b) the case of weak electron-phonon coupling.
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maximum of the absorption band and emission band is called Stokes shift, and the larger
Stokes shift is the broader optical bands are involved. In other words, the stoke shift is a
measure of the interaction between the emitting center and the vibrational lattice. We claim,
that the larger is the Stokes shift the stronger is electron-phonon coupling.

For weak coupling, the parabolas are not significantly shifted and the emission spectra
show narrow lines (e.g. case of f − f transitions of rare.earth ions). Strong coupling leads
to broad emission bands (e.g. 5d → 4f transitions of rare-earth ions, self-trapped excitons,
charge transfer transitions, etc.). Comparison of strong and weak coupling is shown in the
Fig. 3.6.

3.2.4 Rare-earth ions as luminescent centres

The rare earth ions are characterized by an incompletely filled 4f shell. The optically act-
ive 4f orbital is inner shell and is shielded from the surroundings by the filled 5s2 and 5p6

orbitals. Therefore, the influence of the host lattice on the optical transitions within the 4fn

configuration is very small. Because of the screening effect, the rare-earth ions have very
similar chemical properties and optical transitions of these optical centres are used in various
scintillation materials, solid state lasers or in phosphors for fluorescent lighting.

Figure 3.7: The energy level diagram of several trivalent rare-earth ions. Circles indicate
emitting energy levels. Block indicate levels of 4fn−15d and charge transfer (CT) higher
energy configurations.
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Generally, optical transitions are governed by two important selection rules:

• Spin selection rule which forbids electronic transitions between levels with different
spin states.

• The parity selection rule which forbids electronic transitions within the d shell, within
the f shell, and between the d and the s shells.

Due to several physical phenomena as spin-orbital coupling, electron-vibration coupling
or uneven crystal-field terms, selection rules are not absolute, and we distinguish allowed and
forbidden optical transitions. Energy levels of some significant trivalent rare-earth ions are
displayed in Fig. 3.7.

Forbidden transitions

The 4fn → 4fn intraconfigurational electronic transitions are characterized by sharp atomic-
like lines, as it is shown in Fig. 3.8. In a configurational diagram these levels appear as parallel
parabolas (∆Q = 0), due to screening of the 4f electrons by the surroundings. Therefore,
emission transitions are sharp lines in the spectra. Since the parity does not change in this
type of transition, the lifetime of the excited state is long (∼ 10−3 s). Splitting of energy
levels by crystal field is very small, because of the shielding by the 5sn and 5p6 electrons.
The crystal field strength for rare-earth ions (fn) is approximately a few times of 12 meV [8].
Typical rare-earth ions with sharp emission lines are Gd3+ (4f 7), Eu3+ (4f 6), Tb3+ (4f 8)and
Pr3+ (4f 2).

Figure 3.8: Line emission spectrum of Gd3+ in Lu3Al5O12 host lattice obtained at 274 nm.
It is an example of intraconfigurational 4fn transitions.

For instance, the Gd3+ ion has a half-filled 4f shell which gives a very stable 8S7/2 ground
state. The excited levels are at energies higher than 3.97 eV (312 nm). Therefore, the emission
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of Gd3+ is in ultraviolet spectral region. The 8S7/2 level (orbitally non-degenerate) cannot
be split by the crystal field. This limits the low-temperature emission spectrum into one line
(from 6P7/2 to 8S7/2 level). However, because of crystal field splitting of excited states, real
spectrum can be composed from more than one line. As an example, Fig. 3.8 displays narrow
emission lines which correspond to the spin and parity forbidden 6PJ → 8S7/2 transitions in
Lu3Al5O12 doped by Gd3+ ions with concentration of ∼ 4.8%.

Allowed transitions

The 5d orbitals are outer shells in comparison with the 4f orbitals. Hence, there is greater
dependence of 5d states on the surrounding environment which leads into larger influence of
the crystal field splitting. The 4f - 5d transitions are parity allowed and belong to the inter-
configurational transitions which manifest in broad emission bands with larger ∆Q, Fig. 3.10.
Trivalent ions Ce3+ (4f 1), Pr3+ (4f 2), Nd3+ (4f 3) and divalent Eu2+ (4f 6) are typical rare-
earth ions with band emission spectrum.

The spectral position of the emission band depends on the several factors depicted in the
Fig. 3.9. (i) The covalency (neuphaleauxetic effect), which is related to the phenomenon of
electron cloud expansion. Electronegativity difference of the ligands has influence on the 5d
states. If the covalency of the ligand bonding is increased, the position of the lowest 5d state
of rare-earth ion shifts down. (ii) The crystal field splitting constitute the electrostatic field
that results from the charged ligands which are around the rare-earth ion. (iii) The Stokes shift,
which is influence by electron-phonon coupling and determined by relaxation processes in
the ground and excited states.

Specifically, the 4f 1 ground state configuration of Ce3+ is due to spin-orbit coupling

Figure 3.9: The influence of covalency, crystal field splitting and Stokes shift on the 4f - 5d
transitions of Ce3+ ion.
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separated into two levels 2F5/2 and 2F7/2 (separated 2 000 cm−1), see Fig. 3.11. At low
temperatures and low Ce3+ concentation, it is possible to observe the 5d - 4f emission bands
separated into two distinct peaks, Fig. 3.10. The excited 5d1 configuration is split by the
crystal field of the host lattice in two to five components (spanning together 15 000 cm−1).
The 5d→ 4f transitions are spin and parity allowed and thus the decay time of the Ce3+ is
short a few tens of ns. The decay time is proportional to the square of the emission wavelength.

Dorenbos and co-workers have comprehensively investigated the crystal field splitting of
the 5d levels of Ce3+ ion in terms of its coordination environment [20]. A schematic energy

Figure 3.10: Band emission spectrum of Ce3+ in LuAG host lattice obtained for excitation at
340 nm. It is an example of interconfigurational 4fn - 4fn−15d transitions, [66]

Figure 3.11: Energy level diagram showing the lowest energy ground state components and
the fist excited 5d states of Ce3+ in garnets. The cubic crystal field splitting is indicated by ∆
and noncubic splitting by δ [100].
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level diagram for Ce3+ in garnets for cubic and non-cubic splitting is shown in the Fig. 3.11.
Emission wavelength depends on both the overall 4f–5d separation and the ligand field split-
ting of the d-levels [19].Within a single group of materials such as the garnets, the 4f–5d
separation is approximately constant so the ligand field effect dominates. The distorted cubic
site that is occupied by Ce3+ is strongly compressed along one axis, resulting in an approx-
imately tetragonal field at the rare-earth site [72]. The extent of the tetragonal distortion at
the rare-earth site affects the energy of the cerium absorption and emission in the garnet. An
increasing compression on the cube increases δ1 and shifts the lower excited state energy level
(E ′1) to even lower energies, while shifting the second lowest excited state level (E ′′1 ) to higher
energies. Therefore, excitation and emission maxima depends on the distortion around the
rare-earth site.

3.3 The quenching of luminescence

3.3.1 Thermal quenching of luminescence

The luminescence thermal quenching phenomenon observed in luminescent centres is always
related to electron-phonon interaction and radiationless processes [7].

The model of configurational coordinate diagram is used to describe thermal quenching
of the luminescence. In case of intermediate/strong coupling, Fig. 3.6(a), the relaxed excited
state may emit luminescence through radiative transition to the ground state, or it may relax
nonradiatively to the ground state if the temperature is high enough to allow the excitation to
reach the crossing of the two parabolas signed X in Fig. 3.6(a). Then system returns to the
ground state by means of nonradiative relaxation through parabola g.

In the case of weak coupling, 4f levels of rare-earth ions, the parabolas in coordinate
diagram are not significantly shifted as it is shown in the Fig. 3.6(b). However, the nonradiat-
ive relaxation to the ground state can still occur through so-called multiphonon nonradiative
emission process. Spontaneous multiphonon emission strongly depends on the energy gap
to the next-lower level (exponential energy gap dependence) and therefore on the number of
phonons required to converse energy (host dependence via phonon frequency spectrum).

Many applications require use of scintillators at room temperature, and efficient scintillat-
ors must obviously contain luminescent centres with a quantum yield as close to 1 as possible
without thermal quenching.

3.3.2 Photoionization

Photoionization is a kind of non-radiative process when the excited state of optically active
center lies very near or within the conduction band. This implies that in the excited state
an electron can be easily ionized from excited state of the center to the conduction band.
Subsequently, the electron can recombine with a hole somewhere else and luminescence is
quenched.
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In case of rare-earth ions the photoionization is studied for 4fn → 4fn−15d transitions.
The 4fn−15d states can be close to the bottom of the conduction band and even degenerated
within the continuum. In this case, the 5d electron can be delocalized in the conduction band
resulting in partly of complete quenching of the 4fn−15d → 4fn luminescence. When the
emitting level is located closely below the bottom of the conduction band, then, thermally
assisted photoionization may occur leading to luminescence quenching at temperatures low
or above room temperature.

3.3.3 The concentration quenching of luminescence

An increase in the concentration of luminescent center in a given material is accompanied by
an increase in the emitted light intensity, but only up to a certain critical concentration of the
specific luminescent centres. Above this concentration, the luminescence intensity starts to
decrease. This process is known as concentration quenching of luminescence.

In general, the origin of luminescence concentration quenching lies in a very efficient
energy transfer among the luminescent centres. The quenching starts to occur at a certain
concentration, for which there is a sufficient reduction in the average distance between these
luminescent centres to favour energy transfer. For instance, the following two mechanisms
cause the luminescence concentration quenching:

Concentration quenching

If the energy transfer is very efficient, the excitation energy can migrate about a large num-
ber of centres before being emitted. The excitation energy can be transferred to the centres,
defects of trace ions which act as acceptors. These centres relax to the ground state by mul-
tiphonon emission or by infrared emission, and therefore they acts as energy sink within
the transfer chain where is the luminescence quenched. Described process is illustrated in
Fig. 3.12(a). These kinds of centres are called killers or quenching traps.

Figure 3.12: The mechanisms of luminescence concentration quenching (a) energy migration
of excitation along the chain of donors and a killer which acts as nonradiative sink; (b) cross
relaxation between the pairs of centres with energy level diagram, where dash arrow indicates
nonradiative decay of radiative decay from another excited level.
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Cross relaxation

Cross relaxation mechanism is another type of energy quenching process which occurs by
resonant energy transfer between two identical adjacent centres, due to particular energy-level
structure of these centres, see Fig. 3.12(b). The resonant energy transfer process is possible in
two nearby similar centres because of the particular disposition of the energy levels, in which
the energy for the transition 3→ 2 is equal to that for the transition 0→ 1. As a result of the
cross-relaxation, the donor center will be in the excited state 2, while the acceptor center will
reach the excited state 1. From these states a nonradiative relaxation or emission of photons
with energies different than E3→ E0 will occur and the 3→ 2 emission will be quenched.

3.4 Delayed recombination

Any luminescence with a decay time much longer than the main scintillation decay time can
be defined as delayed recombination or afterglow. The radiant recombination of electrons
and holes is sometimes considerably delayed due to the trapping of electrons or holes. Part
of electrons can be trapped in the electron trap center, from where they can escape thermally
after some time. Only then they recombine with a trapped hole. The corresponding emission
occurs with considerable delay, called as afterglow or delayed recombination, see Fig. 3.13.

Figure 3.13: The delayed recombination mechanism. The electron can captured on the traps,
which are located near to the bottom of the conduction band (CB). However, after some
time it can thermally escape into the conduction band, where subsequently recombine on the
optically active center, e.g. cerium in this model.
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Chapter 4

Energy transfer

Luminescence and scintillation dynamics can be extensively influenced by the energy trans-
fer processes. Therefore, understanding energy transfer phenomenon in scintillators appears
highly demanding to optimize their parameters and to understand the obstacles in their per-
formance. The theoretical study of energy transfer started already in 50ths years of last cen-
tury in the pioneering works of Forster [24], who described the case of single step, so called
donor-to-acceptor energy transfer based on multipolar dipole - dipole interaction between two
impurity ions - luminescence centres. Later, Dexter extended this theory into other interac-
tion types (dipole - quadrupole, quadrupole - quadrupole) [18] and described the exchange
interaction mechanism. Inokuti and Hirayama [29] developed theoretical model in case of
limited migration. Higher concentration of donors may allow the limited energy migration
over donor subsystem, which was described in theoretical model of Yokota and Tahimoto
[103]. Luminescence decay by energy migration and transfer considering the effect of diffu-
sion are clearly described in work by Weber [98]. Special attention deserves the experimental
and methodological work by Blasse and his co-workers who approached the theory closer to
the experiment [8].

In this chapter, firstly, general assumptions for efficient energy transfer are discussed.
Secondly, the shape of decay curves is described according to the physical processes ongoing
in the material.

4.1 Characterization of energy transfer

When more than one optically active center is present in the material, an excited center may
transfer all or part of its energy to a nearby center. The simplest model of energy transfer
mechanism is displayed in the Fig. 4.1.

Here, the energy transfer occurs between two ions, which represent two types of lumin-
escence centres. The center that transfers its energy to another center is called donor(D),
while the other center is indicated as acceptor (A). The energy transfer between the donor
and acceptor can be written as a chemical reaction.
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D + A+ hνD → D∗ + A → D + A∗ → D + A+ hνA

where the asterisk indicates the excited states. The donor D absorbs the excitation light hνD
and shifts to an excited state D∗. Then the donor center relaxes to its ground state by trans-
mitting its excitation energy to center A, which shifts to an excited state A∗. And finally, this
acceptor relaxes to its ground state by emitting its own characteristic radiation hνA.

Figure 4.1: An example of the simple energy transfer from the donor D to an acceptor A
which are in the distance R. The donor is excited by external light with energy hνD that
transfers its excitation energy to the acceptor A. Emitted light has energy hνA.

It is important to note that the energy transfer process (D → A∗) can happen radiatively
or non-radiatively. In the radiative process, the excited donor emits a photon and acceptor
absorbs that photon before it leaves the crystal. This process obeys a 1/R2 law, where R
is the distance between D and A, and has little effect on the lifetime of the radiating level.
Unlike the radiative energy transfer that is not of the interest for practical applications, the
non radiative energy transfer plays very important role in the various applications, where e.g.
enhancement of the luminescence efficiency is required. In this case no photons are emitted
by the D donor ion.

In general, to allow the transport of energy, some interaction mechanism between the
excited donor D∗ and the acceptor A is needed. According to Forster and Dexter [24], the
probability of non-radiative energy transfer from the donor centres to acceptor centres can be
written as follows:

Pt =
2π

}
|〈ψDψA∗ |Hint|ψD∗ψA〉|2

∫
gD(E)gA(E)dE (4.1)

where ψD and ψD∗ are wavefunctions of the donor center in the ground and excited state,
respectively. Similarly, ψA and ψA∗ are wavefunctions of acceptor in the ground and excited
state, respectively, and Hint is the D − A interaction Hamiltonian. The integral in Eq. 4.1
represents the overlap between the normalized donor emission line-shape function, gD(E),
and the normalized acceptor absorption line-shape function gA(E) (e.g.,

∫
gD(E)dE = 1
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and
∫
gA(E)dE = 1). According to Eq. 4.1 the requirements for efficient energy transfer can

be determined by:

(a) Spectral overlap between the donor emission and the acceptor absorption spectrum
that is displayed in the Fig. 4.2, is essential for occurrence of the energy transfer. Because, if
the spectral overlap vanishes the transfer rate Pt vanishes too.

Figure 4.2: The spectral overlap between donor emission gD(E) and acceptor gA(E) absorp-
tion band. Overlap is illustrated as hatched part.

When the energy differences between the ground and exited states of D and A are equal,
it is called resonance condition or resonant energy transfer, see the Fig. 4.3(a). In general,
D and A are different centres and do not coincidence totally. However, there is usually an
energy mismatch between the transitions of the donor and acceptor ions, as it is shown in
the Fig. 4.3(b). In this case, the energy transfer process needs to be assisted by phonons
of appropriate energy }Ω. This energy transfer process is called phonon-assisted energy
transfer, in which electron-phonon coupling must be taken into account as well as interaction
mechanism responsible for the transfer.

Figure 4.3: The energy level schemes of donor D and acceptorA centres for (a) resonant
energy transfer (b) phonon-assisted energy transfer.
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(b) Suitable interaction between both systems must exist. Hamiltonian in Eq.4.1 in-
volves different types of interactions, which may be of the multiple-multiple interaction or of
the quantum mechanical exchange interaction type. For both types of interaction the distance
dependence between the donor ions and acceptor ions is different. For electric multipolar in-
teraction the energy transfer can occur even on fairly long distances. The distance dependence
is given by R−s, where s kind of multipolar interaction. While, the distance dependence of
the exchange interaction is exponential and requires wave functions overlap.

4.1.1 Multipolar interaction

For electric multipolar interactions, the energy transfer mechanism can be classified into sev-
eral types, according to the character of involved transitions of the donor D and acceptor A
centres. Electric dipole-dipole (d-d) interactions occur when the transitions in D and A are
both of dipole-dipole character. The probability per second of dipole-dipole energy transfer
is given by:

Pd−d(R) =
3c4}4σA

4πn4τDR6

∫
gD(E)gA(E)

E4
dE (4.2)

Another multipolar interaction of dipole-quadrupole (d-q) type has transfer probability
defined as follows:

Pd−q(R) =
135παc8}9

4n6τDτAR8

∫
gD(E)gA(E)

E8
dE (α = 1.266) (4.3)

In both Eqs. 4.2 and 4.3, the parameterR is the distance betweenD and A, n is the refractive
index of the crystal, σA is the absorption cross-section ofA, and the τD and τA is the radiative
lifetime of D and A, respectively. Functions gD(E) and gA(E) have the same meaning as in
the Eq. 4.1 and their overlapping ratio is the measure of the resonance condition. Transfer
probability of both processes vary with 1/Rs, where s = 6 for dipole-dipole transitions, s =
8 for dipole quadrupole and in case of quadrupole-quadrupole (q-q) transitions s = 10. In
general, dependence on R of the transfer probability due to electric multipolar interactions
can be written as follows:

Pt(R) =
βd−d
R6

+
βd−q
R8

+
βq−q
R10

+ ... =
∑

s=6,8,10

βs
Rs

(4.4)

where the factors βd−d, βd−q and βq−q weighting the different interactions depend on the
different spectroscopic magnitudes of theD andA centres, including the overlap factors given
in Eq. 4.1. If the dipole transition is allowed for bothD andA, the magnitudes of βs are βd−d>
βd−q > βq−q, and the dipole-dipole interaction has the highest transfer probability. However,
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if the dipole transition is not completely allowed for D or/and A, as is the case with the f-f
transition of rare-earth ions, it is probable that the higher-order interaction, d-q or q-q, may
have the larger transfer probability for small distance pairs due to the higher-order exponent
of R in the Eq. 4.4.

Figure 4.4: Resonant energy transfer process by Coulomb interaction

The Coulomb interaction in a resonant energy transfer process is displayed in Fig. 4.4.
Distance R between the donor and acceptor ion plays important role in energy transfer. To
decide in which distance energy transfer can occur we define the critical distanceR0 of donor
D and acceptor A ions. This parameter represents the separation at which the probability of
energy transfer from the D to A becomes equal to the probability of radiative transitions of
the donor. Therefore, for R > R0 radiative emission from D prevail, but for R < R0 energy
transfer from D to A dominates.

In the case of electric dipole interaction; (i) Energy transfer from a broad-band emitter
to a line absorber only occurs between nearest neighbours. (ii) Energy transfer from a line
emitter to a broad absorber is possible for distances up to 20 Å [80] and (iii) energy transfer
from broad-band emitter to a broad band absorber is possible for distances as large as about
35 Å. Higher order interactions processes, d-q and q-q, have larger transfer probabilities at
shorter distances, thus for d-q and q-q interactions it is around 8 Å and 2 Å, respectively
according to ref. [80].

4.1.2 Quantum mechanical exchange interaction

Exchange interactions occur if the donor and acceptor ions are close enough for direct overlap
of their electronic wavefunctions, as shown in the Fig. 4.2. In fact, the transfer probability
varies similarly to the overlap of the wavefunctions: Pt ∝ e−2R/L, where L is determined
by the van der Waals radii if the interacting D and A ions, see Fig. 4.5. Due to quantum
mechanical exchange interactions, the energy transfer between theD and A ions is important
only at very short distances. If the overlap of the wavefunctions varies as (−exp(−R/L))

with R, the transfer probability due to this interaction is defined according to Dexter [18] as
follows:
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Pex(R) =
2π

}
K2exp

(
2R

L

)∫
gD(E)gA(E)dE (4.5)

where K2 is a constant with dimension of energy squared and L is an effective Bohr radius,
which is an average of the radii of D in an excited state and A in the ground state.

Figure 4.5: Energy transfer by the exchange interaction, in which the overlapping of the wave-
functions of D and A, shade region, is necessary.

The exchange interaction requires the overlapping of the electron clouds of D and A and
therefore ion can not be further away than the second nearest site in the host lattice. However,
Eq. 4.5 requires also spectral overlap for the resonance condition. Then, if A is located next
to D, and the transitions are not completely electric dipole allowed, the transfer probability
by exchange interaction can be larger than for multipolar interactions.

4.2 Classification of energy transfer processes

The shape of I(t) curves of the donor centres carries very useful information about the nature
of the interaction process. Each shape of decay curve is characteristic for the physical pro-
cesses ongoing in the compounds. For example, if donor ion is excited selectively, the pres-
ence of acceptor emission in the emission spectrum points to D → A energy transfer. Then,
the effect of energy transfer manifests in shortening of the D decay time by the presence of
non-radiative energy transfer, since the transfer process shortens the lifetime of the exited
state D∗. Here we give some results for the specific situations which take into account the
energy migration among the donor and acceptor ions and consider influence of diffusion.

4.2.1 Isolated ion case

Considering a system of donors which excitation is followed by the emission from the same
ion (isolated ion case) or if the donor emission occurs after some energy migration among
the donors the decay curve is described by:
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I(t) = I0exp

(
− t

τD

)
(4.6)

where I0 is the emission intensity at time t = 0 (immediately after the excitation pulse) and
the τD is decay time of donor. The decay curve is exponential. The example of this simple
case is shown in the Fig. 4.6 (straight line with concentration Nd = 0 %).

4.2.2 Donor relaxation

In the intrinsic decay processes, the excited donor ions can relax to its ground state;

(i) by direct interaction and energy transfer to acceptor ions. This process is called one
step process which involves resonant energy transfer between donors and acceptors.
The theory for this process was developed initially by Forster[24] and by Dexter [18] for
multipolar coupling and later extended for exchange coupling by Inokuti and Hirayama
[29].

(ii) by migration of the vicinity of an energy acceptor, where direct interaction and trans-
fer occur. It happens in the system where the acceptor concentration is small and the
intrinsic decay is slow.

In material system where both direct energy transfer and energy migration to acceptors are
active, the form of the luminescence decay is more complicated. The characteristics of the
donor system relaxation can be divided into the three limiting cases (a) direct relaxation - no
diffusion (migration), (b) fast diffusion and (c) diffusion limited relaxation [99]. The theory
of energy migration and transfer considers a system of energy donors and energy acceptors
distributed randomly throughout the material. While, concentration of donors and accept-
ors is low and the distance between acceptors is very much greater than the distance among
donors.

Direct relaxation - no diffusion (migration)

Consider that no energy migration among the donor ions occurs. Then, the energy can be
transferred from the donor to acceptor only directly, by single step process, called donor-to-
acceptor energy transfer. Assuming that the acceptors A are randomly distributed at various
distances from the donor centres D in the crystal, the emission decay curve of D is non-
exponential one. According to Inokuti and Hirayama the shape of the donor decay time I(t)

for different electric multipolar interactions is given by:
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I(t) = I(0)exp

− t

τD
− α(C)

(
t

τD

)3

s

 , (4.7)

where

α(C) = Γ

(
1− 3

s

)
C

C0

, (4.8)

In the Eq 4.7 the parameter τD is the intrinsic lifetime of the donor ions. Then in Eq. 4.8 the
Γ() is the gamma function, C is the concentration of the acceptor A centres, C0 is a critical
concentration of the acceptor (A) for which the transfer probability, Pt, equals the donor (D)
emission probability, 1/τD. Parameter s = (6, 8, and 10), represents the type of interaction;
s = 6 for dipole-dipole, s = 8 for dipole-quadrupole, and s = 10 for quadrupole-quadrupole
interaction. Using Eqs. 4.7 and 4.8 the dominant interaction mechanism responsible for non-
radiative energy transfer and critical concentration of acceptors, C0, can be determined from
experimental data.

Figure 4.6: Decay curves of Tb3+ emission (5D4 - 7FJ ) influenced by energy transfer to Nd3+

ions in Ca(PO3)2 [55].
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For multipolar interactions, the decay curve at earlier times (t � τ0) is proportional to
Eq. 4.8. With time, the number of donors having unexcited acceptors within the critical trans-
fer radius diminishes. The luminescence then originates increasingly from excited donors
which are distant from acceptors and for which the intrinsic decay rate is more competitive
with energy transfer. The overall decay is therefore characterized by an initial nonexponential
proportion followed by an exponential decay at a rate governed by the intrinsic decay rate.
An example is demonstrated in the Fig. 4.6, which shows the decay curves of Tb3+ emis-
sion (5D4 - 7FJ ) in Ca(PO3)2. The decay curves of Tb3+ are non exponential due to energy
transfer from Tb3+ to Nd3+ ions. The effect is increasing with the concentration of acceptor
ions (Nd3+). The theoretical curves in this figure are calculated using Eq. 4.7 with s = 8
(dipole-quadrupole) interaction.

The critical concentrationC0 is tied up with the critical distanceR0 of donor and acceptor
pair, which is defined as follows:

R0 = 3

√
3

4πC0

(4.9)

R0 represents the separation at which the probability of energy transfer from the donor to
acceptor becomes equal to the probability of radiative transitions of the donor (e.g. 1/τD).

Fast diffusion

If resonant energy transfer between donor ions is possible, excitation may migrate through
the donor system until it comes to the vicinity of an acceptor, where direct relaxation by
donor-acceptor energy transfer occur. When the average donor separation is small and the
probability for resonant energy exchange between donors is large, energy diffusion can be
very rapid, leading to a spatial equilibrium within the donor system. The rate limiting step
for the donor relaxation may then be the donor-acceptor transfer rate or the acceptor relaxation
rate. Because of the fast diffusion, variations in the transfer times for different donor-acceptor
pairs are effectively averaged out and the donor system exhibits a simple exponential decay.

Diffusion limited relaxation

When the rate of energy diffusion within the donor system to acceptors is slow but still com-
parable to the intrinsic decay rate, the decay of the total donor system is composed of compet-
ing processes. Excited donors near acceptors relax predominantly by direct ion-pair energy
transfer, however, those donors which are in the longer distance must first diffuse into the
vicinity of an acceptors before relaxation occurs. General formula describing decay function
at dipole-dipole interaction, when both single step energy transfer and diffusion are active,
however the diffusion is not fast enough to maintain the initial distribution of excitation, was
derived by Yokota and Tanimoto [103].
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I(t) = I(0)exp

(
− t

τGd

− α(C)

√
t

τGd

(
1 + 10.87x+ 15.5x2

1 + 8.743x

)3/4
)

(4.10)

where x = Dβ−1/3t2/3 and D is the diffusion coefficient. Generalization of this formula
for any kind of multiple interaction was reported in ref. [48]. When diffusion coefficient
is small amd/or at short times after excitation, then x � 1, and Eq. 4.10 reduces to the
Inokuti and Hirayama Eq. 4.7 and non-exponential decay is predicted as discussed in previous
section 4.2.2. The decay is governed by those donors, which have the shortest distance to
activators. In the other limit at enough long time, the decay given by Eq. 4.10 becomes
nearly exponential, I(t) ∼ exp(−t/τ), with a rate approximated by

1

τ
=

1

τD
+

1

τM
(4.11)

where τM is the decay rate correction due to migration (diffusion), which is given in refs.
[96, 98].

1

τM
= 8.5Cβ1/4D3/4 (4.12)
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Chapter 5

Technology and material properties

The Ce3+ doped aluminium garnet scintillating crystal Y3Al5O12 (YAG) belongs to the family
of high figure-of-merit complex oxide scintillators [59, 52]. It is a material with very good
light yield, fast scintillation response, decent energy resolution, and its properties has been
progressively improved by means of Czochralski growth (Cz) technology optimization [52,
102].

Due to rather low proton number of the YAG:Ce single crystal, detection of high energy
photons as γ-rays is less efficient. Therefore, the yttrium cation was replaced by lutetium
with much higher proton number in order to increase detection efficiency of Lu3Al5O12:Ce
(LuAG:Ce) single crystal [63, 68, 13]. Both materials, YAG:Ce and LuAG:Ce, are non-
hygroscopic, chemically stable and have excellent chemical and mechanical properties. or in
2D micro-radiography [35, 90].

In 2D imaging screens thickness of the material plays important role and significantly
influence spatial resolution [91]. Generally, it is difficult to prepare thin plates of single
crystals with thickness less than ∼ 5 µm by mechanical polishing. To lower manufacturing
costs of screens and increase their dimensions, one can produce thin single crystalline films
by liquid phase epitaxy (LPE) method [74, 106, 107, 40, 38, 47, 27]. Therefore, the LPE
method represents convenient way how to prepare single crystalline films of thickness down
to 1µm grown on substrates of a large area up to 5 cm and even more. Thin epitaxial layers can
replace single crystals grown by Cz method in applications where submicrometer resolution
is required [48].

The second second advantage of LPE crystal growth of epitaxial layers in comparison
with the Cz grown single crystals is lower temperature of growth. The Cz method requires
high temperature of growth approximately 2000 ◦C, while thin epitaxial layers are grown
from the flux at temperatures Tg ∼ 1000 ◦C. This relatively low temperature of LPE growth
leads to the lower structural disorder and lower number of intrinsic crystal defects (e.g. an-
tisite defects and oxygen vacancies) [106, 60, 86], which presence leads to intensification of
slow scintillation components, decrease of light yield and possibly to worsening of energy
resolution [69].

Furthermore, epitaxial film have higher content of the activator ions compared to Cz single
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crystals what is advantage to obtain sufficient light yield from a few micrometers thick films.
The distribution of activator ions in epitaxial film is comparatively homogeneous and repro-
ducibility from sample to sample prepared by LPE is also very high.

Unfortunately, epitaxial film prepared by LPE can be contaminated by the ions coming
from the used flux. Epitaxial films prepared from the PbO-B2O3 (PbO) based flux contain
Pb2+ ions, which behave as quenching centres at room temperature and therefore light yield
is significantly decreased [2, 1]. The growth conditions can be optimized in order to diminish
the negative effect of Pb2+ contamination, but their complete removal is impossible. Recently
used BaO-BaF2-B2O3 (BaO) flux does not contaminate the film and has much lower negative
effect on scintillation properties [40, 39]. But, high viscosity of the flux leads to production
of pits and other macroscopic defects in the film [41]. Light yield is not severely affected,
but an intense slow scintillation response component does exist [71]. It was proven that slow
scintillation is caused by trapping of charge carries in shallow traps related to unspecified
structural defects.

Similarly, as in the bulk crystals grown from the melt, where band-gap engineering strategy
was used for reducing the negative effect of shallow traps using Ga, Gd admixture, chapter 9,
the LPE method was adopted for production of multicomponent garnet films containing Gd
and Ga substitution [70, 37, 36]. Firstly, the PbO flux was used to examine positive effect of
Gd+Ga admixture on scintillation properties of epitaxial garnet films. However, results pub-
lished in refs. [37, 36] did not exhibit any significant positive effect of Ga substitution on the
light yield. Probably, already mentioned Pb2+ contamination quenched light yield and only
some improvement of light yield, energy resolution, and relative intensity of fast scintillation
component was observed for Gd1.50Y1.44Al5.05O12:Ce sample.

In this work, the studied samples CexGdyLu(1−x−y))3(GazAl(1−z))5O12 were prepared
from the BaO flux and in comparison with the epitaxial layers prepared from PbO flux, much
better material properties were observed, especially in enhancement of light yield, remov-
ing of shallow traps and subsequently removing of slow component in scintillation decay, for
details see chapter 9.

This chapter focuses on the description of the LPE method together with some specific
characteristics that are necessary for preparation of epitaxial films of good surface and mor-
phological quality. Finally, inner garnet structure, epitaxial films, their surfaces and charac-
terization of studied samples are presented.

5.1 Method of liquid phase epitaxy

Figure 5.1 shows the equipment used for isothermal horizontal dipping liquid phase epitaxy
growth. The three zone furnace is outwardly covered by heat insulation. The platinum cru-
cible usually contains the fluxes as PbO and BaO wherein the oxide garnets Y2O3 and Al2O3

are melt. The substrate is fixed to the platinum holder which is caught to rod with rotating
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around the axis with constant velocity. It is possible to move the rod in the vertical direction
and the top of the furnace is covered with thermal barrier.

Figure 5.1: The furnace for liquid phase epitaxial growth with inner descriptive drawing.

The process of growth is described as follows:

• Preparation of substrate: The thin epitaxial films are grown on the substrates obtained
from Cz growth crystal which is cut into 0.5 mm thick plates with a of diameter 20 mm.
Surface impurities as dust and dirt have negative impact on the quality of the film, thus
cleaning of the substrate in warm sulphuric acid before growth is necessary. Finally,
the substrate is fixed in the holder as it is shown in the Fig. 5.1.

• Preparation of melt: The flux together with garnet oxides is put down into the plat-
inum crucible. During the melt mixing at temperature higher than saturation one, the
garnet oxide is dissolved in the melt and homogeneous composition is created after
several hours.

• Process of growth: Crystallization occurs and the layer grows on the both sides of the
substrate when the temperature is below the saturation temperature. Thus, the substrate
is slowly put into the melt solution. Equilibrium establishes. The substrate must have
approximately the same temperature as the melt. Otherwise spontaneous crystallization
may occur after immersion. The holder with dipped substrate rotates about 60 - 160
rpm around its vertical axis due to uniform film growth and change direction every 6 s.

• Pulling out: After growing process the sample is pulled out from the melt and by
quick rotation at about 800 rpm the remaining parts of the melt are removed. To pre-
vent cracking due to thermal shock, the substrate is slowly taken out from the furnace.
Finally, the samples are chemically cleaned in the warm nitric acid.
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5.2 Fundamental characteristics of epitaxial growth

There are several factors which significantly influence material performance and have crucial
impact on emission and scintillation properties of the film as growth conditions (growth rate,
growth temperature, and supercooling), flux composition, substrate orientation, film substrate
lattice match and morphology of the film substrate interface.

Temperature of growth and supercooling

The growth temperature directly influence the presence of impurities. With increasing tem-
perature presence of impurities decreases. The growth temperature should be strictly under
control, because the growth rate is approximately linear with the supercooling M T , which is
defined as the difference between the saturation temperature Ts of the melt and the temperat-
ure of growth Tg:

M T = Ts − Tg (5.1)

During the growth process, the growth rates strongly vary for individual fluxes. Layers grown
from PbO flux reach high growth rates from 0.3 to 2 µm, while the growth rates for BaO flux
are much lower, around 0.1 µm [41].

Melt composition

Preparation of epitaxial films in our laboratory specialized mainly on these two fluxes PbO-
B2O3 (PbO) or BaO-BaF2-B2O3 (BaO). The epitaxial films grown from the PbO flux are
characterized by excellent crystallographic properties and high quality crack-free smooth sur-
face. However, during the epitaxial growth process some impurities, especially Pb2+ and Pt4+

ions, are incorporated into the garnet film. These non-isovalent impurities are responsible for
the optical absorption in ultraviolet spectral range below 280 nm and they also worsen the
scintillation properties of the films.

BaO flux is a lead-free flux which does not attack the Pt crucible and therefore avoid
presence of non-iovalent impurities in the film. Also large Ba ions almost do not enter the
garnet lattice. These lead to the better luminescent properties of the films, but high viscos-
ity and high surface tension of this flux results in more complicated film growth and worse
morphology of these films. Concentration of optically active ions depends on both, the flux
composition and growth conditions.

Lattice mismatch and crystallographic orientation

The maximum lattice mismatch about∼ 0.02 Å between the epitaxial film and substrate was
established experimentally, otherwise the cracking or faceting of the film occurs. Crystal-
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lographic orientation of the substrate is important parameters which significantly influence
process of growing. We have investigated that melt composition and growth temperature
which are optimal for one concentration, e.g. orientation (111), are not necessarily optimal
for different, e.g. orientation (110), also confirmed by Robertson [75].

Homo and heteroepitaxial growth

According to the differences between the composition of substrate and film we distinguish
homo and heteroepitaxial growth, e.g. YAG:Ce (film) onto YAG(substrate) and LuAG:Ce
(film) onto YAG (substrate), respectively. The surfaces of the homoepitaxial growth are usu-
ally smooth, without cracks and the film have virtually the same crystallographic properties
as substrates. If the lattice of the film contains doping ions with the larger radius, the lat-
tice constant can slightly differ from the lattice constant of the substrate. For example, Ce3+

ions with ionic radius rV III = 1.143 Å incorporated into the dodecahedral sites of YAG in-
crease lattice constant of the film a⊥ = 12.0114(1) Å, while lattice constant of the film is as
= 12.0093(1) Å, presented in [41].

Figure 5.2: Edge of cleaved samples grown from the PbO flux where the arrow indicate the
film/substrate interface. (a) Homoepitaxially grown LuAG:Ce film on LuAG substrate. (b)
Heteroepitaxially grown LuAG:Ce on YAG substrate [41].

Heteroepitaxial growth is very useful for preparation of epitaxial films that contain large
ions or if there is an attempt to increase concentration of doping ions when lattice mismatch is
much higher than above mentioned limit 0.1 %. Unlike homotepitaxial grown films heteroep-
taxial films have different growth morphology and lattice mismatch between the substrate and
film. Difference between homo and heteroepitaxial films in film/substrate interface is shown
in the Fig. 5.2. Two samples grown from PbO flux are observed in optical microscope. Ho-
moepitaxially grown film (LuAG:Ce) on the substrate of the same composition (YAG) almost
coincide. The lattice difference is Ma = 0.02 %. Due to nearly the same chemical compos-
ition, the optical contrast between the film and substrates very weak and the film-substrate
interface is difficult to observe. However, the heteroepitaxially grown film (LuAG:Ce) on
the different composition (YAG) shows the visible mismatch. The lattice difference is high
Ma = 0.8 % and the film-substrate interface is apparent. Therefore, it is difficult to obtain by
heteroepitaxial growth the surface with the high perfection.
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Although macroscopic surface defects do not have impact on emission and scintillation
properties, if the films are expected to be used in applications with high spatial resolution, all
surface defects of the film should be avoided.

5.3 Properties of experimental material

5.3.1 Garnet structure

The garnet structure is a member of the cubic space group O10
h . The cubic unit cell consists

of 8 formula units of the general chemical formula

{C3}[A2](D3)O−2
12 , (5.2)

where the brackets are used to denote three different cation sites which are characterized by
their coordination to oxygen. Bracket {} belongs to 8-fold dodecahedron, e.g. distorted cube,
[] is for 6-fold octahedron and () is for 4-fold tetrahedron.

Due to cluttering oxygen sublattice is garnet structure considered to be one of the most
complicated inorganic structures in the nature. However, if we neglect the oxygen, as it is
shown in the Fig. 5.3, the structure turns out to be more simple. In contrast to the cations
whose relative coordinates in the unit cell are the same for all garnet compounds, the positions
of the oxygen ions depend upon the ionic radii of the neighboring cations. It means that, the
oxygen can fit to the size of the enclosed cations. The flexibility of the oxygen sublattice

Figure 5.3: A construction plan for the unit cell of the garnet structure: nine plane panels like
the one shown on the left side of the drawing are assembled as shown in the sectional drawing
on the right-hand side. (a) Shows positions of the cations and anions in the garnet lattice,
while (b) shows only cations, where a refers to the lattice parameter and C,A,D are cations
placed in the center of the dodecahedron, octahedron and tetrahedron octant, respectively. h
are anions, which are not displayed [25].
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specific feature of the garnet structure as it allows extreme variations in the size of the cations
with respect to each other. This is the reason why variety of cations can be easily incorporated
into garnet crystals.

If we consider garnet structure of yttrium or lutetium aluminum garnet YAG (Y3Al5O12)
or LuAG (Lu3Al5O12). The site C can be occupied by Y, Lu or Gd. In this materials sites
A and D are occupied by aluminum but can also be substituted by other elements, for example
gallium in yttrium gallium garnet YGG (Y3Ga5O12) or gadolinium gallium GGG (Gd3Ga5O12).

Garnets are characterized by a number of interesting physical and chemical properties
such as minimal hygroscopicity and high mechanical and radiation stability [67]. Important
property in applications is density of the material due to capability to detect hard radiation
as for instance γ-ray. For instance, scintillation material YAG:Ce has density ρY AG = 4.56
g/cm3, while material LuAG has higher density ρLuAG = 6.73 g/cm3 and higher effective
atomic number, and therefore higher stopping power, as it is referred in [64].

5.3.2 Epitaxial layers

Figure 5.4 shows the real sample of Ce3+ doped LuAG together with the structure composed
of epitaxial films from the both sides of thickness from 1 to 25 µm on the substrate which is
thick 0.5 mm and has diameter 20 mm.

Figure 5.4: Ilustration of the real sample LuAG:Ce with its structure.

5.4 Performance of the studied material

Studied material of nominal composition (CexGdyLu(1−x−y))3(GazAl(1−z))5O12 in the form
of thin single crystalline garnet films was prepared by method of liquid phase epitaxy. All
garnet films were grown by the standard isothermal dipping technique from the lead-free
BaO-B2O3-BaF2 flux, the growth details are described in the chapter 5. The BaO-flux was
chosen due to its main advantages; high purity of the films, negligible concentration of solvent
ions in the garnet lattice (content of divalent Ba2+ < 5 ppm according to the GDMS - glow
discharged mass spectrometry), its negligible chemical reactivity with platinum crucible and
elimination of incorporation of flux species (e.g. Pb2+, Pt4+ ions from standard PbO flux)
into the crystal. For the growth starting raw materials of 5 N purity were used. Epitaxial film
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Sample Thickness Ce concentration Gd concentration Ga concentration Substrate
(µm) x × 102 y × 102 z × 102

I. series:
CexGdyLu(1−x−y))3Al5O12

1LGB1 17.5 - 5.0 0 LuAG
1LGB2 17.7 0.06 4.5 0 LuAG
1LGB3 18.0 0.22 4.6 0 LuAG
1LGB6 17.0 0.30 4.5 0 LuAG
1LGB4 12.0 0.40 4.6 0 LuAG
1LGB5 8.0 0.50 5.0 0 LuAG
II. series:
CexGdyLu(1−x−y))3Al5O12

2LGB1 16.4 0.42 9.5 0 LuAG
2LGB2 17.3 0.49 14.9 0 LuAG
2LGB3 12.2 0.46 20.6 0 LuAG
2LGB4 9.5 0.33 27.9 0 LuAG
2LGB5 15.3 0.43 33.1 0 YAG
III. series:
CexGdyLu(1−x−y))3(GazAl(1−z))5O12

3LGB1 22.0 0.73 38.3 16.3 YAG
3LGB2 17.2 0.36 37.4 28.3 YAG
3LGB3 22.4 0.70 38.9 38.9 YAG
IV. series:
CexGdyLu(1−x−y))3(GazAl(1−z))5O12

4LGB1 34.5 0.49 54.0 40.5 YAG
4LGB2 23.0 0.77 69.4 41.9 YAG
4LGB3 32.2 0.57 72.9 52.3 YAG
4LGB4 24.0 0.67 73.4 53.9 GGG
4LGB5 12.0 0.74 73.0 53.8 YGG
V. series:
CexGdyLu(1−x−y))3(GazAl(1−z))5O12

5LGB6 21.88 0.67 100.8 53.8 YGG
5LGB7 27.51 0.71 101.5 59.6 YGG
5LGB8 11.10 0.65 100.3 66.3 YGG
5LGB9 28.17 0.78 102.5 70.7 YGG
5LGB10 26.92 0.64 100.8 71.5 GGG

Table 5.1: Thickness and concentration of dopants in Gd and Ga substituted YAG/LuAG:Ce
epitaxial garnet films determined by EPMA.

were grown from supercooled melt solution onto YAG, LuAG,substrates with orientation
(111), then YGG and GGG substrate with orientation (100). The growth temperatures were
in the range of 1000-1070 ◦C and the growth rates 0.10 - 0.17 µm/min.

Overall five series of samples with different concentration of Ce, Gd and Ga were pre-
pared. Details as thickness of the films, concentration of dopants and type of substrate are
listed in the Table 5.1. Values of Ce and Gd concentration apply to proportion of ions in
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Figure 5.5: Concentration of Ce, Gd and Ga ions in CexGdyLu(1−x−y))3(GazAl(1−z))5O12

epitaxial garnet films determined by EPMA.

dodecahedral rare earth sites in the garnet lattice and Ga ions replace all Al ions.
The LPE method allows to prepare many reproducible samples with slightly different

concentrations. A set of samples (I. series) with constant Gd of (4.8 ± 0.3) % and variable
Ce content which changed in several steps from 0 to 0.5 % was prepared especially to study
influence of Ce,Gd co-doping on observed energy transfer from Gd3+ to Ce3+ ions. These
samples do not contain Ga. The idea of co-doping in second series is opposite. Concentration
of Ce is constant (0.46± 3) %, while Gd concentration increased from 10 to 33 %. In the third
set of samples Ga content is present. The rest of samples contain increasing concentration
of Gd and Ga, while concentration of Ce remains approximately ∼ 0.6 %. The maximal
concentration Ce concentration in garnet films is limited by low segregation coefficient of Ce,
kCe ≈ 0.1 for LuAG:Ce epitaxial films grown from the BaO flux. Increasing CeO2 content
in the melt above ∼ 1% does not lead to increase of Ce concentration in films since CeO2

oxide does not dissolve completely in the flux. Therefore, the growth of samples with higher
Ce content is problematic. Mutual comparison of Ce, Gd and Ga values of concentration
attributable to individual set of samples from the first to fifth series are shown in the Fig. 5.5.

It is worth of noting, that studied multicomponent composition of Gd3Al5O12 garnet is
thermodynamically unstable, and it does not exist as a single crystal. To stabilize the garnet
structure, it is necessary to replace a part of Al atoms (in octahedral site rV I) with those with
larger radius, for instance, Ga or Sc. Or to substitute a part of Gd atoms in dodecahedral
site (rV III) by those with smaller radius such as Y or Lu. Atomic radii of these atoms are
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summarized in the Table 5.2. Due to this reason, in samples with concentration of Gd higher
than 33 %, the Ga atoms are substituted for Al in tetrahedral or octahedral sites. This is the
case of third, forth and fifth series of the samples, see the Table 5.1.

Atom Position Radius
Å

Al r V I 0.535
Ga r V I 0.620
Sc r V I 0.740
Gd r V III 1.053
Y r V III 1.019
Lu r V III 0.977

Table 5.2: Values of ionic radii of several atoms. Symbols V I and V III are attributed to the
octahedral and dodecahedral positions in the garnet structure, respectively.
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Part III

Experimental part
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Chapter 6

Experimental methods

In this work, optical and scintillation properties of the samples were studied by different
methods. Film characterization as surface and composition were determined by X-ray struc-
tural analysis and electron probe microanalysis (EPMA). Optical properties were examined
by absorption, emission and excitation spectra. The special emphasis was put on the pho-
toluminescence decay kinetics and cathodoluminescence. Some additional measurements
as light yield, kinetic decays by α particles and thermoluminescence were accomplished to
complete the entire picture of all characteristics of the studied material.

Absorption spectra provide basic information about the material. In the range of 190 -
1100 nm, the reflection and absorption regions are established. This measurements allow to
identify the impurities in the film or color centres present in the substrate. The concentration
of dopants in the films is possible by mutual comparison of absorbance spectra. Transitions
of the optically active centres in the material are studied by photoluminescence. Position
of energy levels that are influenced by co-doping with other elements is visible in emission
spectra.

The photoluminescence decay kinetics measurement is used to determine lifetime of the
excited states of optical centers, Ce3+ or Gd3+. Moreover this measurement can reveal es-
caping of energy from one ion to another, as well as the presence of the traps that manifests
in the observed long decay time component. The cathodoluminescence measurements allow
to measure long and slow component at the same time, due to long dynamical range, and
therefore these measurements provide very important information about the traps present in
the layer. The optimal concentration of Ce, Ga and Ga material was confirmed by light yield
measurements and thermoluminescence.

6.1 Film characterization

The film surface properties were studied using optical microscopy and composition was de-
termined by the electron probe X-ray microanalysis (EPMA). The crystallographic properties
of the film were studied using X-ray diffraction. Thickness of epitaxial film was obtained by
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weighting.

6.2 Absorption spectra

Optical transmission spectra were measured at room temperature in the spectral range from
the ultraviolet to the near infrared (190 - 1100 nm) using commercial spectrometer Specord
200. Absorption spectra of heavily Gd doped 1 mm thick single crystal garnet Gd3Ga3Al2O12

doped by Ce3+ was measured by Shimadzu 3101PC spectrometer in the spectral range from
190 to 800 nm at various temperatures (77 - 400 K).

6.3 Photoluminescence and radioluminescence spectra

The photoluminescence (PL), excitation and emission spectra were measured using commer-
cial spectrometer Fluormax-3 in the spectral range within the 200 - 800 nm. The X-ray excited
radioluminescence (RL) spectra were measured using an X-ray tube (10 kV, 50 mA) using
custom made spectrofluometer 5000M Horiba Jobin Yvon as for PL decay kinetics measure-
ments. The RL characteristics depend on the host activator energy transfer mechanism which
characterizes the steady state scintillation efficiency. For comparison in an absolute scale the
radioluminescence spectrum of the reference scintillation material Bi4Ge3O12 (BGO) single
crystal was measured at room temperature.

6.4 Photoluminescence decay kinetics

Photoluminescence (PL) decay kinetics were measured using the custom made spectrofluo-
meter 5000M Horiba Jobin Yvon. The nanoLED pulse (λ = 339 nm) and microsecond xenon
flash lamp were used as excitation sources for fast and slow decay kinetics, respectively. The
PL decays were measured in (i) the submicrosecond (time correlated single photon counting)
and (ii) milisecond (multichanel scaling) time ranges. Photon counting TBX-04 detection and
single grating excitation/emission monochromator were used. The scheme of optical part of
equipment is displayed in the Fig. 6.2.

(i) Measurement based on the single photon counting method is described as follows:
First, the excitation light creates a pulse in the synchronization photomultiplier (PMT) and
initialize the time interval measurement. The pulse is shaped in an electronic signal pro-
cessing device (CFD - constant fraction discriminator) and subsequently guided into the the
time-to-amplitude converter (TAC) as the starting pulse. The first photon of luminescence
creates the pulse which is modified and guided into the TAC as a stopping pulse. It ends
the time measurement. The time interval between the start and stop pulses is converted to
voltage and a unity is added to a corresponding channel in the multichannel analyzer (MCA).
After many repetitions of the measurements cycle the decay curve is created in the memory
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Figure 6.1: Scheme of the optical equipment for decay kinetics measurements.

of MCA. Distribution of the detected photons in time directly corresponds to the decay curve
after the pulse excitation. As a result the decay curve of luminescence center is depicted
on the computer screen as the dependence of the number of photons on time. However, the
axis attributed to time is recorded in channels. Using the value per channel and number of
channels gives the real time range.

(i) Single photon counting method

The principle of this method is measurement of the time interval between the pulse excita-
tion of the source and the detection of the first photon emitted by the sample. Measurement
based on the single photon counting method is described as follows: First, the excitation
light creates a pulse in the synchronization photomultiplier (PMT) and initialize the time in-
terval measurement. The pulse is shaped in an electronic signal processing device (CFD -
constant fraction discriminator) and subsequently guided into the the time-to-amplitude con-
verter (TAC) as the starting pulse. The first photon of luminescence creates the pulse which
is modified and guided into the TAC as a stopping pulse. It ends the time measurement. The
time interval between the start and stop pulses is converted to voltage and a unity is added
to a corresponding channel in the multichannel analyzer (MCA). After many repetitions of
the measurements cycle the decay curve is created in the memory of MCA. Distribution of
the detected photons in time directly corresponds to the decay curve after the pulse excita-
tion. As a result the decay curve of luminescence center is depicted on the computer screen
as the dependence of the number of photons on time. However, the axis attributed to time
is recorded in channels. Using the value per channel and number of channels gives the real
time range.
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(ii) Multichannel scaling method

Milisecond decay curves were measured using the pulsed xenon flash lamp and multichan-
nel scaling method. The optical part of the experimental setup is identical with the previous
method, Fig. 6.2. After the excitation flash the signal from the detection PMT is registered in
the first channel in the MCA for certain time interval (time per channel), then the electronics
switches to the next channel and counts the signal for the same time interval. It is repeated
for every channel in the MCA range. These cycles are repeated for many times to increase
the signal-to-background ratio. Finally it results in the real decay time curve.

During PL temperature dependent measurements, an Oxford Instrument Optisat cryostat
was used to obtain temperature dependencies of the PL within the temperature range 77 -
480 K. In all measured decay curves the convolution of the experimental decay curve and
instrumental function is applied using Spectra Solve software package (Ames Photonics) to
extract the true decay time values.

6.5 Photoelectron yield

In selected samples, photoelectron yield and energy resolution were determined by pulse
height spectroscopy of scintillation response. Alpha particles from 239 Pu radioactive source
(5.157 MeV) were used for excitation with respect to the thickness of epitaxial layer which is
only a several µm thick. Light yield of epitaxial films is difficult to calculate from photoelec-
tron yield, due to special geometry of the measurement that cannot determine light collection
efficiency. Because of small penetration depth of 10 - 15 µm of the α particle the radioisotope
is placed directly onto the LPE film. Using a silicon grease, the sample is optically coupled
from the other side to a hybrid photomultiplier (HPMT) [15] model DEP PPo 475B. Sig-
nal from HPMT is processed by spectroscopy amplifier ORTEC model 672 and multichannel
buffer ORTEC 927TM. Pulse-height spectrum is displayed on PC. More details are published
elsewhere [69].

6.6 Cathodoluminescence

Electron beam excited decay kinetics and emission spectra were measured using the equip-
ment built in the Institute of Scientific Instrument in Brno that is schematically shown in
Fig. [11]. The samples placed in the vacuum chamber can be irradiated by an electron beam
of 5-20 keV. The e-beam is modulated by an electrostatic deflection system located above the
sample. The system produces e-beam pulses of variable width (the minimum width is 50
ns - 1 ms) with 800 ps rise and fall time (measured in the range 10% - 90% of the intens-
ity). Modulation of e-beam is important for the pulse excitation of the sample. Around the
sample is the Faraday cage to enable e-beam current measurement. The measured current is
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Figure 6.2: Schematic diagram of CL equipment instruments and their signal connections
[10].

converted to the voltage and sampled by the Agilent 34401A multiplier. The sample cham-
ber is equipped with an electric heater for samples heating to 550 K, that is used to in situ
temperature dependence experiments.

The CL spectra were measured under excitation of electron beam with energy 10 keV
and the current of 20 nA and the beam spot had 2 mm in diameter. Spectra were collected
by Horiba JY iHR320 spectrometer with Synapse CCD back illuminated detector. The data
were corrected for the apparatus spectral function. The CL decays were measured under ex-
citation by an electron beam pulse of 10 keV. Two types of settings were used: 50 nA with
pulse duration of 50 ns and repetition rate of 100 Hz, and 30 nA with pulse duration of 1 ms
and repetition rate of 20 Hz. Emission was collected through spectra range of 450–700 nm
of Ce3+ (5d–4f) emission band. The decays were measured with 2.5 GHz oscilloscope Tek-
tronix DPO7254 with sampling rate of 40 GS/s. High sampling frequency allows to measure
the decays in a broad time range up to 40 µs with 5 ns time resolution and with high dynam-
ical resolution of 4 orders of magnitude. This experimental configuration enables to detect
simultaneously both fast and slow decay components, which can differ in several orders of
magnitude. The decay curves were corrected for the response of the detection unit. In the
CL experiments the samples were coated by 100 nm thick layer of Al. The details of the CL
apparatus are published in ref. [11]. Measurements were made at room temperature and in
the temperature range from 100-480 K.
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Chapter 7

Optical and scintillation properties of
Ce3+ doped (LuGd)3(AlGa)5O12

multicomponent garnets

Introduction

Great success in improving of optical and scintillation properties of Ce3+ doped lutetium
aluminum garnet was obtained by gadolinium and gallium co-doped garnet bulk scintillators.
This achievement inspired investigation of thin single crystalline garnets LuAG:Gd,Ga doped
by Ce3+ which are prepared by method of liquid phase epitaxy [70, 37, 36, 108, 110, 109].
Although concentration of antisite defects is low in epitaxial films, it seems that Ga sub-
stitution in multicomponent LuAG:Gd garnets is the key element in improving scintillation
properties that are reduced mainly due to shallow traps related to the unspecified structural
defects present in the material. Moreover, even deeper electron traps were removed by Ga
admixture in LuAG:Ce [23].

This chapter follows up with previous work based on the study of Gd, Ga substituted
multicomponent garnets prepared by LPE method using the PbO flux published in [36, 37].
However, there was no positive impact of Ga substitution on decay kinetics or increasing of
light yield observed. The main reason was the Pb2+ contamination that cannot be removed,
section 5, if the PbO flux is used for growth. Samples studied in this work had been prepared
from the BaO flux and provide better results in comparison with the samples prepared by PbO.
Especially, in the significant increase of Ce3+ emission in the Gd, Ga substituted samples, see
section 7.3.3.

The aim of this chapter is to investigate the photoluminescence properties of Ce3+ doped
LuAG admixed by Gd3+ and Ga3+ ions. In this chapter, which is divided into three parts, the
change in crystal field splitting by Gd and Ga substitution and the position of the band gap as
a function of Ga3+ concentration will be discussed.

In the first part, the specific features of Ce, Gd and Ga doping are discussed in the ab-
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sorption spectra, together with changing of the relative position of Ce absorption peaks by
Gd and Ga doping.

The second part is focused on the investigation of the mutual Ce and Gd co-doping and
its impact on the Ce3+ performance. Since, the Gd3+ ions are known as effective donors for
a number of rare earth ions [8], the energy transfer from the Gd3+ to Ce3+ could be expected
in the Gd-Ce co-doped aluminum garnets and mediated by the energy migration in the Gd
sublattice. Here, we deal with the low concentrations of Ce and Gd in the ranges from 0 to
0.5 % and from 5 to 33 %, respectively. The first set of samples was prepared especially for
study of energy transfer process from Gd3+ donors to Ce3+ acceptors. This mechanism was
observed in photoluminescence emission and excitation spectra and finally confirmed in the
photoluminescence decay kinetics as will be presented in this part, section7.2.4. Real nature
of the energy transfer process will be discussed in detail in the next chapter 8.

Subject of the third part is study of Ga substitution and its impact on the photolumin-
escence (PL) and radioluminescence (RL) spectra. Scintillation properties studied by decay
kinetics will supply information about Ga influence on Ce3+ decay time. Finally, the main
impact of Ga doping on scintillation response and light yield will be discussed in the last
chapter 9.

7.1 Transmission and absorption spectra

7.1.1 Transmission and surface quality

Transmission spectra of studied samples were measured in the spectral range from 190 nm to
1100 nm. These spectra are strongly dependent on the surface quality. Only samples with low
concentration of Ce (0.06 - 0.22 %) and Gd (∼ 4.8 %) showed high transparency almost 80%
that is close to the theoretical limit, see Fig. 7.1with samples 1LGB1 (Ce-free) and 1LGB2
(Ce-doped). These two samples have satisfactory surface perfection due to low difference
between the lattice parameter of the film af and substrate as (∆a = af - as ≈ 0.02 Å). The
other sample 5LGB5 in Fig. 7.1 have markedly lower transparency due to scattering of light
by dull surface. Surface imperfections are caused mainly due to large mismatch (∆ a∼ 0.05-
0.25 Å). Figures 7.1(a) and (b) display surfaces of samples 1LGB2 and 5LGB5 with high and
low surface quality, respectively. These pictures were obtained by microscope analysis.

7.1.2 Optical absorption

Detailed analysis of the optical absorption is performed using transmission spectra. Firstly,
the transmission - intensity fraction of the incident and transferred light through the sample
was measured, and then the absorption coefficient was obtained as follows: Transmission T
is expressed by relation:
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Figure 7.1: Ilustrations of (a) surface with high transparency (red curve in the Fig. 7.2) and
satisfactory surface quality with sparse surface pits, and (b) surface with low transparency
(the blue curve in the Fig. 7.2) and lower surface quality due to large mismatch of lattice
parameter between the surface and layer. The step relief comes from misorientation of the
substrate in ∼ 10 ◦ from (100) direction. Pictures were taken by optical microscope.

Figure 7.2: Transmission spectra of Ce-free (1LGB1) and Ce doped LuAG:Ce (1LGB2)
grown upon LuAG substrate and GGAG:Ce (5LGB5) grown upon YGG substrate.

T =
(1−R)2exp(−∆)

1−R2exp(−2∆)
, (7.1)

where ∆ represents absorption losses. Specifically, it is a product of absorption coefficient of
the film αf and the substrate αs by their thicknesses tf and ts, respectively. R is reflectivity
and all losses caused by scattering are included in the parameter ρsc.

∆ = αf tf + αsts + ρsc (7.2)

Finally, the absorption coefficient of the film αf is derived from Eqs. 7.1 and 7.2 as:
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αf =

[
ln

(
1

2T

(
(1−R)2 +

√
(1−R)4 + 4R2T 2

))
− (αsts + ρsc)

]
/(2tf ) (7.3)

Absorption coefficient of all studied samples was obtained by means of the previous formula
Eq. 7.3. All absorption spectra were corrected on the scattering and absorption originated
from the substrate, correction method is described in [105].

Absorption spectra of three samples are shown in the Fig. 7.3. The reference sample,
Ce3+ doped LuAG (12LBC1), exhibits two dominant broad absorption bands at ∼ 450 and
340 nm that are attributed to the allowed electric dipole transitions in Ce3+ from 4f(2FJ )
multiplet to crystal field split 5d1,2(2D) excited states. Absorption spectrum of the second
sample (2LGB2) with Gd content shows sharp absorption lines at 270 and 310 nm that cor-
respond to spin and parity forbidden 4f-4f transitions, 8S7/2 → 6IJ and 6PJ , respectively, in
the Gd3+ ions. Substitution of Ga for Al in the third sample (5LGB7) manifests in significant
increasing of absorption in the UV spectral range below 280 nm.

Figure 7.3: The absorption coefficient of (LuGd)3(AlGa)5O12:Ce epitaxial films grown from
BaO flux. Concentrations of the Gd and Ga are given in the legend. Concentration of the Ce
is proportional to the value of absorption coefficient at the∼ 450 nm maximum. The shift of
Ce peak at ∼ 460 nm is due to changed crystal field splitting by Gd and Ga concentration. A
significant increase of absorption below 280 nm in the spectra of the third sample (5LGB7)
is a consequence of decreased gap due to Ga substitution.

Fig. 7.4 displays absorption coefficient of samples with constant Gd concentration∼ 4.8±
0.3 % and increasing Ce concentration from 0 to 0.5 %. Concentration of Ce is proportional to
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the value of absorption coefficient at ∼ 450 nm. It is worth noting, that measured absorption
coefficient of reference LuAG:Ce single crystal from Crytur is 110 cm−1. As it is evident
from Figs. 7.3 and 7.4 Ce content in films can be significantly higher.

Figure 7.4: The absorption coefficient of (LuGd)3Al5O12:Ce epitaxial films (the first series).
Concentration of Ce which is given in the legend is increasing while Gd stays constant∼ 4.8
± 0.3 %.

Amount of Gd concentration has influence on the position of the Ce3+ absorption peak
which is attributed to the 4f-5d1 transitions and shifts its maximum to the longer wavelengths
in comparison with the Gd free sample (12LBC1), see Fig. 7.3. This phenomenon is known
as red shift and occurs here due to Gd doping. Red shift was firstly reported in the early
1980ies [76] and originates from decreased symmetry of the crystal field in dodecahedral
sites occupied by the large Gd ions [100] and consequently increased splitting, see Fig. 7.5.
Substitution of Ga for Al has opposite influence on the position of the Ce peak (∼ 445 nm) and
moves it on the opposite direction- blue shift due to increasing symmetry by Ga substitution
when garnet became ”more cubic”, see section 3.2.4. Effect of Ga results also in shift of
the absorption edge from the 6.5 eV (for sample 1LGB2) to 6.5 (for sample 5LGB5) as it is
shown in the transmission spectra in Fig. 7.2.

Due to decreasing and increasing symmetry of crystal field by Gd and Ga doping, respect-
ively, the relative position of Ce related peaks is changing. Figures 7.5(a) and (b) demonstrate
mutual distance of both Ce absorption peaks (at ∼ 340 and 450 nm) for samples with zero
Ga content, while Gd is increasing, and constant Gd content (∼ 38 %), while Ga has increas-
ing character. With increasing Gd concentration the maxima of Ce peaks are receded, while
increasing concentration of Ga has the opposite behaviour and the Ce3+ absorption peaks are
converging to each other. It means that Gd and Ga substitution changes relative position of
5d1 and 5d2 excited states of Ce3+ in demonstrated way on the Figs. 7.5(a) and (b).
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Figure 7.5: The absorption coefficient of (LuGd)3(AlGa)5O12:Ce epitaxial films. (a) Influ-
ence of (a) Gd and (b) Ga on the mutual position on Ce absorption peaks. For specific Gd,
Ga concentrations see the legend.

7.2 Effect of low Gd concentration on Ce3+ related optical
and scintillation properties

7.2.1 Ce3+ emission and excitation spectra in LuAG:Gd

The PL spectra of samples with constant concentration of Gd (∼ 4.8 ± 0.3 %) and varying
concentration of Ce increasing from 0 to 0.5 % are shown in the Fig. 7.6. The PL emission
spectra (solid lines) were excited in the Ce(4f-5d1) absorption at ∼ 445 nm. Observed emis-
sion doublet band around 520 nm is typical for 5d1 → 4f(2F7/2,5/2) emission in Ce3+ ions.
The position of this emission is sensitive to the local crystal field and depends on the material
composition and structure. The PL excitation spectra (dash lines) were monitored at the max-
imum of Ce3+ emission at various wavelength from∼ 510 to 530 nm. These spectra exhibits
close correlation to the absorption ones, cf. Figs 7.6 and 7.4.

Figure 7.7 shows PL emission and excitation spectra of samples with increasing concen-
tration of Gd (from 10 to 33 %) and constant concentration of Ce (∼ 0.39 %). The maximum
of Ce emission peak is moving from the 520 to 540 nm with increasing Gd concentration.
The excitation spectra exhibit besides the cerium related broad band at ∼ 340 and 445 nm,
sharp split peaks around 274 nm and a weak structure around 310 nm. These peaks originate
from 4f- 4f transitions in Gd3+ and correlate to the absorption features observed in Fig. 7.3.
Small Gd peak at 274 is slightly observable also in the Gd lower doped samples, see Fig. 7.6.
The fact that Ce3+ emission is excited by means of excitation of 6IJ , 6PJ (4f) multiplet states
of Gd3+ indicates energy transfer from Gd3+ to Ce3+ ions. Such peaks in the PL excita-
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Figure 7.6: The photoluminescence spectra of (CexGdyLu(1−x−y))3Al5O12 samples with con-
stant concentration of Gd (∼ 4.8 ± 0.3 %) and various concentration of Ce from 0 - 0.5 %.
The emission spectra (right) are excited at 445 nm and excitation spectra (left) are monitored
at maxima of Ce emission peaks, see the legend.

Figure 7.7: The photoluminescence spectra of (CexGdyLu(1−x−y))3Al5O12 samples with in-
cresinf concntration of Gd (from 10 to 33 %) and constant concentration of Ce ∼ 0.39 %.
The emission spectra (right) are excited at 445 nm and excitation spectra(left) are measured
at at same wavelength 530 nm.

tion spectra were observed in all Gd substituted samples for all the Gd concentrations, see
Figs. 7.20, 7.21 and 7.22 and also in ref. [37].
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7.2.2 Red shift of Ce3+ emission induced by Gd doping

Above discussed red/blue shift is demonstrated in normalized PL spectra of samples with
constant Ce concentration and increasing Gd content in the range from 9.5 % to 33% (the
second series) in Fig. 7.8(a). According to the concentration of the Gd, maximum of Ce
emission peak moves from 510 nm in LuAG:Ce to 525 nm in YAG:Ce, and towards 560 nm
in heavily Gd substituted garnets [36]. These spectra were excited at 274 nm and demonstrate
shift of the maximum of Ce emission peak to the lower energies (longer wavelengths) with
increasing Gd concentration. The arrow indicates direction of movement. For comparison
the normalized RL spectra are shown in the Fig. 7.8(b). The RL spectra are normalized to the

Figure 7.8: (a) Normalized PL spectra excited at 445 nm and the (b) X- ray excited RL spectra
of (LuGd)3Al5O12:Ce epitaxial films with constant concentration of Gd = 4.8 ± 0.3 % and
variable concentration of Ce, see the legend. Spectra are normalized to the maxima of Ce3+

emission peaks.
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maximum of Ce-related peak at (∼ 2.21 - 2.32 eV). Both PL and RL spectra are in correlation.

The difference between maximum of absorption and emission peak - Stokes shift was
calculated for all samples. However, before calculation all spectra were corrected and plotted
on an energy scale. The intensity was corrected according to Blasse [8] to obtain a photon flux
per constant energy interval on the vertical axis. Instead of absorption spectra the excitation
spectra were used to obtain the position of the maximum of cerium peak. This is possible due
to very close correlation of the absorption and excitation spectra in the thin layers with small
absorbance when these two spectra are practically identical. Both emission and excitation
spectra were plotted as dependence of intensity on the energy. Table 7.1 presents the spectral
positions of the excitation and emission 5d band maxima extracted from Fig. 7.8(a) and values
of calculated Stokes shift. Dependence of Stokes shift on the Gd concentration is displayed
in the Fig. 7.9. It is shown that higher concentration of Gd increases Stokes shift. This
dependence is fitted with a linear line.

Sample Gd concentration Em max Ex max Stokes Shift
y × 102 [eV] [eV] [eV]

I. series:
(CexGdyLu(1−x−y))3Al5O12

12LBC1 0 2.426 2.779 0.354
1LGB3 4.6 2.317 2.773 0.456
1LGB4 4.6 2.317 2.773 0.456
1LGB5 5.0 2.291 2.767 0.476
II. series:
(CexGdyLu(1−x−y))3Al5O12

2LGB1 9.5 2.317 2.761 0.444
2LGB2 14.9 2.304 2.761 0.457
2LGB3 20.6 2.300 2.761 0.461
2LGB4 27.9 2.291 2.761 0.469
2LGB5 33.1 2.250 2.761 0.511

Table 7.1: Stokes shift of low Gd doped (CexGdyLu(1−x−y))3Al5O12 samples. Positions of
maxima of excitation and emission peaks are also presented.

Figure 7.9: Stokes shift of Ce3+ doped (LuGd)3Al5O12 versus Gd concentration.
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7.2.3 Relation between Gd3+ and Ce3+ emission centres

Figure 7.10(a) shows PL emission spectra of samples with constant Gd (∼ 4.8± 0.3 %) and
varying concentration of Ce (0 - 0.5 %) excited at 273 nm of 6IJ (Gd3+) states. In LuAG:Gd
samples a sharp and very intense emission peak at 312 nm is observed. This peak corresponds
to the 6P7/2 → 8S7/2 transitions in Gd3+ ions. Black curve represents the Ce free reference
sample and Gd3+ emission at 312 nm is observed. Only samples with Ce content exhibit
broad Ce3+ emission peak at ∼ 520 nm. Cerium concentration in LuAG:Gd,Ce samples has
these important consequences:

(i) Intensity of the Gd emission peak at 312 nm decreases with increasing Ce content, see
Fig. 7.10(a). However, in the absorption spectra, Fig. 7.4, the increase of absorption
coefficient with increasing Ce content was observed.

(ii) Emission from 5d1(Ce3+) states is also induced by excitation of 6IJ (Gd3+) states at
274 nm. This emission is analogous to the direct 5d1,2 excitation as was shown in the
Fig. 7.6. However, intensities of cerium peaks in Fig. 7.10(a) are lower in comparison
with peaks obtained by direct excitation of Ce3+ ions, Fig. 7.6.

Both these observations support nonradiative energy transfer away from Gd3+ to Ce3+

ions proposed in refs. [37, 36]. For comparison the RL emission spectra of same samples
are shown in the Fig. 7.10(b). These spectra were measured along with the reference BGO
(Bi4Ge3O12) single crystal and are mutually compared in the absolute way. Due to small spec-
tral resolution of this measurement (∼ 16 nm) the linewidth of the Gd emission at 312 nm
in the Fig. 7.10(b) is markedly overestimated in comparison with PL spectra in Fig. 7.10(a).
Both RL and PL spectra have very similar spectral development except for the broad back-
ground emission that is observed in the RL spectra in the spectral range from 200 to 400 nm,
Fig. 7.10(b). This emission comes from the host lattice and substrate which is partly excited
in spite of the low excitation voltage (10 kV) of X-ray excitation. This emission is typical for
YAG and LuAG hosts. Specifically, the origin of this emission is in structural defects as anti-
site defects LuAl and YAl, where several percent of Lu and Y are placed in the Al octahedral
sites [58].

The PL and RL spectra in Figs. 7.10(a) shown that if Gd3+ ions are selectively excited,
Ce3+ emission at ∼ 520 nm also appears. It means that at such a low concentration of Gd3+

(∼ 4.8 %) in the films the energy transfer from the Gd3+ to Ce3+ ions occurs. The Ce emission
induced at 274 nm can originate either from direct excitation of higher 5d3(Ce3+) state and/or
by presumed transfer of energy from Gd3+ to Ce3+ ions. Relative amplitudes in Figs. 7.10(a)
and (b) shows higher participation of Ce-related emission in the RL spectra in comparison
with the PL ones.
Figs. 7.11 (a) and (b) display PL excited at 6IJ Gd state and RL emission, respectively, of
samples with constant Ce ∼ 0.39 % concentration and increasing concentration of Gd (9.5 -
33 %). The sample 1LGB3 (Ce = 0.06 % and Gd = 4.8 %, green solid line) that belongs to
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Figure 7.10: (a) The PL spectra excited at 273 nm and the (b) X- ray excited spectra of
(LuGd)3Al5O12:Ce epitaxial films with constant concentration of Gd = 4.8± 0.3 % and vari-
able concentration of Ce, see in the legend.

the first series is used as reference for mutual comparison of intensities. It is observed that
increasing of Gd concentration decreased Gd emission peak at 312 nm due to concentration
quenching of Gd. The growth of Ce emission intensity for Gd concentration from 4.8 to 20
% is obvious. Probably, more energy from Gd3+ is transferred to Ce3+ emission centres that
exhibit increase in Ce emission intensity. However, in RL spectra, Fig. 7.11(b), the sample
with higher Gd concentration more than 20 % has tendency to decrease emission intensity of
both, Gd3+ and Ce3+ ions.
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Figure 7.11: (a) The PL spectra excited at 273 nm and the (b) X- ray excited spectra of
(LuGd)3Al5O12:Ce epitaxial films with approximately constant concentration of Ce = (0.42-
0.49) % and variable concentration of of Gd, see in the legend.

Integral intensities of RL spectra

Integration of the RL spectra allows to assess the relative impact of the Ce-related emission
to the total emission intensity over the UV-VIS spectral ranges. The result of overall integral
intensities are displayed in the Fig 7.12(a). Contributions of Ce and Gd signals are shown in
the Fig 7.12(b). At low Gd concentration < 5% the most of light is emitted by gadolinium
and Ce3+ emission intensity is markedly suppressed. At such a low concentration, the Gd3+

emission center is evidently very efficient.

The most important feature about PL and RL spectra is observation that increasing Ce
concentration causes decrease of Gd emission, Fig. 7.10. It supports the claim about energy
transfer from Gd3+ to Ce3+ when the Gd emission is significantly quenched by higher Ce
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Figure 7.12: (a) Relative integrated RL emission spectra as a function of Gd concentration
in Ce3+ doped LuAG:Gd samples. (b) Contribution of Ce3+ and Gd3+ in the RL signal. The
solid lines are only guide for the naked eye.

Sample Gd concentration Overall signal Ce signal Gd signal
y × 102

12LBC1 0 0.53 0.35 0.00
1LGB2 4.5 0.81 0.12 0.69
2LGB1 9.5 1.00 0.63 0.37
2LGB2 14.9 0.82 0.65 0.17
2LGB3 20.9 0.71 0.53 0.18
2LGB5 33.1 0.42 0.39 0.03

Table 7.2: (a) Relative integral intensities of RL emission. (b) Contributions of Ce and Gd
signals in RL emission spectra. The solid line is only guided for the naked eye.

content. This behaviour is presented by decreasing of Gd signal (blue line) and increasing
of Ce signal (green line) in the Fig. 7.12 (b) up to ∼ 15 %. According to observations in
PL and RL emission spectra of samples with Gd concentration higher than 15%, progressive
concentration quenching of Gd emission is observed. The relative integral intensities of Ce
are higher than those of the Gd, cf. the green and blue line in the in the Fig 7.12(b). Values
of relative overall integral intensities and contributions of Ce and Gd signals are listed in the

79



Table 7.4.

7.2.4 The PL deacy kinetics of LuAG:Gd,Ce

The Gd3+ PL decays and nonradiative energy transfer process

Particular attention was focused on investigation of the Gd3+ PL decay kinetics and its de-
pendence on Ce content.PL decays of samples with constant Gd content and slightly varying
Ce concentration were measured at 6PJ - 8S (Gd3+) emission line at 314 nm under excitation
into 6IJ (Gd3+) term at 274 nm. Two approaches were used to describe development of decay
time depending on the Ce concentration:

I: Normalized Gd3+ decays of two samples with Ce = 0 % and Ce = 0.5 % are shown
in the Fig. 7.13. The other decays of samples with Ce content in the range from 0 - 0.5 %
are not shown for clarity. The Gd3+ decay in the Ce free sample (1LGB1) is strictly single-
exponential with τGd = 4.25 ms. With increasing cerium content the Gd3+(6PJ - 8S) decay
time gradually decreases to 3.5 ms in a sample with highest 0.5 % of Ce content in the sample
1LGB5, see Fig. 7.14. The shortening of decay is detected already from the lowest cerium
content 0.06 % in the sample 1LGB2. Only sample without Ce has single-exponential Gd3+

decay, while all the others must be approximated by two exponentials at higher Ce concentra-
tion. This shortening of the Gd decay time and departure from single-exponential course in-
dicate significant nonradiative energy transfer away from the Gd3+ ions due to the Ce doping.
The initial decay distortion was approximated by a fast component with 1 ± 0.1 ms decay
time value, which is practically independent of Ce content, see red solid line in Fig. 7.14.
Relative energy loss was assessed by numeric integration of normalized decay curves. The

Figure 7.13: PL decay times measured under 274 nm (6IJ ) excitation and 312 nm (6PJ ) emis-
sion for two samples with Ce concentration 0 % and 0.5 %. Solid lines represents convolution
of decay function and excitation pulse.
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Figure 7.14: Dependence of Gd3+ decay times on Ce concentration.

results show that up to 35 % of energy is lost from Gd3+ ions in the sample with the highest
Ce content, compared to Ce-free sample. Both components of Gd3+ decay time, a fast initial
and second one, are plotted in the Fig. 7.14. Energy transfer from Gd3+ to Ce3+ ions was
discussed in ref. [37]. However, theoretical model based on exponentials is not able to satis-
factorily explain character of the energy transfer process, and therefore another approach is
used.

II: Presence of Ce substantially changes the shape of Gd decays. If we look better, the
decay curves are accelerated especially in the initial part, where the curve noticeably deviates
from the one-exponential form. The most apparent deviation is observed for the samples with
the highest Ce content. This suggests that higher concentration of Ce enhances energy transfer
probability. However, the shape of the Gd3+ decay curve becomes mostly parallel at longer
times. It indicates that the Gd donors which are sufficiently distant from Ce acceptors decay
with their inherent τGd. According to this observations the model of Inokuti and Hirayama
[29] was used to adequately describe time evolution of Gd3+ decays in the presence of Ce3+

ions. Our samples fulfil all conditions to use this model. The detailed analysis of the results
and the ET are presented in the chapter 8.

The Ce3+ PL decay and nonradiative energy transfer process

Another evidence for nonradiative energy transfer from Gd3+ to Ce3+ ions was observed in the
PL 5d-4f(Ce3+) decays. Figure 7.15 shows the slow Ce3+ decay measured under excitation
into the Gd3+ (6IJ ) states at 274 nm and monitored at 520 nm of Ce3+ emission in mili-
second time range. If we compare the decay time constants in the fit of slow Ce3+ decay
in the Fig. 7.15 with those of the Gd3+ 312 emission for the same sample in the Fig. 7.13,
there is about factor of 2 difference and the latter decay constants are longer. This can be
due to the fact that there do exist isolated Gd3+ ions without a Ce3+ center in the vicinity
which decreases the observed Gd3+ decay itself. This observation provides definite support
for nonradiative ET from Gd3+ to Ce3+ centres.

81



Figure 7.15: The long Ce3+ decays monitored at 520 nm in Gd doped LuAG:Ce under excit-
ation at 270 nm in the milisecond time range.

The Gd3+ PL decays and Gd concentration quenching

Increasing of Gd concentration in LuAG:Gd,Ce samples manifests in the concentration quench-
ing of the Gd3+ emission. Normalized Gd3+ decay curves of samples with constant Ce con-
tent and increasing Gd concentration from 9.5 to 20.6 % are shown in Fig. 7.16. This graph
demonstrates concentration quenching of Gd emission by increasing Gd content and correl-
ates with the emission intensity observed in the PL and RL spectra in Fig. 7.11. Furthermore,
the decays are multiexponential at higher Gd content indicating significant energy transfer
away from the Gd sublattice. As it was already demonstrated above, the excitation energy

Figure 7.16: PL decay times measured under 274 nm (6IJ ) excitation and 312 nm (6PJ ) emis-
sion for two samples with varying Gd content, see the legend. Solid lines represents convo-
lution of two-exponential decay function and excitation pulse.
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Figure 7.17: Concentration quenching of Gd3+ decay time according to the Gd content.

captured by Gd3+ ions is not lost but is effectively transferred to Ce3+ centres. Gd3+ decay
time decreases from ∼ 2.8 ms at 9.5 % Gd concentration to submilisecond values above ∼
20 % of Gd. Dependence of the Gd3+ decay time components on the Gd concentration is
depicted in the Fig. 7.17. In comparison with our previous work, samples prepared from the
PbO flux [36], the significant concentration quenching was also observed, but the Gd decay
time value decreased from∼ 6 ms at lower Gd concentrations to submilisecond values above
15 %. The Gd emission was almost completely quenched above 50 % of the Gd in dodeca-
hedral sites in ref. [36], here at 20 % of Gd content emission still preserves, as it is shown in
the Fig. 7.17.

The Ce3+ PL decays

Influence of Gd doping on the Ce3+ PL decay time values was studied by excitation in
5d2(Ce3+) states at 339 nm and monitored at 520 nm, as it is shown in the Figs. 7.18 and
7.19. The Ce3+ decay times of samples with fixed Gd content and varying Ce concentration
are strictly one-exponential with decay time of Ce∼ 57 ns± 1 ns, see graphs in Figs. 7.18(a),
(b) and (c). PL decays of three samples with increasing Gd concentration Gd = 9.5 %, 20.6 %
and 27.9 % are displayed in the Fig. 7.19(a), (b) and (c), respectively. Increasing Gd content
up to 28 % do not show any marked effect on the Ce decay time values τCe which is identical
to the Ce decay time τCe = 57 ± 1 ns of samples displayed in the Fig. 7.18.
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7.3 Influence of Ga doping on Ce3+ related optical and scin-
tillation properties

7.3.1 Ce3+ emission and excitation spectra in LuAG:Gd,Ga

All samples with Ga content exhibit very similar emission spectra obtained by excitation at
445 nm, see Figs. 7.20, 7.21 and 7.22. Typical doublet emission originates from 5d1 to 4f
transition of Ce3+ is located at 510 - 560 nm. The excitation spectra displayed in the same
Figs. 7.20, 7.21 and 7.22 as dash lines were measured at emission ∼ 530 nm. These spectra
show two intense peaks attributed to the 4f-5d1,2 transitions of Ce3+ at about 345 and 445 nm.
In the Ce3+ related excitation spectra also Gd absorption line appears at 274 nm attributed to
the 4f-4f spin and parity forbidden transitions from 8S to 6IJ of Gd3+ ions. The weak structure
located at 312 nm is related to the 8S→ 6PJ (Gd3+) emission. The highest emission intensity
of Gd peaks is obtained for samples displayed in the Fig. 7.22 which contain approximately
100 % of Gd3+ ions.

Figure 7.20: The photoluminescence spectra of (CexGdyLu(1−x−y))3(GazAl(1−z))5O12

samples with constant concentration of Gd (∼ 38 %) and increasing concentration of Ga
from ∼ 16 to 39 %. The emission spectra (solid lines) are excited at 445 nm and excitation
spectra (dash lines) are monitored at 530 nm except for the reference sample (1LGB3), see
the legend.

Reference sample 1LGB3 (without Ga content) allows to compare mutually all Ce3+ emis-
sion spectra displayed in the Figs. 7.6, 7.7, 7.20, 7.21 and 7.22. In the Fig. 7.7, increasing of
Gd concentration encourages increasing of Ce3+ emission intensity. However, samples with
Ga substitution shows even more significant increase of Ce3+ emission intensity by factor
of 2, see Fig. 7.20. Higher Gd and Ga concentration exhibit even higher intensity of Ce3+
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Figure 7.21: The photoluminescence spectra of (CexGdyLu(1−x−y))3(GazAl(1−z))5O12

samples with various concentration of Gd (from 54 to 73 %) and Ga (from 4154 to 54 %).
The emission spectra (solid lines) are excited at 445 nm and excitation spectra (dash lines)
are monitored at 530 nm.

Figure 7.22: The photoluminescence spectra of (CexGdyLu(1−x−y))3(GazAl(1−z))5O12

samples (the fifth series) with full substition of Gd (∼ 100 %) and varying content of Ga
(from 54 to 72 %). The emission spectra (solid lines) are excited at 445 nm and excitation
spectra (dash lines) are monitored at 530 nm.

and the best result was obtained for sample 4LGB3 with concentration of Gd ∼ 73 % and
Ga ∼ 52 %, where Ce3+ intensity is approximately 2.6 times higher than intensity of refer-
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ence 1LGB3 sample. At Ga concentration> 55 %, see the samples 5LGB7,8,9 and 10 in the
Fig. 7.22, decrease of intensity is caused due to photoinoization from the Ce3+ excited states
to the conduction band which is shifted downwards by Ga doping.

7.3.2 Blue shift of Ce3+ emission induced by Ga doping

Maximum of emission peak depends on the Gd and Ga concentration. Figure 7.23(a) shows
normalized PL spectra of 3 samples with approximately constant concentration of Gd ∼ 38
% and increasing concentration of Ga from 16 to 39 %.

Evidently, Ga causes the blue shift in emission and excitation spectra due to crystal field
splitting, section 3.2.4. The normalized RL spectra of the same samples displayed in Fig. 7.23(b)
act identically as PL emission spectra and shift maxima of Ce3+ peak related to the 5d2 - 4f
transitions to the higher energies. At the same time the relative distance of both Ce-related
peaks atributted to the 5d1-4f and 5d2-4f transitions is decreasing. Obtained maxima of the
emission and excitation peaks together with the values of Stokes shift are listed in the Table 7.3
and graphically displayed in the Fig. 7.24, where it is shown that increasing Ga content leads
to the higher value of Stokes shift.

Samples with approximately 100 % of Gd and increasing concentration of Ga from 59
to 71 % show analogical behaviour and Ce3+ emission is shifted to the higher energies, cf.
emission in the Figs. 7.23 and 7.25. However, higher concentration of Ga causes decreasing
of Stokes shift as it is shown in Fig. 7.26, which values are listed in the Table 7.3 together
with maxima of emission and excitation peaks.

When concentration of Ga3+ is increasing, subsequently the crystal field splitting de-
creases. Decrease of crystal field splitting originates from the substitution of smaller Al ions
0.54 Å by bigger Ga ions 0.62 Å in the crystal lattice.As a result, the higher 5d excitation
band shifts towards lower energy and, at the same time, the lowest 5d excitation and emission
bands move towards higher energies. This blue shift induced by Ga content is well known
for instance for garnets as YAG:Ce [19, 89], or GAG:Ce [53]. where it was explained by
a reduction in crystal field strength around Ce3+ via Ga3+ substitution giving a more cubic
environment around Ce3+ [54, 19]. In recent theoretical work by Muñoz–Garcı́a et al. [53]
the blue shift was explained for the larger part by geometrical distortions while the direct
electronic effects of Ga3+ co-doping were shown to be negligible. Geometrical distortion
probably influenced different behaviour - increasing and decreasing of Stokes shift in both
types of samples with constant Gd, 38 % and 100 %. The Gd and Ce in LuAG garnets are
coordinated with oxygen in dodecahedral, while Ga and Al are coordinated with oxygen in
octahedral and tetrahedral configurations. A bigger ion at Al sites causes the compression
of adjacent dodecahedral around Gd/Ce ion and consequently changes the crystal field. Ac-
cording to [66] , firstly, Ga ions occupy octahedral positions and at higher Ga concentrations
tetrahedral positions start to be occupied. The change in compression of adjacent dodecahed-
ral around Gd/Ce ion leads to the smaller Stokes shift, which is influenced also by different
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Series 3LGB: constant Gd (∼ 38 %) and various Ga content

Figure 7.23: (a) Normalized PL emission and excitation spectra measured at λex =
445 nm and λem = 530 nm, respectively, and (b) normalized X-ray excited spectra of
(CexGdyLu(1−x−y))3(GazAl(1−z))5O12 samples with constant Gd and increasing Ga content,
for concentrations see the legend.

concentration of Gd in these samples.

7.3.3 Influence of Ga doping on the Ce3+ emission centres

Figures 7.27(a) and 7.28(a) show PL emission spectra measured under excitation at 274 nm
for samples containing Ga3+ and Gd3+ ions with concentrations higher than > 16 % and
38 %, respectively. Higher concentration of Gd leaded to concentration quenching of the
Gd3+ emission at 312 nm, while Ce emission at ∼ 530 nm still remains, cf. Figs. 7.27(a)
and 7.28(a) with the previous Figs. 7.10(a) and 7.11(a). At concentration of Gd > 50 % the
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Figure 7.24: Dependence of Stokes shift on the Ga content.

Sample Gd concentration Ga concentration Em max Ex max Stokes Shift
y × 102 z × 102 [eV] [eV] [eV]

III. series:
(CexGdyLu(1−x−y))3(GazAl(1−z))5O12

3LGB1 38.3 16.3 2.291 2.811 0.520
3LGB2 37.4 28.3 2.300 2.830 0.530
3LGB3 38.9 38.9 2.326 2.869 0.544
IV. series:
(CexGdyLu(1−x−y))3(GazAl(1−z))5O12

4LGB1 54.0 40.5 2.270 2.836 0.566
4LGB2 69.4 41.9 2.274 2.836 0.562
4LGB3 72.9 52.3 2.278 2.836 0.558
4LGB4 73.4 53.9 2.287 2.836 0.549
4LGB5 73.0 53.8 2.274 2.836 0.562
V. series:
(CexGdyLu(1−x−y))3(GazAl(1−z))5O12

5LGB6 100.8 53.8 2.262 2.823 0.562
5LGB7 101.5 59.6 2.278 2.836 0.558
5LGB8 100.3 66.3 2.300 2.836 0.537
5LGB9 102.5 70.7 2.300 2.836 0.537

Table 7.3: Stokes shift of (CexGdyLu(1−x−y))3(GazAl(1−z))5O12 samples. Positions of max-
ima of Ce3+ excitation and emission peaks obtained from Figs. 7.23(a) and 7.25(a) are also
included.

migration among Gd ions causes concentration quenching of luminescence and subsequently
Gd3+ emission at∼ 312 nm totally disappears as it is shown in Fig. 7.28(a). The most import-
ant result is considerable increase of emission intensity thanks to Ga substitution is evident
for samples displayed in the Fig. 7.27.

Photoluminescence emission spectra shown in Figs. 7.27(a) and 7.28(a) are in correlation
with the radioluminescence measurements displayed in Figs. 7.27(b) and 7.28(b). Figure 7.28
shows RL spectra for three samples with the same Gd (∼ 73 %) and Ga (∼ 54 %) content
prepared on three different substrates. The highest intensity was observed for epitaxial film
prepared on the YAG substrate while intensity for the sample with GGG substrate was the
lowest, probably due to surface scattering, cf. with transmission spectra of sample 5LGB5 in
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Series 5LGB: constant Gd (∼ 100 %) and various Ga content

Figure 7.25: (a) Normalized PL emission and excitation spectra measured at λex = 445
nm and λem = 530 nm, respectively, and (b) normalized X-ray excited RL spectra of
CexGdyLu(1−x−y))3(GazAl(1−z))5O12 samples with total substitution of Gd and increasing
concentration of Ga, see the legend.

Figure 7.26: Dependence of Stokes shift on the Ga content.
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Fig. 7.2.
Intrinsic RL spectra of substrates YAG, LuAG, YGG and GGG are shown in the Fig. 7.29.

Substrates YAG and LuAG exhibit broad emission band between 200 and 460 nm with max-
imum at ∼ 290 nm. RL spectrum of YGG substrate is different and contains small peak at
300 nm and three thinner peaks with maxima at ∼ 381, 415 and 438 nm which are likely
Tb impurity ions, while GGG substrate does not show any emission. The lowest intensity in
RL spectra, depicted in the Fig. 7.29(a), was obtained for samples with high Ga content of
70 %. The Ce emission above 75 % of Ce content is completely quenched [36]. The emis-
sion from the Ce centres was completely quenched (due to reduced band gap and consequent
photoionization of 5d states) and is even lower than the intensity of the BGO crystal.

Figure 7.27: (a) The PL spectra excited at 273 nm and the (b) X- ray excited spectra of
(LuGd)3(AlGa)5O12:Ce epitaxial films with constant concentration of Gd ∼ 38 % and vari-
able concentration of Ce and Ga, see in the legend.
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Epitaxial films prepared on GGG substrates are omitted in discussion due to very low sur-
face quality. Degradation occurred due to a large number of little crystals present in the layer
and the mixed garnet composition with the perovskite one (GdGaO3). Overall, only samples
5LGB6 and 7 with intensity approximately six times higher than BGO were due to relat-
ively well surface quality more suitable for further investigation, discussed more in detail in
chapter 9.

Finally, the integral intensities of Ce emission were obtained for all samples from Figs. 7.27(b),
7.28(b) and 7.28(b). Some of them are depicted in the Fig. 7.30 as dependence on Ga con-
centration. The highest Ce output was obtained for sample (3LGB3) with both Gd and Ga
concentration equal approximately∼ 39 %, which implies that Ga substitution has significant
impact on the Ce3+ emission intensity.

Figure 7.30: Relative integrated Ce3+ emission in RL spectra as a function of Ga concentra-
tion. Line is only guided for naked eye.

Sample Ga concentration Overall signal Ce signal
z × 102

12LBC1 0 0.48 0.32
3LGB1 16.3 0.35 0.33
3LGB2 28.3 0.65 0.64
3LGB3 38.9 1.00 1.00
4LGB3 52.3 0.90 0.90
5LGB7 59.6 0.80 0.80
5LGB8 66.3 0.48 0.48
5LGB10 71.5 0.06 0.06

Table 7.4: (a) Relative integral intensities of RL emission. (b) Contributions of Ce and Gd
signals in RL emission spectra. The solid line is only guided for the naked eye.

It is worth of noting, that Ce3+ related normalized PL and RL spectra of all samples have
same shape which is independent on Gd and Ga content for all concentrations. It means that
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there is not any optical transition related to other channels which could result in changing the
shape PL and RL spectra.

To conclude, the RL measurements provide more reliable results, because the PL spec-
trum is very sensitive on conditions as sample orientation or surface scattering, which cannot
be correlated and thus, the error in PL intensity is ∼ 20 % especially for samples with great
surface roughness. However, all trends (in intensity) observed for PL, RL, and further for
CL and PhY are very well correlated so that here presented conclusions are supported by
independent approaches.

7.3.4 The PL decay kinetics of Ce3+ doped LuAG:Gd,Ga

Influence of Ga substitution on the 5d-4f(Ce3+) decay time was studied by excitation at 339
nm and monitored at 520 nm. Considering that Ga is applied to eliminate the negative effects
of shallow electron traps in single crystals, section 9, the reduction of slow components ori-
ginating from these traps is expected. Decay time of reference sample (12LBC1) which do
not contain any Gd3+ and Ga3+ ions is approximately ∼ 59 ns, see Fig. 7.31(a).

If the Gd3+ ions are added, as it is shown in the Fig. 7.19 for 3 different concentrations of
Gd in the range from 9.5 % to 28 % and without Ga content, the Ce decay time is approxim-
ately 57 ± 1 ns. This value is a bit lower than reference sample (12LBC1), and there was no
dependence on the Gd concentration observed. All samples with Ga content < 40 % exhibit
single exponential decays with τCe = 54 ± 1 ns, which is lower than Ga-free samples. At
higher Gd and Ga content the decays are multiexponential; two-exponential decay with τ =
34 and 70 ns was obtained for sample with Ga > 40 % and 3-exponential decay with τ = 24,
55 and 169 ns was found for sample with Ga = 54 %, see Figs. 7.31(c) and (d).

Figure 7.32 shows decay times of samples with total Gd substitution and increasing Ga
content from 54 % to 72 % Above Ga content of 60 % the Ce decay quickly decreases and
at ∼ 71 % is well below 10 ns. In samples with Ga content higher than 75 %, the emis-
sion from the Ce3+ centres is completely quenched due to reduced band gap and consequent
photoionization from the 5d states.
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Figure 7.31: The 5d-4f(Ce3+) decays in (CexGdyLu(1−x−y))3(GazAl(1−z))5O12 samples and
the effect of Gd and Ga substitution on the Ce3+ decay times which were measured under
excitation at 339 nm (5d2, Ce3+) and monitored at 520 nm. Concentrations of Gd and Ga
together with Ce decay times are shown in the legend.
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Figure 7.32: PL decay times measured under 339 nm excitation and 520 nm emission for
samples with total substitution of Gd and varying content of Ga shown in the legend.

7.4 I. Summary

In this chapter the basic characteristics of the Gd, Ga co-doped LuAG:Ce epitaxial film were
studied by means of transmission and absorption spectra, photoluminescence, radiolumines-
cence and decay kinetics. In the first part, section 7.2, the red shift caused by Gd doping was
observed and similarly in the second part, section 7.3, we have demonstrated blue shift due to
the Ga doping. The reasons for the red/blue shift; (i) the crystal field splitting of 5d(Ce3+) and
decreasing symmetry of the crystal field due to the larger Gd ions which occupy the dodeca-
hedral sites, and (ii) on the contrary, increasing the symmetry of crystal field by Ga doping,
were observed in the PL and RL spectra and correlate with the theory.

To summarize the section 7.2, the underlying predictions about nonradiative energy trans-
fer from donor Gd3+ to acceptor Ce3+ ions in Ce, Gd co-doped multicomponent garnets ware
observed and proven by photoluminescence and decay kinetics measurements. This claim
was supported by the followings facts:

(i) The Gd3+ absorption lines are fingerprinted in the Ce3+ excitation spectrum.

(ii) The Ce 3+ emission is observed by selective excitation of the Gd3+ ions.

(iii) The significant shortening of the Gd3+ decay time in the presence of the Ce3+ ions, and
quenching of Gd emission intensity due to Ce doping.

(iv) The presence of slow components in Ce3+ PL decay kinetics measured in milisecond
range.

The main conclusion of the section 7.3, was the significantly positive effect of Ga substitu-
tion in Ce3+ doped LuAG:GdGa samples grown by BaO flux, which was observed, especially,
in the increase of intensity in RL spectra unlike the epitaxial layers prepared from PbO.
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Chapter 8

Nonradiative energy transfer from Gd3+

to Ce3+ ions in co-doped LuAG:Ce,Gd
garnets

The nonradiative energy transfer (ET) from Gd3+ to Ce3+ was observed in Ce, Gd co-doped
LuAG garnets as it was reported in the previous section 7.2. This energy transfer process
is effective even at low Gd and Ce concentrations when D-D (donor-donor) or D-A (donor-
acceptor) distances are large [37, 36]. The same phenomenon have been also observed in
Gd2SiO5:Ce material. [87]. The heavy gadolinium ions are more easily excited by high
energy radiation or particles compared to lighter yttrium ions. Therefore, efficient energy
transfer from a Gd3+ donor (sensitizer) to an acceptor (activator) Ce3+ emission center is
important mechanism for high sensitive scintillators or phosphors.

The aim of this chapter is to shed more light on the underlying mechanism of the Gd3+→
Ce3+ energy transfer. The photoluminescence decay kinetics in section 7.2.4 demonstrated
that Gd3+ ions serve as sensitizers in aluminum garnets and the excitation energy captured
by these ions is transferred to the Ce3+ acceptor ions. However, some questions related to
the Gd3+ → Ce3+ energy transfer mechanism have still remained answered. In the view of
the fact, that the overlap between Gd3+ emission at 314 nm and the 5d2(Ce3+) absorption
band centred at 340 nm is rather small, the direct ET has smaller efficiency. It was suggested
in [37] that lattice phonons should participate in the mechanism of the ET. Furthermore, in
many oxide of fluoride compounds the Gd3+ sublattice plays the role of a trasport system for
the excitation energy where both 6I and 6P(Gd3+) energy states can contribute to this process
[16, 9].

For this work a set of Ce and Gd co-doped LuAG samples was prepared with constant
Gd content (4.8 ± 0.3 %) and varying Ce concentration from 0 to 0.5 % (the first series).
Particular attention is focused on the study of the Gd3+ photoluminescence decay and its
dependence on Ce concentration and temperature. The PL decay kinetics was studied in the
temperature range from 77 to 480 K.

Firstly, we will confirm that in studied low doped LuAG:Ce,Gd garnet systems the migra-

97



tion of the excitation energy over the Gd sublattice is substantially reduced. We will provide
insight into the nature of the Gd-Ce interaction by examining the response of the system to the
pulse excitation since both both Gd3+ and Ce3+ ions that exhibit intensive photoluminescence
in these diluted systems. The results will be discussed using the Forster-Dexter theory [24, 18]
of the nonradiative ET using a single step approach developed by Inokuti and Hirayama [29],
described in detail in section 4.2.2. And the diffusion limited approach developed by Yokota
and Tahimoto [103] which considers also migration of the excitation energy over Gd subsys-
tem. We will show in this chapter that in both these approaches the ET occurs via long range
multipolar interaction.

8.1 Evidences of energy transfer

The nonradiative energy transfer from Gd3+ sensitizer to Ce3+activator was proven in the
Section 7.2 and is supported by the following observations.

I. The Gd3+ absorption lines are fingerprinted in Ce3+ excitation spectrum

Figure 8.1: (a) Photoluminescence excitation (left) and emission (right) spectra of two
(GdxLu1−x)3Al5O12:Ce epitaxial films with different Gd content.

Figure 8.1 displays the photoluminescence spectra of two Ce3+ doped Gd:LuAG films
with different Gd content (4.6 % and 33 %). Observed broad emission band between 500
and 700 nm is typical for 5d1 → 4f(2F5/2,7/2) emission in Ce3+ ions. This emission was
observed in all studied samples doped by Ce, Figs. 7.6, 7.7, 7.20, 7.21 and 7.22 . In the
excitation spectra, measured at 520 nm of cerium emission, the 5d1,2 (Ce3+) broad bands at
340 and 450 nm dominate, however, sharp 4f-4f (6IJ ) Gd absorption lines are also observed
in these spectra at around 274 nm. Gd absorption lines start to be markedly observed in
excitation spectra of samples with Gd concentration > 10%, Figs. 7.7, 7.20, 7.21 and 7.22.
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It means that Ce3+ emission is excited also by means of excitation of 6IJ multiplet states of
Gd3+. These observations support the concept of energy transfer from Gd3+ to Ce3+ ions as
discussed in ref. [37].

II. Decreasing of Gd emission occurs with increasing of Ce content.

The ET away from Gd ions is demonstrated in the Fig. 8.2, where the intensity of gadolinium
6PJ → 8S−7/2 (Gd) emission peak at 314 nm is obviously severely quenched at increasing
Ce3+ content.

Figure 8.2: (b) 4f-4f photoluminescence 6PJ → 8S7/2 emission peak of Gd3+ (solid lines) for
samples with different Ce content and 5d2 excitation spectral band of Ce3+ (dashed line) of
co-doped (GdLu)3Al5O12:Ce epitaxial films at T = 300 K. Concentrations of Ce and Gd are
given in the legend.

III. The decay time value is significantly shortened in the presence of Ce3+ ions.

Figure8.3 displays the PL decays measured at 6PJ - 8S−7/2 (Gd3+) emission line at 314 nm
under pulse excitation into 6IJ (Gd3+) term at 274 nm. This figure demonstrates the influ-
ence of Ce co-doping on Gd3+ decay time. Decay curve of the sample with zero Ce content
is strictly one exponential with intrinsic Gd decay time τGd = 4.25 ms. The theoretical fit
was obtained by convolution of excitation pulse and one-exponential decay function Eq. 8.1,
where τD = τGd for decay time of gadolinium.

Presence of Ce3+ substantially changes the shape of Gd decay curves. The decay is ac-
celerated especially in the initial part, i.e. at short times after the excitation, where the decay
curves noticeably deviate from one-exponential form, which is most apparent in samples with
the highest Ce content. This nonexponentiality at early times after excitation is a signpost of
the nonradiative ET from Gd3+ ions. This suggests that higher Ce concentration enhances
energy transfer probability. Namely, the non-radiative energy transfer from donors to accept-
ors reduces the population of donor Gd3+ excited states and causes the life-time and their
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Figure 8.3: The PL decays measured at 6P7/2 - 8S7/2 (Gd3+) emission of (GdLu)3Al5O12:Ce
epitaxial films at 300 K. The samples were excited at 274 nm and monitored at 314 nm. Gd
concentration in films is nearly constant 4.8 ± 0.3 %, Ce concentration varies from 0 to 0.5
%, see the legend. The solid line of sample 1LGB1 is one-exponential decay with τGd = 4.25
ms.

own emission to decline. However, the ET is only important when the transfer rate is higher
than the radiative rate of the donor Gd3+ ion. When the acceptor Ce3+ ions are randomly
distributed in the crystal, those excited donor ions, which are close enough to the acceptors,
decay rapidly, so that the decay rates at short time after excitation are large. The donor Gd3+

ions which are distant from Ce acceptors remain excited and their decay approaches to the
radiative rate. This is reflected in the shape of the Gd3+ decay curves which become mostly
parallel at longer times. The asymptotic values of decay times τAS for long times obtained
by fitting of the decay curves at 300 K are summarized in Table8.1. Summarizing, the ET in
absence of energy migration among the donor subsystem is characterized by a nonexponen-
tial emission decay at short times and by a decay approaching the purely radiative rate at long
times after pulse excitation. This is just the case we observe in Fig. 8.3 , see also Figs. 8.7
and 8.8 for low temperatures.

Sample Thickness Ce concentration Gd concentration τAS

(µm) x × 102 y × 102 (ms)
1LGB1 17.5 - 5.0 4.25
1LGB2 17.7 0.06 4.5 4.03
1LGB3 18.0 0.22 4.6 3.71
1LGB6 17.0 0.30 4.5 3.65
1LGB4 12.0 0.40 4.6 3.58
1LGB5 8.0 0.50 5.0 3.51

Table 8.1: Thickness and concentration of Gd and Ce ions in (CexGdyLu1−x−y)3Al5O12
epitaxial garnet films determined by EPMA. τAS is asymptotic decay time of 6PJ→ 8S(Gd3+)
emission, for details see the text.
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8.2 Theoretical approaches

The theory of energy transfer was discussed in detail in chapter 4. Here we will concentrate
on the non radiative energy transfer process in inorganic solid that was firstly developed by
Forster [24] and later by Dexter [18] who included into this concept exchange interaction.
According to the Eq. 4.1, there are two conditions for efficient energy transfer process: (a)
Resonance - the energy differences between the ground and excited states of donor and ac-
ceptor are equal. When the resonance condition is not fully satisfied, but the energy gap is not
too large, the energy transfer may take place with the assistance of lattice phonons. (b) Suit-
able interaction between both systems exists – multipolar long range or, provided the wave
function overlap exists, exchange short range interaction.

The exchange mechanism, which requires the spatial overlap of wavefunctions of involves
ions, is ineffective in the studied garnet samples due to large Gd-Ce distance, which is well
above 10 Å.

In the following sections two approaches are reviewed and discussed:

(i) Single step ET from a donor to an acceptor when energy migration over the donor
system is insignificant.

(ii) Migration limited ET when energy migration within the donor Gd3+ system is slow but
still comparable to intrinsic radiative decay rate.

The fast migration limit, when the migration rate is much higher than the donor-acceptor
transfer rate and donor radiation rate, is not considered here. In such case the migration
leads to spatial equilibrium of excitation within the donor system and the donors exhibit fast
exponential decay with decay time determined by migration, e.g. [56, 99, 96]. Fast migration
was observed in high Gd3+ concentrated system when D-D separation is small [16, 8].

8.3 Energy transfer without migration

The solution for time dependence of the signal after the pulse excitation and for multipolar
coupling was derived by Inokuti and Hirayama (IH) [29], described in section 4.2.2. Their
approach takes into account the following assumptions:

(i) The energy is transferred from donors (Gd3+) to acceptors (Ce3+), the latter are ran-
domly distributed in the material and their concentration is much lower than concen-
tration of donors, so that the distance between donors is much greater that between
acceptors.

(ii) Concentration of donors is low enough to disable migration of the excitation energy
over the Gd-sublattice.
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(iii) There is one-way and one-step energy transfer, only from the donors to acceptors, back
transfer Ce→ Gd is impossible.

For electric multipolar interaction, the intensity I(t) is given by Eq. 4.7. The critical con-
centration C0 of Ce3+ ions (acceptors) is related to the critical distance of donor (Gd3+) and
acceptor (Ce3+) pairs by Eq. 4.9. In our case the quantity R0 represents the Gd-Ce separation
at which the probability of energy transfer from Gd to Ce, Eq. 4.4, is equal to the intrinsic
probability of radiative decay of the donor:

1

τGd

=
βs
Rs

0

(8.1)

8.3.1 Photoluminescence decay kinetics of Gd3+ - room temperature

The Gd decay depends on concentration C of acceptors and the type of multipolar interaction,
Eq. 4.7. Immediately after excitation, energy is nonradiatively transferred to the acceptors
randomly distributed around the donors. Increase of acceptor concentration reduces the av-
erage donor-acceptor distance and results in acceleration of the energy transfer rate. Using
Eqs. 4.7 and 4.8 the dominant interaction mechanism responsible for the nonradiative ET and
critical concentration of acceptors, C0, can be determined from the experimental decay data.

Studied garnets meet all requirements for using the IH model which adequately describes
time evolution of Gd3+ decays in the presence of Ce3+ ions at short times after excitation.
The results of the fit using Eq. 4.7 are displayed for room temperature decays in Fig. 8.4. We
used unperturbed Gd3+ lifetime τGd = 4.25 ms (i.e. in the absence of acceptor Ce ions) and
the parameter s was varied in order to obtain the best fit to the experimental data. The best
agreement was obtained for s = 6, corresponding to the dipole – dipole interaction, while s
= 8 and 10 do not provide reasonable consent with the experimental data as demonstrated in
Fig. 8.5. This indicates that the dipole – dipole interaction is the most appropriate mechanism
governing the nonradiative energy transfer from Gd3+ to Ce3+ states.

The quantity α(C), Eq. 4.8 was determined simultaneously during the fitting procedure,
dependence of α(C) versus Ce concentration is shown in Fig. 8.6. Subsequently, from this
linear dependence the critical concentration, C0 = 9.4 × 1019 cm−3, was obtained. Corres-
ponding critical transfer distance of donor (Gd3+) - acceptor (Ce3+) pair, is R0 ∼ 14 Å at
RT, which indicates that the energy transfer occurs over rather long distances. This result is
in agreement with the assumption that electric dipole – dipole interactions are dominant in
the ET transfer process since the transitions in donor (Gd3+) and acceptor (Ce3+) are both of
electric dipole character.

It is interesting to compare the obtained values with literature data. Tb3+→ Ce3+ energy
transfer was reported for YAG:Ce,Tb garnets prepared either by LPE [84, 5]. or by solid-state
reaction [45]. Results were discussed based on the single-step ET approach and dipole-dipole
dominant interaction was found most probable. Found R0 values∼ 15 – 18 Å correlate with
here reported results. Detailed study of energy transfer between unlike trivalent rare earths,
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Figure 8.4: Fits to experimental decay curves shown in Fig. 8.3 calculated using Eq.+4.7 with
s = 6 for dipole – dipole interaction and τGd = 4.25 ms. The measured data are not shown for
clarity.

Figure 8.5: Experimental decays of the sample no. 1LGB4 at 300 K and the fits using Eq. 4.7
for s = 6, 8, and 10, representing d-d, d-q, and q-q multipolar interactions.

Figure 8.6: Linear regression of α(C) vs Ce concentration C obtained from Eq. 4.8 at 300 K.
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Tb3+ → RE3+ and Eu3+ → RE3+, in phosphate glasses Ca(PO3):Tb,RE, where RE stands
for ten various rare earths, were made by Nakazawa et al. [55]. He found critical diameter
in the range from 4 to 12 Å and the ET is predominantly governed by dipole-quadrupole
interaction.

8.3.2 Photoluminescence decay kinetics of Gd3+ - temperature meas-
urement

The Gd3+ decays measured at temperatures from 77 K to 480 K in samples with different
concentrations of Ce = 0, 0.22, 0.40 and 0.50 %, respectively, are displayed in Figs. 8.7 and
8.8. The sample LuAG:Gd without Ce co-doping, shows one exponential Gd3+ decay at all
temperatures. The Gd3+ decay times τGd are virtually independent on temperature and any
temperature quenching was not observed up to 480 K. The intrinsic values τGd for various
temperatures are summarized in Table 8.2. All other samples containing Ce3+ co-dopant
show nonexponential Gd3+ decays similarly to the PL decays measured at RT.

Significant nonexponential decay was observed especially at higher temperatures. As ob-
served in Fig. 8.7, the initial nonlinearity, i.e. faster initial decay, noticeably increases both
at higher temperatures and also at higher Ce content, which implies faster energy transfer by
direct relaxation to nearby ions. The effect of Ce concentration on the Gd decay is demon-
strated in Fig. 8.8 for two specific temperatures of 77 and 430 K (results at 300 K are shown
in Fig. 8.5. Evident deviation from single exponential dependence at short times is observed
at higher Ce concentration. At long times the decay rates are close to intrinsic Gd radiative
rate, Figs. 8.7 and 8.8. All these observations support presumed nonradiative energy transfer
from Gd3+ to Ce3+ ions.

Similarly to the PL decay measurement at RT, we applied the IH model to all decays
measured between 77 and 480 K and fitted the experimental data using Eq. 4.7. For each
particular temperature the relevant τGd from Tab.8.2 was used. The best fit of the experimental
data was obtained for dipole – dipole interaction, s = 6, at all temperatures. The decay curves
in Figs. 8.7 and 8.8 are results of the fit, the experimental data are not shown for clarity.

Comparing the dependencies in Figs. 8.7 and 8.8, we see rather moderate effect of tem-
perature on the ET process. The parameters calculated from the experimental decay curves
measured at various temperatures, i.e. critical concentration, C0, and critical transfer dis-
tance,R0, are summarized in Table 2. ParameterR0 increase only by 18 % when temperature
raises from 77 to 480 K presumably due to increased number of excited phonons. Dependence
of the critical distance R0 on temperature is shown in the Fig. 8.9.

The ratio

η =

∫∞
0

Φ(t)dt

τGd

(8.2)

represents the relative yield of the donor Gd3+ emission in the presence of acceptor ions. The
integral intensities of Gd3+ PL decays measured at various temperatures are shown in Fig.
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Figure 8.7: The PL decay curves of Gd3+, λex = 270 nm and λem = 314 nm, for two samples
with Ce concentration of (a) 0.22 % and (b) 0.51 % measured at different temperatures shown
in the legend. The solid lines are the result of the fit to the experimental data using Eq. 4.7,
measured curves are not shown for clarity.

Figure 8.8: The PL decay curves of Gd3+ at (a) T = 77 K and (b) T = 430 K for samples
with various Ce concentrations shown in the legend. The lines are the result of the fit to the
experimental data using Eq. 4.7, measured curves are not shown for clarity.
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Figure 8.9: Dependence of the critical transfer distance R0 on temperature.

T τGd C0 R0

(K) (ms) (1019 cm−3) (Å)
77 4.35 10.7 13.06

130 4.29 10.0 13.35
180 4.27 9.88 13.42
230 4.27 9.84 13.44
280 4.23 9.51 13.59
300 4.25 9.44 13.63
330 4.31 8.18 14.29
380 4.17 7.75 14.55
430 4.21 6.91 14.12
480 4.16 6.53 14.40

Table 8.2: Parameters of Ce, Gd co-doped LuAG epitaxial garnet films obtained from the
fit of experimental data at various temperatures. τGd – intrinsic Gd decay time in LuAG:Gd
sample with zero Ce content. C0 and R0 are critical concentration of acceptors and critical
transfer distance, respectively, obtained from the fit of Eq. 4.7 to experimental decay curves
for LuAG:Ce,Gd samples with four different Ce concentrations 0, 0.22, 0.40, and 0.50 %,
respectively. For details see the text.

8. We see that integral intensity of the sample without Ce doping is basically constant up
to the highest temperatures. At increasing both Ce activator content and/or temperature this
yield decreases, Fig. 8. This figure demonstrates that the ET towards Ce3+ acceptors is more
efficient at higher Ce3+ concentrations and at higher temperatures.

8.4 Migration limited energy transfer

Detailed examination of the experimental curves prompts, that decay times at long times
(i.e. their asymptotic values) are somewhat lower than the intrinsic values τGd, Table 8.1 and
Figs. 8.7 and 8.8. This suggests some contribution from migration to the Gd-Ce energy trans-
fer process. In fact, in many real systems energy migration among donors cannot be neglected
since this transfer is resonant and, in principle, rapid. Excitation energy migrating over Gd3+

sublattice, before passing to a Ce3+ acceptor, decreases the effective Gd-Ce distance. The
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Figure 8.10: Temperature dependence of integral intensities of normalized Gd3+ PL decay
curves displayed in Figs. 8.7 and 8.8 for samples with various concentration of Ce. All the
values can be directly compared in an absolute way.

migration of energy may be treated as a diffusion process [103]. General formula describing
decay function at dipole-dipole interaction, when both single step ET and diffusion are active,
however, the diffusion is not fast enough to maintain the initial distribution of excitation, was
derived by Yokota and Tanimoto [103] Eq. 4.10.

When diffusion coefficient D is small and/or at short times after excitation, then x� 1,
and Eq. 4.10 reduces to the IH Eq. 4.7 and nonexponetial decay is predicted as discussed
above. The decay is governed by those donors, which have the shortest distance to activat-
ors. In the other limit at enough long times, the decay given by Eq. 4.10 becomes nearly
exponential, I(t) ẽxp(–t/τ ), with a rate approximated by Eq. 4.11.

Analysis of decay curves measured for various acceptor concentrations and in a wide tem-
perature range, Figs. 8.7 and 8.8, enables us to estimate the role of energy migration in the
energy transfer process. The radiative rates of Gd3+, 1/τGd, determined in LuAG:Gd sample
without acceptor Ce ions, are summarized in Table 8.2. The transfer rate 1/τ was estimated
from asymptotic values of decays. The calculated diffusion rates using Eq. 4.11, 1/τM , are
very low in the entire temperature range 77 – 480 K, about 5 – 10 times lower as compared to
the Gd radiative rates. The parameter β was determined using Eq. 4.4. In the cited temperat-
ure range it yields β 1.1 – 2.8× 10–39 cm6.s−1 at temperatures 77 – 480 K, respectively. The
calculated diffusion coefficient is very small, D ∼ 4× 10−13 cm2.s–1 at 300 K. Furthermore,
the diffusion rate and diffusion coefficient depend on temperature only slightly – they change
by a factor of only 1̃.5 when temperature increases from 77 to 480 K. This weak dependence
on temperature is likely due to great Gd-Gd distance in studied samples. For comparison we
refer the results of Eu3+ → Cr3+ energy transfer in Eu(PO3)3:Cr3+ glass (i.e. at high donor
Eu concentrations), where the Eu3+ decay rate, migration rate, and diffusion constant were
observed to change an order of magnitude in the temperature range 77 – 600 K [99].

These results justify the application of the IH approach to our low doped LuAG:Ce,Gd
samples, Eq. 4.7, where the ET is treated as a single step process which dominates and migra-

107



tion of the excitation energy was neglected to the first approximation. In fact, the asymptotic
values τAS for long times, cf. Figs. 8.3, 8.7 and 8.8, differ only little from intrinsic decay τGd.
In studied samples, the Gd-Gd separation is large enough. Therefore only a small number of
excited donors are within the critical distance R0 of an acceptor. In such a case the migration
is significantly limited as was experimentally observed.

It is worth mentioning that significant energy migration, resulting in quenching of Gd3+

emission, was observed in heavily concentrated Gd oxides and fluorides when Gd-Gd separ-
ation is small [16, 9]. The critical distance for efficient energy migration between Gd3+ ions
was found to be 5 and 6.5 Å in fluorides and oxides, respectively, in Gd garnets with center
of symmetry this was 5 Å [16] which corresponds to 50 % Gd occupation of dodecahedral
sites. Above this distance the migration is significantly limited.

Setlur et al. [83] studied Tb → Ce energy transfer in (TbxLu1−x)Al2O12:Ce garnet as
a function of Tb concentration. It was shown that the mechanism for nonradiative energy
transfer can switch from a longer-range dipole-dipole mechanism to a short-range exchange
mechanism through energy migration between donors in heavily Tb substituted samples with
∼ 65 % of Tb ions in the dodecahedral site.

8.5 Optical absorption

The spectral overlap of donor emission and acceptor absorption bands is important assump-
tion for efficient energy transfer [6, 8]. Fig. 8.2 displays 6P7/2 – 6S7/2 emission of Gd3+ and
4f-5d2 excitation band of Ce3+. The narrow Gd3+ emission peak is situated just at the edge
of broad allowed absorption band of the activator Ce3+ ions. However, if weak transitions
(such as parity forbidden f-f transitions in Gd3+) have sufficiently long life times of excited
states, significantly longer as compared to life times of Ce3+ acceptors, they may also effect-
ively contribute to the ET. Energy transfer may then substantially increase the population of
excited Ce3+ states as compared with direct absorption of light. Effective sensitization re-
quires that the Gd3+ → Ce3+ energy transfer has much higher rate than the radiative rate of
the Gd3+ ions.

Efficiency of the ET depends on the spectral overlap of Gd3+ emission at 314 nm and
Ce3+ broad-band absorption with maximum at 340 nm. This overlap and its temperature de-
velopment can be assessed from absorption spectra shown in Fig. 8.11. The Gd3+ lines are
practically temperature independent, while the cerium 5d2 absorption considerably increases
with temperature due to rising population of the higher crystal field split state 2F5/2 (Ce3+) of
ground multiplet [72]. Since the weak parity forbidden 4f-4f (Gd) absorption is not discern-
ible in thin epitaxial films, absorbance of heavily Gd doped 1 mm thick single crystal garnet
Gd3Ga3Al2O12:Ce is displayed in Fig. 8.11. This single crystal has its 5d2 absorption band
located almost exactly at the same energy as in studied epitaxial films, cf. Fig. 8.2. Hence this
material can be used as a model system, which enabled us to evaluate reliably the temperature
dependence of the spectral overlap of Gd3+ line emitter and Ce3+ broad-band absorber. The
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results are shown in Fig. 8.11(b). Increasing spectral overlap, mainly due to inhomogenous
broadening of the Ce absorption band at 340 nm, supports conclusions declared above, that
the ET is more efficient at elevated temperatures in Gd, Ce co-doped garnets due to parti-
cipation of phonons in the ET process. The development in Fig. 8.11(b) well correlates with
that shown in Fig. 8.10 supporting proposed suggestion that Gd3+→ Ce3+ ET increases with
temperature.

Figure 8.11: (a) Absorption spectra of bulk 1 mm thick single crystal garnet
Gd3Ga3Al2O12:Ce at 77 K. Inset: absorption spectra measured at various temperatures
between 77 K and 400 K. (b) Temperature dependence of the integral spectral overlap of
5d2 (Ce3+) absorption and 6P7/2→ 8S7/2 (Gd3+) emission peaks with maxima at 340 nm and
314 nm, respectively.

8.6 Photoluminescence decay kinetics of Ce3+

The 5d-4f PL decays of Ce3+ were obtained under excitation at 339 nm and emission at
510 nm. As an example, the Ce3+ decay curves at three temperatures 77, 280 and 480 K
of three samples with different Ce content are shown in Fig. 8.12. The Ce3+ decay times,
τCe, for all samples were between 53 and 56 ns in the temperature range from 77 to 480 K.
These values correspond to the decay time in LuAG:Ce single crystals without Gd co-doping
[40, 58]. Decay curves of samples with lower Ce concentration < 0.40 % are strictly one
exponential with τCe ∼ 53 ns. Only sample with the highest Ce content of 0.5 % exhibits 2-
exponential decay at the highest temperature: ∼ 56 ns (96 %) and weak fast component∼ 11
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Figure 8.12: 5d1-4f(Ce3+) PL decays measured at λex = 339 nm and λem = 510 nm, at selected
temperatures for several LuAG:Ce,Gd samples with various Ce content. The solid lines are
convolutions of excitation pulses and 1-exp or 2-exp decay functions.

ns (4 %). This can be a sign of Ce concentration quenching onset and/or thermal ionization
of excited states at high temperatures. Negligible temperature dependence of the Ce3+ decay
time shown in Fig. 8.13 suggests that temperature quenching of Ce3+ emission is well above
500 K in studied samples. These results are in correlation with YAG:Ce [3]. or LuAG:Ce,Mg
[65] where temperature quenching of the PL was observed only above 600 K.

Figure 8.13: Temperature dependence of integral intensities of normalized Ce3+ PL decays
of samples with various concentration of Ce.
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8.7 II. Summary

In this chapter, the decay kinetics of Gd3+ (4f-4f) and Ce3+ (5d-4f) emissions, measured
in a wide temperature range, provided firm evidence of non-radiative energy transfer from
the Gd3+ to Ce3+ ions in co-doped LuAG:Ce,Gd garnets. The experimental data and adopted
Inokuti and Hirayama model demonstrated that the energy transfer is virtually single step pro-
cess with dominating dipole – dipole interaction and enabled to determine the critical concen-
tration and critical distance of donor (Gd3+) and acceptor (Ce3+) ions (C0 = 9.44× 1019 cm−3,
R0 = 14 Å at RT). These results suggest that this energy transfer is beneficial also for signific-
ant increase of scintillation efficiency in heavily Gd doped GAGG:Ce scintillators. Namely,
the excitation energy migrating over the Gd sublattice is efficiently transferred to Ce3+ activ-
ators. Finally, considering migration limited approach it was shown that in the studied system
migration can be neglected.
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Chapter 9

Scintillation properties of Ce3+ doped
LuAG:Gd,Ga multicomponent garnets

Introduction

In this chapter, the scintillation properties of Ce3+ doped LuAG:Gd,Ga multicomponent gar-
nets are studied by means of alpha particles and electron beam excitation. The aim of this
study is detailed investigation of shallow electron traps and their impact on the scintillation
properties (scintillation efficiency and timing characteristics) of studied material. Undesir-
able structural defects, such as antisites and other unidentified defects, which result in shallow
traps in the conduction band, are responsible for slow component in scintillation decays and
degrade this compound in applications where fast response is required. Although concen-
tration of antisite defects is low in epitaxial films, was proven that Ga substitution in mul-
ticomponent LuAG:Gd garnets is the key element in improving scintillation properties [31].
Using the Ga admixture, it is possible to lower the bottom of the conduction band of the
LuAG. Although traps remain present in the material, they become buried in the conduction
band. This approach strongly suppresses trapping effect which degrade the scintillation re-
sponse. On the other hand, a reduced gap between the bottom of the Ce3+ luminescent center
moves the onset of undesired excited state ionization to lower temperatures. This effect can
be partly eliminated by Gd doping which increases the crystal field splitting and shifts down
the 5d1(Ce3+) split states down and therefore prevents the photoionization of electron from
Ce3+ excited states to the conduction band, as it was already proposed in the motivation of
this work, section 1.1.

Combined experimental study of cathodoluminescence spectra, decay kinetics of delayed
recombination in the millisecond and nanosecond time range (under e-beam excitation) and
photoelectron yield (under alpha excitation) were used and studied in this chapter.

113



9.1 Introduction to cathodoluminescence

Cathodoluminescence (CL), excitation by electron beam, turns out to be very universal method
for the study of delayed recombination processes in epitaxial garnet film. This measurement
is suitable for study of thin film due to small penetration of the electron beam below 1 µm.
Therefore, any infiltration of electrons to the substrate does not occur. Unlike the PL kinet-
ics, where emission of just one recombination center is measured, CL decays provide more
information due to excitation through the whole band gap. Moreover, this decays can be
measured in both spectrally resolved and unresolved modes. Another advantage of CL decay
kinetics is extended time scale, where nanosecond decays can be measured in the time range
up to tens of µs, and high dynamical resolution which allows to visualize simultaneously
both the prompt electron-hole 5d-4f(Ce3+) recombination and delayed component which is
present is scintillation response due to shallow traps.

In this section, the CL spectra were measured in the spectral range from 200 to 800 nm in
the temperature range from 100 to 490 K. The spectrally unresolved decay kinetics measured
under electron beam excitation with 50 ns wide pulse were measured firstly at room temper-
ature. Then four samples with different Gd and Ga content were chosen for the spectrally
resolved decays kinetics measurement at different temperatures in the range from 100 to 490
K. Finally, the spectrally unresolved CL decays were measured with 1 ms wide pulse at room
temperature.

9.2 Cathodoluminescence spectra

Figure 9.1 shows the CL spectra of reference 0.5 mm thick YAG:Ce single crystal and Gd, Ga
substituted LuAG:Ce epitaxial films which were measured under excitation of electron beam
in the spectral range from 200 to 800 nnm in the temperature range from 100 to 490 K.

The intensity of the Ce-related spectral band between 450 and 700 nm is varying with the
diffrent Gd and Ga content. The lowest intensity has Ga-free sample with low Gd content
4.5 % (1LGB3). Significant increase of spectral intensity is observed after Ga substitution
in the 3LGB3 sample, which is also higher than intensity of the YAG:Ce single crystal. This
rise of the CL intensity is consistent with intensity increase observed in this sample also in
PL and RL spectra in Figs. 7.23(a) and (b), respectively, and points to the positive role of
Gd, Ga substitution in luminescence and scintillation mechanism. Another effect of Gd, Ga
substitution in the samples displayed in the Fig. 9.1 is the shift of Ce3+ spectral band which
correlates with the PL and RL spectra of the same samples in the chapter 7. The highest CL
intensity was observed in sample 3LGB3 with Ga content 39 %, while samples 4LGB2 and
5LGB7 with Ga content higher than 40 % exhibits lower intensity probably due to increased
photoionization from the excited Ce3+ states to the conduction band at RT, Fig. 9.6. Decrease
of intensity these samples (4LGB2 and 5LGB7) is also in correlation with previous PL and
RL spectra, Figs. 7.23(a) and (b).
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Figure 9.1: The CL spectra of Ce3+ doped LuAG:Gd,Ga garnet epitaxial films and reference
YAG:Ce single crystal at 300 K.

The sharp emission peak at 312 nm originates from the 4f-4f (Gd3+) transitions. The
highest Gd intensity is observed for sample with the lowest Gd content 4.6 %. With increas-
ing Gd concentration, this peak vanishes and at Gd content approximately more than 40 %
completely disappears due to the concentration quenching, Figs. 7.28 and 7.28. Another
reason for reduction of Gd intensity is energy transfer from Gd3+ to Ce3+ ions, as it was
discussed in detail in chapter 8 and in [37, 36]. Hovewer, due to limited Ce content in the
samples, < 0.5 %, the Gd emission is only partly reduced.

The broad emission band between the 250 and 350 nm in the YAG:Ce single crystal (light
blue line) is attributed to the intrinsic host emission. The similar spectral band is observed
in the pure LuAG:Ce sample between 200 and 400 nm in the Fig. 9.2. This spectral band
is typical for single crystal aluminum garnets LuAG:Ce and YAG:Ce observed also in the
RL spectra in Figure 7.10(b). The host emission was proposed to come from shallow elec-
tron traps associated with antisite defects LuAl and YAl and excitons localized near these
defects [60, 61]. Temperature dependence of the host emission intensity is demonstrated in
the Fig. 9.2, where increase of temperature caused decrease of the host emission.

It is worth of noting, that lower host emission in the CL spectra of epitaxial films is the
result of a lower number of the intrinsic defects in the films, cf. intensity of YAG:Ce host
emission with the epitaxial films in the Fig. 9.1. The overlap of the host UV emission and
the 4f-5d2(Ce3+) absorption band at 340 nm has negative impact on the decay kinetics and
consequently leads to appearance of the slow component in the scintillation decay. There-
fore, suppression of the intrinsic UV emission in the Gd, Ga co-doped samples is significant
advantage of this material system. Similar mechanism was also observed in the Tb doped
YAG [72].
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Figures 9.2, 9.3, 9.4 and 9.5 show the CL spectra of reference epitaxial film LuAG:Ce
(12LBC1), Gd doped LuAG:Ce samples (1LGB3 and 2LGB4) and Gd, Ga co-doped sample
(5LGB7), respectively. These spectra were measured in the temperature range from 100 to
490 K. The Gd emission peak observed in the Gd low doped samples (1LGB3, 2LGB4) is
temperature independent. However, intensity of Ce-related emission peak shows considerable
temperature dependence. Integral intensities displayed in the Figs. 9.6(a), (b) and (c) provide
distinctive description of temperature dependence of the Ce-related emission intensity.

Figure 9.6: Temperature dependence of integral intensities of Ce emission peak of (a) Ce
doped LuAG reference film, (b) Gd doped LuAG:Ce samples and (c) Gd, Ga co-doped
LuAG:Ce samples.

The reference film LuAG:Ce (12LBC1) shows constant integral intensities of Ce emission
peak in the spectral interval between 200 and 450 K, Fig. 9.6(a). Integral intensities of
samples with low Gd content displayed in Fig. 9.6(b) show noticeable peak of maximum
integral intensity above room temperature at 350 and 375 K for samples 1LGB3 and 2LGB4,
respectively. Significant shift of Ce maximum intensity to the lower temperatures is observed
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in the Gd and Ga co-doped samples, where maxima are at 275 K for sample 3LGB3(Gd,Ga
= 39 %) and 200 K for samples 4LGB2 (Gd = 70 %, Ga = 42 %) and 5LGB7 (Gd = 100 %,
Ga = 60 %), Fig. 9.6(c).

These films with the highest Gd (> 54 %) and Ga (> 40 %) content show thermal ion-
ization around 200 K. Similar temperature of thermal ionization (even below 200 K) was
observed in refs. [81, 22, 33] for GAGG:Ce crystal. Observed decreasing of integral in-
tensity of Ce emission peak points to the thermal ionization from the Ce excited states to the
conduction band, which results in shift of the Ce-related maximum intensity to the lower tem-
peratures in highly doped Gd, Ga samples. This observation confirms that 5d1(Ce3+) excited
states are closer to the bottom of the conduction band, which moves downward due to Ga
doping. The closer position of the 5d1(Ce3+) excited states to the conduction band the lower
temperature of the thermal ionization is observed.

9.3 Cathodoluminescence decay kinetics

The CL decay kinetics provide detailed information about delayed recombination of Ce lu-
minescence center and other processes, as tunnelling effect and thermal ionization, which
have significant influence on scintillation response of the material. The studied samples were
investigated by the spectrally unresolved CL decays measured at room temperature and spec-
trally resolved CL decays measured in the temperature range from 100 to 480 K under electron
beam excitation. The excitation pulse has variable width and 50 ns and 1 ms wide pulses were
used in measurement. These CL experiments enable simultaneously detect both the prompt
electron-hole 5d-4f recombination of Ce3+ and delayed recombination in the microsecond
time range which is present in the material due to shallow traps localized near to the bottom
of the conduction band.

9.3.1 Theoretical approaches

I. Fitting procedures

This section focuses on the proper interpretation of measured cathodoluminescence decay
curves. As an example, the CL decay curve of sample 3LGB3 with 39 % of both Gd and
Ga content measured with 50 ns electron beam excitation at room temperature is used to
demonstrate two different fitting approaches.

Firstly, this CL decay curve is displayed in semilogarithmic scale in Fig. 9.7. This scintil-
lation curve is evidently multicomponent. The best fit was obtained only with 4 exponential
function, which is shown in the legend in Fig. 9.7.

If we enlarge the initial part of the scintillation curve, as it is shown in the Fig. 9.8, the first
fundamental component is fast with τCe = 48 ns and corresponds to the Ce3+ - related 5d-4f
emission. Another three components are slower in the range of hundreds of nanosecond up
to 17 µs. Considering that cerium is the only one optically active center present in the studied
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Figure 9.7: The CL decay of Ce3+ doped LuAG:Gd,Ga with concentration of both Gd and
Ga 39 % in semilogarithmic scale. The experimental data are fitted with the 4-exponential
decay function obtained by convolution of decay function with the excitation pulse 50 ns.

material, the high number of slow components seems to be the result of iteration procedure
and fitting approach than real existing centres.

Figure 9.8: Demonstration of the Ce3+ decay time 48 ns in enlarged initial part of the cath-
odoluminescence decay of Fig. 9.7.

Secondly, the same CL decay curve is displayed in the log-log scale in Fig. 9.9. The green
and blue dashed lines indicate two contributions of which is the decay curve composed. The
first part - namely fast decay is observed at t < 300 ns and the second linear part follows
at longer times. Comparing Fig. 9.9 with the previous Fig. 9.7, the initial part of decay in
both figures comes from Ce3+ emission and is described by exponential function of the same
decay time τCe = 48 ns. The second part is linear at longer times and can be approximated
by a power law function, t−p, where p is a constant. The first and second part form together
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Figure 9.9: In this model the CL decay of Ce3+ doped LuAG:Gd,Ga in log-log scale is shown
in the full experimental time range up to 35 µs. The entire decay curve is described by func-
tion Eq. 9.1, which is composed of exponential and power law functions as it is graphically
indicated by green dashed lines. The thick red solid line is convolution of the decay function
and excitation pulse.

model function for fitting experimental decay curves, which looks as follows:

I = I1exp

(
− t

τCe

)
+ I2(t0 − t)−p + I0 (9.1)

where τCe is the intrinsic Ce3+ decay time, parameter t0 compensates for nonzero time of the
excitation pulse and I0 represents the background signal.

The exponential and power law function components are assigned to the first and second
stage in the scintillation decay and are illustrated as green and blue dashed lines in the Fig. 9.9,
respectively. The first term - single exponential decay confirms that there is only one optic-
ally active emission center Ce3+ in the studied material. The second - power law term, which
dominates in the scintillation decay above ∼ 300 ns, is not attributed to any independent
emission center. According to the Tachyiya and Mozumder [88] and Huntley [28] a tunnel-
ling of trapped electron through a potential barrier to a nearby recombination centre as it is
shown in the Fig. 9.11. This tunnelling can be described by t−p dependence with sufficiently
high precision, where parameter p is between 0.95 and 1.5. This parameter depends only on
material and for sufficiently deep trap it should not depend on temperature. We assume that
traps and emission centres are randomly distributed in the crystal lattice.

The fit of decay curve in the Fig. 9.9 provided value p = 0.88. In the both fitting ap-
proaches, the value of Ce3+ decay time was determined to be τCe = 48 ns. This value is a bit
lower than Ce decay time, τPL(Ce) = 51 ns, of the same sample obtained in PL decay measured
by excitation at 339 nm and monitored at emission 520 nm, see Fig. 9.10. For comparison,
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Gd and Ga doped LuAG:Ce samples grown from PbO have even higher Ce decay time values
in the time range from 54 to 70 ns [42].

II. Physical processes

A tunnelling process has been already considered in photoluminescence decays in many vari-
ous materials [51]. This process can significantly affect the dynamics of luminescence center
excited states and affects the performance of scintillation material. However, there are other
processes which may occur simultaneously with tunnelling. Figure 9.11 shows possible path
ways of deexcitation of an electron captured on a virtual trap.

Neglecting, radiative or nonradiative recombination from a trap, depicted in the Fig. 9.11
as wavy line, one should take into consideration possible thermal ionization of a trap center
with subsequent capturing of an electron at an empty 5d state of Ce4+ creating excited Ce3+

center (dash line) and followed by the delayed radiative recombination from the 5d1 state. The
direct tunnelling from the trap through an energy barrier to an empty 5d1 state of a nearby
Ce4+ center is symbolized by the thick arrow in Fig. 9.11. The Ce4+ center is created by
preceding hole capture - the red circle at 5/2 level at Ce3+ ion. Unlike the tunnelling effect,
the delayed recombination process is strongly dependent on the temperature and is described
by Boltzmann factor exp(-∆/kBT ), where ∆E is the activation energy of the center. The
delayed recombination process is described in the Fig. 9.11 by green dash line.

9.3.2 CL decay kinetics at room temperature

The CL decay kinetics of Ce3+ doped LuAG:Gd,Ga samples were measured under electron
beam excitation with 50 ns wide pulse. These decays were measured at high dynamic range

Figure 9.10: Photoluminescence decay of 5d-4f(Ce3+ emission measured by time correlated
single photon counting at λex = 339 nm and λem = 520 nm. The theoretical fit, red solid line,
was obtained by convolution of decay function with the excitation pulse.
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Figure 9.11: Scheme of the Ce luminescent center energy levels localized in the band gap.
The possible mechanisms of deexcitation of the trap center are depicted as (a) blue wavy
line - radiative and nonradiative de-excitation of a trap itself; (b) green dashed line - thermal
ionization of a trap with subsequent capturing of an electron at an empty 5d level of Ce4+

ion followed by delayed radiative recombination; (c) pink thick arrow - quantum tunnelling
through an energy barrier from a trap to a nearby Ce4+ activator center. The CB refers to the
conduction band and the VB is the valence band [42]. For more details see the text.

and large time scale up to 40 microseconds in steps of 2 ns, as it is shown in Fig. 9.12, which
is presented in log-log scale.

At low Gd content from 4.6 % (sample 1LGB3) up to 28 % (sample 2LGB4) the back-
ground of the decays increase. Then, sample with both 39 % of Gd and Ga content shows
degrease of the background in comparison with the Gd lower doped samples. The first three
samples presented in Fig. 9.12 show the similar decay curves, which are composed of two
contributions - the fast one which dominates at t < 300 ns and represents fundamental decay
of 5d-4f(Ce3+) with Ce decay 52 - 65 ns, and the second slow component which dominates at
t> 300 ns and is decribed by power-law function t−p. The second part represents the tunnel-
ling of trapped electrons through the potential barrier to the nearby recombination centres, as
it was explained in the previous section 9.3.1.

The first three decay curves were fitted by Eq. 9.1, obtained values of Ce decays τ and
parameter p are shown in the legend in Fig. 9.12. Values of τCe = 52 - 65 ns are a bit lower
than the PL decays in section 7.2.4, where τPL = 57 ns for sample 1LGB3 (Gd = 4.6 %,
Ga = 0%) and τPL = 56 for sample 2LGB4 (Gd = 28 % and Ga = 0 %). The PL spectra of
sample 3LGB3 is presented in Fig. 9.10 and has 51 ns decay time. The fits of decay curves
provided parameter p of different values 0.78 - 1.01 in the these first three Gd, Ga co-doped
samples. The scatter of obtained values p comes probably from randomly distributed traps
states, which lead to range of trap energies. However, the most probable reason, which is
not considered in the Huntley′s model, is thermal ionization of shallow traps that may occur
simultaneously with tunnelling.

At higher concentration of Ga, more than approximately 40 %, decay curves have different
shape. As it is evident in Fig. 9.12 contribution assigned to the tunnelling (above 300ns) can
hardly be distinguished and the the power law approximation failed. These decays cannot
be described by Huntley′s model because parameter p reaches values higher than 1.5, and
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therefore this process do not indicate tunnelling effect.

The sample 4LGB1 with Gd of 54 % and Ga of 41 % was fitted by both models; Huntley′s
and multicomponent exponential function. The result is shown in the Fig. 9.13. The value
of parameter p is closely above value 1.5. This decay is on the border when the first prompt
part and second delayed part of the Eq. 9.1 can be relatively distinguished. However, samples
with higher Ga (4LGB2, 4LGB4 and 5LGB7) obtained during fitting procedure values of
parameter p higher than 2, and thus finally the multiexponential model was used to describe
shape of their decays, see Fig. 9.14.

9.3.3 Temperature dependent cathodoluminescence decay kinetics

Temperature measurements of decay kinetics can provide more information about temperat-
ure dependencies of decays and thermally stimulated luminescence, which would enable to
assess contributions to the delayed recombination from quantum tunnelling and from ioniz-
ation. Both tunnelling (or even thermally assisted tunnelling) and thermal ionization can be
present simultaneously. Their contributions in various samples at different temperatures from
∼ 100 to 480 K will be studied in this section on the four, especially chosen samples with
various content of Gd and Ga in LuAG:Ce material.

Figure 9.12: Cathodoluminescence decays measured at 50 ns pulse electron beam excitation
displayed in log-log scale up to 40 µs for samples with low, medium and highly doped Gd
and Ga co-doped LuAG:Cesamples. The first three samples with low Gd (4.6, 28 and 39 %)
concentration are fitted with the one-exponential and power law function according to Eq. 9.1.
The thick solid lines are convolution of the decay functions and the excitation pulse. The rest
of decays with Gd> 69 % and Ga 40> have parameter p higher than 2 and their convolutions
are not shown for clarity.
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Figure 9.13: Cathodoluminescence decay of Ce3+ doped LuAG:Gd,Ga with Gd = 54 % and
Ga = 41 % displayed in (a) log-log scale - fitted exponential and power law function, Eq. 9.1,
and (b) semilog scale - fitted by multiexponential function. The decay was measured under
50 ns pulse electron beam excitation.

Figure 9.14: Cathodoluminescence decays of highly doped Gd > 70 and Ga > 40 % co-
doped LuAG:Ce samples displayed in semilogscale. The decays were measured by 50 ns
pulse electron beam excitation and are fitted by multiexponential functions.

I. Low Gd doped LuAG:Ce sample (1LGB3)

Figure 9.15 shows the CL decays of low Gd (4.6 %) doped LuAG:Ce sample. This figure
contains three graphs according to the behaviour of the evolution of decays at different tem-
peratures.

At 100 K the shape of decay is clearly divided into two parts and is fitted by exponential
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Figure 9.15: Cathodoluminescence decays of low Gd doped LuAG:Ce sample 1LGB3 with
Gd = 4.6 % measured in the temperature range from 10 to 480 K. The decays are divided into
three parts according to the evolution of the decay curve, for details see the text.

Figure 9.16: Temperature dependence of integral intensity decay curve composed of expo-
nential and power low function up to 350 K for low Gd doped LuAG:Ce sample 1LGB3 with
Gd = 4.6 %.

and power law function Eq. 9.1. With increasing temperature in the step 25 K all decays (not
shown for clarity) moved downwards according to the arrow in Fig. 9.15(a) up to 275 K, as
it is shown in the same figure. However, the fast Ce3+ related decay stayed almost identical
in the all decays excited under 20 ns pulse. Then, at temperature > 300 K the behaviour
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changes, see Fig. 9.15(b), where decays move their middle part upwards (solid arrow) and
shape of the curve radically changes. The decays measured at temperatures higher than 400
K can be in principal also fitted by exponential and power law function, however, parameter p
is higher than 1.5 and also the curves evidently are not composed from the two contributions
as at 300 K.

The integral intensities of exponential and power law contribution in the CL decays, meas-
ured at temperatures from 100 to 350 K in 25 K step, are shown in the Fig. 9.16. Decays at
higher temperatures, more than 350 K, are not presented due to the fact that shape of the
curves do not allow to calculate exponential and power law contribution independently in
the scintillation decay. The exponential contribution in scintillation decay is almost constant,
independent on the temperature. It means that fast Ce3+ decay time is not temperature de-
pendent, therefore we claim that none photoionization from the Ce3+ excited states to the
conduction band occurs. Contribution of the power law function rises with the temperature.
It points to the thermal ionization from the trap to the conduction band which significantly
increases at temperatures higher than 225 K.

However, the initial part of power law integral intensity contribution at 100 K is not low.
It means that direct tunnelling from a trap though an energy barrier to an empty Ce3+ excited
states occurs. The fact, that nonzero delay recombination signal is observed at very low
temperatures was reported also in ref. [50]. The shape of decay at 100 K is very close to the
tunnelling model and by parameter p = 1.1 confirms this process at such a low temperature.

Figure 9.15 shows interesting feature, the curve moves vertically up its middle part. This
behaviour points to thermally assisted tunnelling effect as it is described in Kitaura [33] in
the Fig. 10. However, more information about this phenimenon in studied samples could be
obtained by thermoluminescence or time resolved spectroscopy measurement.

II. Medium Gd and Ga co-doped LuAG:Ce sample (3LGB3)

The CL decays of medium Gd and Ga co-doped LuAG:Ce sample with 39 % of both co-
dopants were measured in the temperature range from 104 to 480 K. The curves fitted ac-
cording to the Eq. 9.1 are shown in the Fig. 9.17. For clarity, the CL decays measured at
104 and 480 K are displayed in the next Fig. 9.18. Unlike the previous sample (1LGB3), the
prompt Ce3+ emission is temperature dependent and photoionization from the Ce3+ excited
states results in the significant shortening of the Ce decay time value at higher temperature
> 250 K, as it is indicated by arrow (a) in the Fig. 9.17.

Parameter p is slightly changing with temperature, however, the relative contribution of
both parts, exponential and power law, is decreasing with temperature, Fig. 9.19. In com-
parison with the previous sample 1LGB3, this sample has higher integral intensities of both
contributions, which confirms the positive role of the Gd and Ga doping. The exponential
part have increasing character up to 200 K, this increase is also indicated in the Fig. 9.18 by an
arrow upwards. It is worth of noting, that this increasing dependence observed in Figs. 9.19
and 9.18 between ∼ 100 and 150 K was fully supported by repeated measurements in 25
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Figure 9.17: The CL decay curves of medium Gd, Ga co-doped LuAG sample (3LGB3 Gd,Ga
= 39 %) that represent convolution of the exponential and power function, Eq. 9.1 and excit-
ation pulse at various temperatures, see the legend.

Figure 9.18: The CL decays of medium Gd, Ga co-doped LuAG sample (3LGB3 Gd,Ga =
39 %) measured at 104, 200 and 480 K. The thick solid lines are convolutions of the decay
function according to the Eg. 9.1 and excitation pulse.

K steps. The increase of signal at such low temperatures is due to electron tunnelling and
delayed recombination through the conduction band at higher temperatures, however sim-
ultaneously with increasing temperature the photoionozation occurs and subsequently the
overall signal decreases. The similar behaviour was also observed in the CL spectra 9.2. The
Gd and Ga substitution modified both the position of the Ce3+ excited states and the position
of the bottom of the conduction band. Their mutual position is probably near to each other
and causes photoionization from the Ce3+ excited states and thermally induced ionization of
an electron from the trap to the conduction band. Therefore, both contribution, exponential
and power-law, in Fig. 9.19 have decreasing tendency since 200 K.
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Figure 9.19: Temperature dependence of integral intensity decay curve composed of expo-
nential and power low function of medium Gd, Ga co-doped LuAG sample (3LGB3 Gd,Ga
= 39 %).

III. Highly Gd and Ga co-doped LuAG:Ce sample (4LGB2 and 5LGB7)

Finally, the CL decays of highly doped Gd and Ga co-doped LuAG:Ce samples 4LGB2 (Gd
= 69 %, Ga = 42 %) and 5LGB7 (Gd = 100 %, Ga = 60 %) were measured in the various
temperatures. Some of them are displayed in Figs. 9.20 and 9.22 in log-log scale. These
decays evidently are not composed of the two parts, and therefore cannot be attributed to the
tunnelling. The components responsible for delayed recombination are evidently reduced.

The CL decays measured at the highest (480 K) and the lowest (107 K) temperature are
shown in the Figs. 9.21 and 9.23 in semilogarithmic scale for samples 4LGB2 and 5LGB7,
respectively. These curve are fitted with the multiexponential functions and both samples
exhibit shortening of the decay times at increasing temperature and most probably due to
subsequent ionization.

Comparison of 5d-4f(Ce3+) decay times

The overview, of obtained Ce-related decay times τCe at various temperatures in the range
from ∼ 100 K to 480 K is shown in the Figs. 9.24(a)-(d) for four studied samples: 1LGB3
(Gd = 4.6 %), 3LGB3 (Gd = 39 %, Ga = 39 %), 4LGB2 (Gd = 69 %, Ga = 42 %) and
5LGB7 (Gd = 100 %, Ga = 60 %), respectively. The τCe values were obtained according to
Eq. 9.1 for samples 1LGB3, 3LGB3 and multiexponential function for samples 1LGB3 (at
high temperatures), 4LGB2 and 5LGB7.
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Figure 9.24: Temperature dependence 5d-4f(Ce3+) of decay times, obtained by the CL decays
with excitation pulse of 50 ns for samples (a) 1LGB3 (Gd = 4.6 %), (b) 3LGB3 (Gd = 39 %,
Ga = 39 %), 4LGB2 (Gd = 69 % and Ga = 42 %) and (d) 5LGB7 (Gd = 100 % and Ga = 60
%), respectively.
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9.3.4 Cathodoluminescence decay kinetics in milisecond time range

The spectrally unresolved CL decays measured under electron beam excitation with 1 mili-
second wide pulse can reveal presence of slow components in scintillation decay. The CL
decays of Ce3+ doped LuAG:Gd,Ga samples were measured at high dynamic range and large
time scale up to 40 miliseconds at room temperature, as it is shown in Fig. 9.25, which is
presented in the log-log scale.

Figure 9.25: The CL decays measured at 1 ms pulse electron beam excitation displayed in log-
log scale up to 40 milisecond for samples with various Gd and Ga content LuAG:Ce,Gd,Ga
samples.

Figure 9.26: The enlarged initial part of Fig. 9.25

The shape of CL decays is very influenced by the composition. Samples 1LGB3,5 (Gd
∼ 4.8 ± 2) and 2LGB4 (Gd = 28 %) show considerable slow component. The CL decay
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of YAG:Ce single crystal and LuAG:Ce film still contain some slow component, however,
samples with higher Ga concentration 4LGB2 (Gd = 69 %, Ga = 42 %) and 5LGB7 (Gd =
100 %, Ga = 60 %) rapidly drops down, as it is shown in Fig. 9.26, which represent enlarged
initial part of the previous Fig. 9.25. This behaviour points to the total removing of shallow
traps due to Ga doping and exactly correlate with the light yield measurement discussed in
the following section 9.5.

9.4 Alpha decays

In this section, the presented decays were measured under alpha particles excitation (Ameri-
cium, 5.48 MeV). Figs. 9.27, 9.28, 9.29 and 9.30 show the α decays of samples with various
concentrations of Gd and Ga in LuAG:Ce samples.

Figure 9.27: Spectrally unresolved α-excited scintillation decay curve of reference sample
LuAG:Ce (12LBC1).

Figure 9.28: Spectrally unresolved α-excited scintillation decay curve of Gd doped LuAG:Ce
sample (2LGB5).
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Figure 9.29: Spectrally unresolved α-excited scintillation decay curve of medium Gd, Ga co-
doped LuAG:Ce sample (4LGB5). An increase observed around 650 ns is an artifact caused
by the PMT after pulse effect.

Figure 9.30: Spectrally unresolved α-excited scintillation decay curve of highly Gd, Ga co-
doped LuAG:Ce sample (5LGB6). An increase observed around 650 ns is an artifact caused
by the PMT after pulse effect

The scintillation decay of the reference sample LuAG:Ce, displayed in Fig. 9.27, has de-
cay time value 65 ns, which is close to the intrinsic cerium decay time 56 ns in the PL decays.
However, very high background is the result of the intensive slow components present in scin-
tillation response, what is similar to the situation observed in single crystals. At increasing
Gd concentration, ∼ 33 %, the background is even higher, see Fig. 9.28. In fact, this could
be expected due to slow Gd emission and energy transfer (both radiative and nonradiative)
to Ce3+ ions. However, with Ga substitution of 54 %, the situation changes and the back-
ground dramatically decreases. The lowest background signal was observed for samples with
Ga from 54 to 70 % and Gd > 70 %, see Figs. 9.29 and 9.30. Comparing these four graphs,
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we can conclude that slower decay component, 711 ns (reference sample 12LBC1), 724 ns
(sample 2LGB5), 353 ns (sample 4LGB5), and 234 ns (sample 5LGB6), decreases with in-
creasing Gd and Ga concentration. Such a behaviour points to a diminishing effect of traps in
the scintillation process at higher Ga and Gd concentrations. The decay times of all studied
samples measured by alpha particles are scattered in the interval from 58 to 96 ns. These
results well correlate with the PL decay curves of 5d-4f(Ce3+) emission studied in chapter
7, which exhibit times within 50 - 70 ns. The rather close correlation is observed with CL
decays, studied in section 9.2, which decay time values are in the wider range from 41 - 84
ns.

9.5 Light yield

In this section, the results of the photoelectron yield (PhY) measurement are presented. In the
PhY experiments, the samples were excited by alpha particles and measured at the shaping
time between 0.5 and 10 µs. The alpha particles from 239Pu radioactive source (5.157 MeV)
were used. The PhY was determined by the pulse height spectroscopy of scintillation response
described elsewhere [46]. The aim of this experiments is to explore in detail the effect of
Gd and especially Ga concentration on the Ce3+ related scintillation properties in studied
samples. We note that PhY does not probe contribution from the Gd3+ center due to its
milisecond time response.

The results, represented by the number of photoelectrons per MeV for shaping times 0.5-
10 µs, are shown in Fig. 9.31, which is divided into four graphs from (a) to (d). The results are
compared with GAGG single crystal grown by Cz method [31], which have LY = 50 kph/MeV,
and is one of the best garnet crystal scintillators grown up to now. The PhY of GAGG:Ce
single crystal in displayed as red dot-dashed line and reaches more than 800 Nphe/MeV. The
orange curve in the same graph represents the undoped LuAG:Ce sample (12LBC1) grown
by LPE, Nphe is much lower, above 250 Nphe/MeV. The slow components in the PhY play an
important role and manifest in progressive increase of Nphe with shaping time. Therefore,
the all PhY curves from Fig. 9.31 are normalized to the shortest shaping time of 0.5 µs and
displayed in Fig. 9.32 for better relative comparison. Fast scintillation response results in the
sharp onset at short times (0.5 - 1 µ) of the PhY curve, see red dot-dashed curve of GaGG:Ce
single crystal . If the slow components are present, the PhY curve has at higher times up to
10 µs still increasing tendency, as it is observed in sample 12LBC1, Fig. 9.32(a). However,
the normalized PhY curve of GAGG:Ce saturates above ∼ 1 µs shaping time. This observa-
tion is crucial and points to the absence of slow components, which negatively influence the
scintillation response.

Figure 9.31(a) shows the PhY of other samples 1LGB3 and 4, which differs in Ce concen-
tration, while the Gd concentration is constant of Gd = 4.6 %. The PhY of these samples con-
siderably decreases at all shaping times. In comparison with the sample 12LBC1, the number
of detected photoelectrons decreases by factor of ∼ 2. The shape of normalized PhY curves
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in Fig. 9.32(a) reveals that slow components are present in a greater extent, which manifests
in increasing character of the curve at longer times, even above the sample Gd-free sample
12LBC1. The similar situation is observed in Fig. 9.31(b) for samples (2LGB2, 4 and 5) with
Gd = 15, 28 and 33 %. Their PhY curves are slightly below the undoped 12LBC1 sample.
Furthermore, the slow component in the PhY significantly increases at higher Gd doping
compared to undoped LuAG:Ce, Fig. 9.32(a) and (b) , where normalized PhY is shown The
PhY of all samples in the first and second series (Figs. 9.31(a) and (b)) are much lower than
PhY of reference GAGG:Ce single crystal.

However, the situation totally changes by the Ga substitution when the PhY significantly
increases. At Ga = 28 % in the sample 3LGB2 the PhY is above 350 Nphe/MeV, Fig. 9.31(c).
The important result was observed in the sample 3LGB3 with both Gd and Ga content of 39 %,
with PhY of 1100 ph/MeV at 10 µs, which is about 35 % higher than in reference GAGG:Ce
single crystal. This phenomenon is probably related to the processes ongoing in the both
materials, namely, ionization from the 5d1 excited state of Ce into the conduction band and
thermal quenching of luminescence is lower in this sample as compared to GAGG:Ce single
crystal.

Further investigations, as temperature dependent integrated spectra or temperature de-
pendent decays, could elucidate closely these processes in these studied materials.

Considerable improvement was observed in samples with Gd = 100 % and Ga > 50 % ,
displayed in Fig. 9.31(d). The PhY of samples of the fourth and fifth series with high content
of both Gd and Ga (samples 4LGB1,2,3 and 5LGB6) have PhY very close to the reference
GAGG:Ce single crystal. In these samples, the fast component within 1 µs shaping time in-
creased markedly at the expense of slow components, Fig. 9.32(d). Except for sample 4LGB1
the normalized PhY curves are almost identical. This result fully supports those in CL decay
kinetics (50 ns and 1 ms), where slow components were also totally missing. Sample 5LGB9
with concentration of Ga = 71 % exhibited practically no slow scintillation response and very
low PhY = 99 ph/MeV. Increasing Ga concentration leaded to an increase of Stokes shift and
onset of thermal quenching was shifted to lower temperatures. Additionally, a smaller gap
between 5d1 Ce3+ excited state and conduction band bottom increases probability of excited
state ionization, which resulted in PhY loss.

Dependence of PhY on the Ga content is shown in Fig. 9.33. At low Ga concentrations,
the PhY values remain below 200 ph/MeV. In the interval of Ga = 16 - 39 %, a sharp increase
of photoelectron yield is observed. The highest values of PhY are observed for Ga of∼ 40 %
and finally, the huge drop is observed at high Ga content > 70 %.
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Figure 9.31: Dependence of the photoelectron yield of selected samples on the shaping time.
The samples are divided into the four graphs according to the various Gd and Ga content.
The PhY was measured under alpha particles excitation using radioactive source 239Pu (5.157
MeV).
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Figure 9.32: The PhY normalized to the shortest shaping time of 0.5 µs of the selected
samples (which are the same as in the Fig. 9.31.
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Figure 9.33: Dependence of α-excited photoelectron yield on the Ga content for some Gd,
Ga co-doped LuAG samples. Line is only to guide the eye, as indication of the increase and
decrease of PhY.

9.6 III. Summary

The CL experiments and analyses of scintillation decays measured in a broad time range point
to rather complex behaviour of garnet samples. The fit of the scintillation decays provided
two components - a fast exponential term with the decay time 50 -70 ns and a slow power-law
dependence of the intensity∝ t−p. The exponential decay originates from the prompt electron
hole recombination at Ce3+, while the power function can be explained as tunnelling-driven
energy transfer process, where electrons tunnel from shallow traps towards 5d1 (Ce3+) state
where subsequently recombine.

In was shown, that at higher concentration of Gd = 70 - 100 % and Ga = 40 - 60 % the
second component expressing the tunnelling effect is missing, unlike the low Gd, Ga doped
samples, where the decay curve is composed of the two terms, the exponential and power-law
function. Simultaneously, the undesirable slow components in the milisecond scintillation
decays also disappeared at such high concentrations. Finally, the light yield measurements
confirmed the total removal of slow components in highly doped epitaxial layers.

In conclusion, presented results clearly show that comparable scintillation performance
of epitaxial films with that of Czochralski grown bulk crystals can be indeed achieved. It was
shown, that the trap states responsible for delayed recombination process are suppressed in
heavily Gd, Ga substituted LuAG:Ce films and the dominant part of scintillation response is
due to the prompt recombination of electrons and holes at the Ce3+ emission centres.
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Part IV

Conclusions
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Chapter 10

Conclusions

The presented thesis Oxide scintillator detectors was focused on a new concept of Ce3+ doped
multicomponent aluminum garnets, (GdYLu)3(GaAl)5O12, with partial substitution of Gd
and Ga for (Y,Lu) and Al ions, respectively. Special attention was devoted to this scintilla-
tion material due to the positive effect of combined Gd and Ga substitution on the extensive
suppression of shallow traps, which have detrimental effect on the performance of this ma-
terial.

The presented work followed up with the previous research [37, 36], where Gd and Ga
co-doped LuAG/YAG:Ce epitaxial garnet films were grown by method of liquid phase epi-
taxy using the PbO-B2O3 flux. In these samples, the Pb2+ impurities considerably demoted
performance of this material and therefore any positive influence of Ga doping was not ob-
served. Although, the slow component responsible for delayed recombination process was
due to Ga substitution removed, increase of light output did not occur. Probably, due to the
lead impurities, which energy levels are located near to the bottom of the conduction band
and capture electrons which subsequently nonradiatively recombine.

In this thesis, due to the breakthrough in the liquid phase epitaxy high purity single crys-
talline films were grown from the lead-free BaO-B2O3-BaF2 flux with special emphasis on
elimination of potential impurities coming from the flux. Therefore, thin epitaxial films were
prepared without unwanted lead contamination and thus Ga influence could have manifested
positively in scintillation efficiency and response according to the expectations. Overall, the
30 samples of Ce3+ doped LuAG:Gd,Ga multicomponent garnets were prepared covering full
concentration ranges of Gd and Ga substitution.

The aim of this work, was detailed study of basic characteristics with focus on the photo-
luminescence, radioluminescence and decay kinetics (chapter 7), determination of the nature
of the energy transfer from Gd3+ to Ce3+ ions at low Gd and Ce doped films (chapter 8),
and investigation of the affirmative impact of Gd, and especially Ga doping, on scintilla-
tion efficiency and response by means of cathodoluminescence, decay kinetics under alpha
particles excitation and light yield measurements (chapter 9), in Gd, Ga co-doped LuAG:Ce
multicomponent garnets.

The chapter 7 of the third Experimental part was divided into two sections, 7.2 and 7.3.
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Section 7.2 dealt with the low Gd and Ce co-doped LuAG films up to 33 % of Gd concen-
tration. It was observed that at low Gd content (∼ 4.6 % ), the excitation energy is shared by
two virtually independent and competing emission centres, Gd3+ and Ce3+, and at increas-
ing Gd doping (up to ∼ 30 %), the Ce3+ centres retrieve the intensity and the Gd3+ emission
decreases.

Moreover, in this section the nonradiative energy transfer from donor 6PJ (Gd3+) to ac-
ceptor 5d2(Ce3+) states ion was observed and proven by the several following facts:

(i) The Gd3+ absorption lines at ∼ 274 and 312 nm were observed in the absorption spectra
and also in the excitation spectra measured at the Ce3+ emission (∼ 520 nm). The fact that
Ce3+ emission is excited by means of excitation of 6IJ , 6PJ multiplet states of Gd3+ pointed
to the energy transfer process.

(ii) Another evidence was observed in Gd3+ emission spectra (λex =∼ 274 nm), where during
the selective excitation of Gd3+ ions, the Ce3+ emission was observed, and simultaneously
increasing of Gd concentration leaded to the increase of Ce3+ emission.

(iii) The decay kinetics measurements of Gd emission provided definite support of energy
transfer process by shortening of the decay time value of Gd3+ emission in the presence of
Ce3+ ions and the latter emission that shows milisecond decay component when excited via
Gd3+ center.

The observed nonradiative energy transfer process from Gd3+ to Ce3+ ions was expected
to be rather low due to the minor spectral overlap between the 4f6P-8S, Gd3+ emission line
and 4f-5d2(Ce3+)absorption band. Due to this fact, we expected that efficient energy transfer
process requires the assistance of phonons.

Therefore, in the chapter 8, we focused on the decay kinetics of Gd3+ (4f-4f) and Ce3+

(5d-4f) emission, which were measured in a wide temperature range to reveal the real nature
of energy transfer process and provide firm evidence of nonradiative energy transfer from
Gd3+ donors to Ce3+ acceptors. The obtained experimental data were analysed using single-
step energy transfer and diffusion limited approaches. In this chapter it was demonstrated that
the energy transfer is virtually single step process with dominating dipole-dipole interaction.
In many cases the migration cannot be neglected, but in this diluted system it was proven
that the contribution from diffusion within the donor Gd3+ subsystem is minimal and the
energy transfer process is effective even at low Gd and Ce concentrations. The critical transfer
distance of donor (Gd3+) and acceptor (Ce3+) ions was found C0 = 9.4 x 1019 cm−3, R0 =
14 Å at room temperature. The mechanism of non-radiative energy transfer based on the
dipole-dipole interaction consists in the simultaneous non-radiative deexcitation of the donor
(Gd3+) center and excitation of the acceptor (Ce3+) center. This mechanism is enabled by
the partial resonance of the donor emission and acceptor absorption transitions (the overlap
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integral is nonzero). However, as the resonance is not perfect the phonon assistance can
enhance the energy transfer probability. The obtained results suggest that this energy transfer
can be beneficial also for significant increase of scintillation efficiency in heavily Gd doped
GAGG:Ce scintillators when the excitation energy which migrates over the Gd sublattice is
efficiently transferred to Ce3+ activators.

In the last chapter 9, the cathodoluminescence, decays measured by excitation under al-
pha particles and light yield measurements point to rather complex behaviour of studied mul-
ticomponent garnets and well correlates with the result observed in the radioluminescence
spectra in sections 7.2.3 and 7.3.3.

The photoelectron yield of studied samples was compared to the best known single crystal
GAGG:Ce with LY of 50 000 phot/MeV (under gamma excitation) and to the reference film
LuAG:Ce, which had only half of this value. The samples with low Gd content showed low LY
in comparison with GAGG:Ce single crystal. However, the LY of heavily Gd, Ga co-doped
samples was very close to the LY of this single crystal and timing characteristics obtained by
CL decay measurements were excellent. The prompt Ce3+ (5d-4f) component in scintillation
decay (under alpha-particle or e-beam excitation) of all studied samples was between the 50
- 70 ns and well correlated with the decay times of Ce3+ obtained by PL decay measurement.
Moreover, the slow components were diminishing with the increasing of the Gd, Ga content.
The best results were obtained for samples with content of Gd = 70 - 100 % and Ga = 40 -
60 %. The CL decay kinetics of 5d-4f(Ce3+) measured in nanosecond and microsecond time
ranges of these samples showed that trap centres responsible for the slow component in the
scintillation emission were completely suppressed and the LY is comparable with that of the
best bulk GGAG:Ce crystal so far. To conclude, the scintillation characteristics of epitaxial
multicomponent garnet films grown from BaO flux are very comparable to those obtained
on high quality bulk crystals and our data enabled to precisely determine the concentration
range for the most efficient garnet scintillators.
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