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The introduction chapter of the thesis is intended to sketch a background for the 
research presented and put it into a broader perspective. A short historical 
introduction on medical imaging is given and the crucial impact of early scintillators 
on improving the technique is explained. 

Modern medical imaging methods, that rely on advanced scintillator materials 

(Computed Tomography and Positron Emission Tomography), are introduced and 

measurement principles are described. The physical requirements to be fulfilled by 

scintillators, as well as the theoretical basis for lanthanide luminescence are 

addressed. Luminescent garnets, being the focus of this thesis, are described as 

one of the most suitable material class in the scintillator application areas. Finally, 

an overview is given of the main experimental results and conclusions drawn in the 

thesis.   
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1.1 Scintillators: historical background 

A major breakthrough for diagnosis of internal diseases dates back to November 
8

th
, 1895 when Wilhelm Conrad Röntgen discovered a mysterious new type of 

radiation which he called X-rays.
1
 The importance of the discovery was quickly 

recognized and the Nobel Prize in Physics followed in 1901.  

The use of the X-rays in medical imaging was based on its high energy and high 
ability of human body penetration. The radiation was weakly absorbed by less 
dense human tissue and caused blackening of the photographic film placed behind 
the examined body part. In regions of high density, e.g., bones, the X-rays were 
strongly absorbed and only a small fraction of the incident radiation was received 
by the film. In this case no or little blackening was observed. Therefore, it was 
possible to observe an image composed of bright and dark regions. The image 
allowed studying the internal structure of human body.  

The method found application in many areas; however, its physical basis was 
poorly understood. Especially, the harmful consequences of high doses of the X-
ray radiation were not recognized. It led to frequent overexposure of people to the 
radiation and was followed by the occurrence of post radiation diseases.

1
 

In spite of this, the large potential of the technique continued to be exploited over 
the following decades and the new field grew rapidly. A lot of attention was directed 
to deeper understanding of the fundamentals of the process which led to an 
increase in the quality of the image, image acquisition and safety.

2-6
 

One major drawback in the early days of X-ray imaging was the relatively weak 
interaction of the radiation with photographic films. That implied rather long patient 
exposure times to produce sufficient contrast in the images. In addition to its 
harmful consequences, it greatly hindered image acquisition as it required that the 
patient remained still for a long time.  

An improvement was proposed by Pupin as early as one year after Röntgen‟s 
discovery and relied on the application of CaWO4.

7,8
 This material was 

characterized by the ability to convert ionizing radiation into visible violet light which 
could be easily detected and recorded by a photographic film. In such a way a new 
configuration became available for X-ray imaging in which a screen with CaWO4 

was placed behind the patient body part in direct contact with the photographic 
film. The benefit was a reduction of the required X-ray dose that the patient was 
exposed to by several orders of magnitude and thus the exposure time decreased. 
These factors contributed to lower occurrence rate of post radiation disorders and 
improved image quality in terms of resolution and contrast.

9
 Remarkably, CaWO4 

remained in use for over 75 years.
10

 After World War II other materials with 
improved properties were proposed and the research was intensified. This resulted 
in the development of many new materials, as presented in Fig. 1.1.

11
 Many of 

those were rare-earth metal based. In this graph, garnets are not included, they 
entered the application arena after the year 2000.

12
 

The discoveries of Röntgen and Pupin laid the important foundations of present X-
ray imaging which comprises X-ray radiography, Computed Tomography (CT) and  
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Figure 1.1 History of the discovery of major inorganic scintillator materials. 
Adapted from Ref. 11.  

Tomo-Densitometry (DXA). Further advancements in the field of scintillators 
allowed the development of Positron Emission Tomography (PET) and Single 
Photon Emission Computed Tomography (SPECT). 

1.2 Most relevant scintillator based tomography techniques 

The word tomography, which is derived from Greek words tomos (“part” or 
“section”) and graphein (“to write”), relates to a technique of imaging based on a 
superposition of cross section representations of the object analyzed. Usually, slice 
images are produced by a penetrating wave which can be electromagnetic (light, 
X-rays) but also mechanical (acoustic wave i.e. sound). The slices are then 
combined to produce either a two or three dimensional image and the process is 
assisted by appropriate computer software. This is sometimes referred to as 
tomographic reconstruction. Most well known tomography applications are in 
medical imaging: Computed Tomography, Positron Emission Tomography or 
Ultrasound Tomography. Moreover, the technique is also widely applied in other 
areas of science, for instance in archeology, biology and geophysics. 
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1.2.1 Computed Tomography (CT) 

Computed Tomography (CT) is a method of imaging that is based on tomography 
created by computer processing. In the context of medical imaging, CT is one of 
the most widely applied methods. It is estimated that in the year 2007 about 60 
million scans were performed in the USA alone

13
 and the technique is considered 

well established. 

 
Figure 1.2 Picture of a typical CT machine. 

In CT the image is created with the use of X-rays that penetrate the patient‟s body 
and interact with soft and hard tissues in a way similar to traditional X-ray 
radiography. The difference is that during a typical CT scan the X-ray source and 
detection array rotate 360° around the patient, who is placed horizontally on a 
movable table, Fig. 1.3. After the radiation is transmitted, it reaches the opposite 
side of the ring around the patient, in which scintillating material is implemented. 
The scintillator material is a crucial constituent of the CT apparatus as it converts 
high energy radiation into visible light, which is in turn detected by photodetectors. 
The radiation intensity corresponds to the density or attenuation value of the tissue 
at each point across the slice. The collected slices are then combined by a 
computer to produce an image. 

Early CT machines were only able to work in a sequential scanning mode, which 
meant acquisition of a single slice at a time. That involved a considerable amount 
of time per single measurement and imposed strict requirements on the patient‟s 
behavior during the scan (for example absence of movement). Currently, however, 
a slip-ring technology is predominant and a continuous rotation of the X-ray source 
in one direction around the patient is possible. In such a way a helical or spiral CT 
was developed. The name originates from the characteristic form that the 
transmitted radiation takes in relation to the patient, Fig. 1.4. 
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Figure 1.3 Schematic outline of a CT machine. The object in the middle 
symbolizes the patient surrounded by X-ray source which generates a fan-
shaped beam and the position-sensitive detector containing the scintillating 
ceramics.

3 

 

 
Figure 1.4 Principle of helical or spiral CT;

3
 Pitch 1 and Pitch 2 represent high 

(lower image resolution) and low (higher image resolution) speed of the table 
movement respectively. 

As the X-ray source rotates, the table with the patient moves slowly in a horizontal 
direction. The speed of the table movement impacts the image sharpness but also 
the time needed per scan. For example, if lower sharpness of the image is 
sufficient or the patient is not able to lie still for too long, a high table speed is used. 
On the other hand for high resolution images lower speeds are used and the time 
per scan increases. The helical CT technology allows for even larger anatomic 
regions of the body to be analyzed during single breath hold and thus greatly 
eliminates image artifacts coming from patient‟s movements. 
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1.2.2 Positron Emission Tomography (PET) 

Positron emission tomography is another important technique which relies on the 
use of ionizing radiation. It is also one of the most recently developed and most 
advanced medical imaging techniques.  

In this technique, before the scan takes place the patient is injected with a short 
lived radioactive tracer compound which accumulates especially in tissues of 
increased metabolic activity. Most commonly the compound is a modified form of 
glucose with one of the hydroxyl groups replaced by radioactive fluorine isotope 
18

F. The isotope undergoes beta decay and produces a positron as a result. Almost 
immediately afterwards the positron annihilates with an electron from one of the 

surrounding atoms and two  photons are emitted in opposite directions due to the 

momentum conservation principles. The  photons are weakly absorbed by the 
human tissue and are able to reach the detector ring surrounding the patient 
(Fig. 1.5). In the detector ring scintillators are placed that, similarly to their function 
in CT, convert the high energy radiation into short visible light pulses. These pulses 
are subsequently detected by photo detectors and recorded as electric signals by 

the computer. Data analysis and processing is based on the fact that the  photons 
are always emitted at α = 180° angle, and, therefore, by the simultaneous detection 
of both of them, it is possible to identify precisely the location of the annihilation 
event at the crossing point of the so-called lines-of-response (LOR). This, 
therefore, means that the distribution of the labeled glucose in the patient‟s body 

can be determined. It might, however, happen that a  photon, which was produced 
from the annihilation event, undergoes Compton scattering and, consequently, its 
trajectory is deflected from 180°. The Compton scattered photon is characterized 
by lower energy (different wavelength) than the non-scattered photon and this  
 

 
Figure 1.5 Principle of operation of Positron Emission Tomography (PET). The 
object in the middle symbolizes the patient. The scintillator crystals (several 
thousands) are contained in the outer ring. 
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difference is used to discriminate scattered  photons from  photons that are not 
Compton scattered, by counting the number of visible photons generated per 

incident  photon. To be able to discriminate between  photons of different 
energies, a high energy resolution is important. 

In modern Time-of-Flight PET data processing is based on the measurement of 

differences in arrival times of the two  quanta coming from the same annihilation 
event. In such a way it is possible to obtain very high spatial resolution (2 mm). 

However, since -rays travel at the speed of light a very fast response of the 
detection system is needed which requires the use of scintillators with a fast 
luminescence build-up (in the order of sub-ns) and a short decay time (< 40 ns). 

1.3 Scintillator requirements 

There are many requirements which have to be met by the scintillating material. In 
this chapter the discussion is focused on CT and PET scintillators. A distinction 
between two major groups of requirements is made that relate to physical and 
luminescence properties. 

1.3.1 Physical properties 

High physical density and high stopping power of the host lattice 

In order to efficiently absorb the high energy radiation of the X- or -rays, the 
material must have a high physical density (ρ) and contain high atomic number (Z) 
elements. Preferably, the high density should result from a high degree of 
compactness of the crystalline lattice, meaning short atom spacing, rather than 
from a large atomic number of the constituent elements. This reduces the degree 
of undesired lateral showers of high energy quanta as well as Compton scattered 

photons. It is also essential that the X- or -ray energy is captured by the 
scintillating material efficiently, at the lowest possible penetration depths. In case of 
PET this increases spatial resolution. 

Mechanical strength, chemical and radiation stability 

Due to a constant high energy irradiation the scintillating material has to be 
photochemically stable, which is often termed radiation hardness. The process of 
photochemical degradation is related to the occurrence of bond breaking or atomic 
displacements. The material should, therefore, be resistant against these 
processes. Another aspect of chemical stability is related to the long term usage of 
the material. It is, for instance, undesired if the material composition changes in 
time due to hygroscopicity. In addition, the material must be resistant against 
mechanical stresses due to temperature changes. 

Ease of processing 

Particular requirements related to the processing of the scintillator are imposed by 
PET. The scintillator material must be prepared in the form of single crystals or 
transparent ceramics. Phosphors that do not undergo phase transitions between 
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room temperature and their melting point are suitable for single crystal production. 
As an alternative to single crystals, pressed transparent ceramics can be produced 
provided that the material crystallizes in a cubic lattice. In the case of CT less 
stringent requirements have to be met and these involve mainly that the material is 
translucent. In both PET and CT ease of processing (machining) is important which 
implies suitability of cutting and grinding. 

1.3.2 Luminescence properties 

Light yield 

In all scintillator application areas a high light yield is a major requirement. Overall 
the maximum light yield in photons/MeV of radiation energy for a scintillator is 
expressed as: 

  (
  

   ⁄ )            

[
 
 
 
   

    
⁄

]
 
 
 

      

where      is the number of electron-hole pairs produced per MeV of excitation 
energy, S is efficiency of the transfer of the electron-hole pairs to the activator ions, 
β is a constant, Eg is the band gap of the host in eV, and QE is the quantum 
efficiency of the luminescence process taking place on the activator. The energy 
needed to produce one thermalised electron-hole pair is described by βEg, where β  
 

 
Figure 1.6 Relationship between band gap and light yield of scintillating 
materials. The hatched bars give the energy range in which band gaps are 
found for the materials classes mentioned. Adapted from Ref. 14. The drawn 
line gives the maximum photons/MeV yield for β = 2.5. Actual yields for 
scintillator materials are indicated by open circles. 
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is a number that indicates how many times the band gap energy is needed to 
produce one electron-hole pair. This has been treated in detail by Bartram and 
Lempicki,

15
 who have shown that β is close to 2.5 for the best scintillators. It means 

that small band gap materials are preferred.  

In CT, a high light yield also allows reduction of the exposure time of the patient or 
the radiation dose. In PET high light yield means a decrease in the amount of 
radioactive tracer material to be used. 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% 
(Fig. 1.6). 

Response time 

Depending on the imaging method different decay time requirements have to be 
met. In PET emission lifetimes below 50 ns and rise-times faster than 1 ns (Time-
of-Flight PET) are essential. In case of planar X-ray photography and CT scanners 
the values as high as µs, and even ms, are acceptable, provided that in the latter 
case correction algorithms may need to be applied. 

Afterglow (persistent emission) 

Slow thermally activated release of trapped charge carriers is responsible for 
continuous emission in the range of seconds, minutes or even hours after the 
excitation. This should be avoided in scintillating materials as it lowers the image 
quality or reduces the rotation speed in CT. Afterglow can be handled by 
optimization of the synthesis procedure, co-dopants or in some instances, 
corrected by the software.  

Energy resolution 

It is very important for the scintillator to be able to distinguish  photons even 
slightly different in energy. This is determined by the energy resolution of the 
scintillator–detector system. The energy resolution obtained for state-of-the-art 
scintillator-detector systems is typically 5%. It is important to detect the occurrence 

of Compton scattering during which the -rays interact with the patient‟s body and 

as a result in the  quanta energy and direction of the rays change. When this 
remains undetected, the lines-of-response are incorrect.  

Spectral match with the photodetector 

Both the emission wavelength and light yield of the material determine the most 
suitable photodetector. They can be a photomultiplier tube, photodiode or 
avalanche photodiode. It is important that the wavelength range of light emitted by 
the scintillator overlaps with the detector‟s sensitivity spectrum.  

1.3.3 Additional requirement: cost 

Scintillators bring a significant contribution to the cost of the CT or PET device, 
especially when prepared as single crystals. In that case a major proportion of the 
scintillator price is dictated by the production process and not by the high material 
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costs. A possibility to fabricate the scintillator material in a form of transparent 
ceramics, instead of expensive and difficult to grow single crystals, is definitely an 
advantage. 

1.4. Lanthanide luminescence 

Lanthanides or rare earth metals are very similar to each other with respect to their 
chemical properties, which is the reason it took a considerable amount of time 
(more than 100 years) to efficiently separate them. The series of elements is 
characterized by the presence of partly filled 4f orbitals which are shielded by 5s

2 

and 5p
6
 outer shell orbitals. This shielding effect is the reason for the almost 

identical chemical properties of the rare earths and thus hinders classical 
separation processes. The fact that the 4f shell is incompletely occupied and 
chemically shielded is the reason that lanthanides have very interesting 
luminescence properties, with many of them showing very sharp emission lines. 
These lines originate from intraconfigurational 4f

n
 transitions and have been a 

subject of very intense research since the beginning of the 20
th
 century. The 

research led to many breakthrough applications such as fluorescent tubes, color 
television and X-ray phosphors. Besides that, lanthanides also present 4f

n
–4f

n-1
5d 

and charge transfer (CT) transitions which have also been intensely researched 
and more detailed understanding has been generated.  

1.4.1 Russell–Saunders spectroscopic terms 

The spectroscopic terms have been developed to describe electronic states of ions 
or atoms (in what follows we use the term ions only, as we apply this procedure to 
lanthanide ions). To characterize states involved in electronic transitions in an ion, 
the knowledge of the total orbital angular momentum number, L, and total spin, S, 
is required. Term symbols contain information about angular momentum and spin 
multiplicity of a specific electronic state. 

The total spin (S) of a state is written as a vector sum of the spin angular momenta 
of individual electrons and is defined as: 
 

 ⃗    ⃗⃗⃗⃗    ⃗⃗⃗⃗    
 

where s stands for the spin of an individual electron and equals either -½ or +½. 
The total orbital angular momentum (L) is the vector sum of the individual orbital 

momenta of the electrons: 
 

 ⃗⃗    ⃗⃗ ⃗    ⃗⃗⃗ ⃗    
 

The notation of total orbital angular momentum conforms to the orbital notations s, 
p, d, … for orbitals with l = 0, 1, 2, …however, a capital letter for the total orbital 
angular momentum is used as depicted in the table: 
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L 

0 1 2 3 4 … 

S P D F G alphabetical omitting J 
 

The number 2S+1 defines the spin multiplicity of the term.  

In case of the lanthanides, we couple S and L to obtain J which expresses the total 
angular momentum, and contains contributions from both spin and orbital angular 
momenta. In this way, spin-orbit coupling is taken into account. 

The resulting term symbols are written as: 
 

     
  

 

In which the spin multiplicity is written as a left superscript on the character 
representing the value of L and J is right subscript describing the total angular 
momentum quantum number defined as  
 

 ⃗   ⃗⃗   ⃗ 
 

J can take the integer values: 
 

|   |        
 

It is possible to depict the angular momentum quantum number J as a vector sum 
of L and S vectors as shown in Fig. 1.7. 

 
Figure 1.7 Graphical illustration of obtained J-values.

16
 

The number of electronic states for a particular configuration is given by ( 
 
) where 

n stands for the maximum number of electrons which can occupy the orbitals and i 
is the number of electrons. To illustrate the principle, the Pr

3+
 microstates are 

depicted in the following table. The term symbols are derived from these 
microstates, although one should keep in mind that the term symbols do not 
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represent single microstates but are composed of a superposition of multiple 
microstates. 
 

mi 
L S 

Term 
symbol 

Number 
of states 3 2 1 0 -1 -2 -3 

↑↓       6 0 
1
I
 

13 

↑ ↑      5 1 
3
H 33 

 ↑↓      4 0 
1
G 9 

 ↑ ↑     3 1 
3
F 21 

  ↑↓     2 0 
1
D 5 

  ↑ ↑    1 1 
3
P 9 

   ↑↓    0 0 
1
S 1 

 

The f-shell of the ion is occupied by 2 f-electrons and the total number of possible 
states equals: 
 

  (
  

 
)  (

   

(    )   
)     

 

The ground state is found by applying Hund‟s rule: it has to be characterized by the 
highest spin multiplicity and by the highest orbital angular momentum which leads 
to a 

3
H ground state. The third rule states that for lanthanide ions with a less than 

half filled 4f
n
 shell (n < 7) the the total angular momentum J for the ground state is 

L-S and for n > 7 it is L+S. For Pr
3+

 this gives a 
3
H4 ground state. The columns 

represent the possible   ⃗⃗ ⃗⃗ ⃗ values for f electrons which read 3, 2, 1, 0, -1, -2, -3. The 
arrows and their directions represent electrons and their spin, and electron 
configurations (micro states) for all possible L values are presented. The number of 
states for each particular L number is a result of multiplication: 
 

(    )  (    ) 

1.4.2 Selection rules 

Selection rules describe if a given electronic transition is allowed or forbidden. 
There are two main selection rules: 

Spin selection rule 

The rule forbids electronic transitions between levels with different spin states 
(ΔS ≠ 0). The spin selection rule originates from the fact that light (electro-magnetic 
radiation) cannot induce a spin-flip for an electron. The spin-selection rule is lifted 
by spin-orbit coupling which induces mixing of different spin states. For light 
elements spin-orbit coupling is weak and the spin selection rule is strict. For 
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heavier elements, like the lanthanides, spin-orbit coupling is stronger and the spin 
selection rule is lifted by mixing of spin states. 

Parity selection rule 

The rule forbids electronic (electric dipole) transitions between states with the same 
parity; examples are electronic transitions within the d-shell, within the f-shell, and 
between the d and the s shells.

10
 The parity selection rule arises from the fact that 

absorption of light through electric dipole transitions requires a change of electric 
dipole in the transition state between ground state and excited state. No change in 
dipole is induced for transitions between states of the same parity and these 
transitions are therefore parity forbidden. For 4f

n
→4f

n
 transitions of lanthanide ions 

the parity selection rule can be lifted by admixture of higher energy opposite parity 
states in the 4f

n
 states. The mixing is weak and the parity selection rule is the 

reason that 4f
n
→4f

n 
transitions have low oscillator strengths. There are specific J-

selection rules for the forced electric dipole transitions which determine that ∆J is 0, 
2, 4 or 6 (but not 0→0). In addition, weak magnetic dipole allowed transitions can 
be observed for which ∆J is 0 or 1 (again not 0→0). 

1.4.3 The Dieke diagram 

The Dieke diagram, shown in Fig. 1.8, gives energy levels for the rare-earth ions in 
their 3+ charge state. The levels are labeled using term symbols based on coupling 
using the L–S notation. The width of the bars indicates the order of magnitude of 
the crystal filed splitting which is seen to be relatively small compared to transition 
metal ions. The Dieke diagram allows predicting the possible transitions within 4f-4f 
sub-shells together with the corresponding transition energies. The transitions 
between the term levels lead to sharp peaks in the luminescence spectra. The line 
emission observed is a result of significant 4f orbitals shielding from the 
surroundings by the completely filled 5s

2
 and 5p

6
 orbitals. 

1.4.4 Intraconfigurational 4fn transitions 

The 4f
n
→4f

n
 transitions are intraconfigurational electronic transitions. Transitions 

between different 4f
n
 levels are characterized by sharp atomic-like lines, Fig. 1.9, 

weak oscillator strengths (parity, and in many cases also spin forbidden transitions) 
and are almost independent of the surroundings. The 4f transitions are situated in 
the NIR, VIS and UV parts of the spectrum. As an example, Fig. 1.9 gives the 
emission spectrum for Tb

3+
 (4f

8
) in Lu3Al5O12 (LuAG). Sharp emission lines are 

observed around 490 nm (
5
D4→

7
F6), 550 nm (

5
D4→

7
F5) and 590 nm (

5
D4→

7
F4). 

1.4.5 Interconfigurational 4fn–4fn-15d transitions 

The 5d orbitals are more spatially extended than the 4f orbitals. This leads to much 
greater dependence of the 4f to 5d transitions on the surrounding environment and  
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Figure 1.8 Dieke diagram presenting the energy levels of the trivalent 
lanthanides. The energy on the y-axis is given in cm

-1
 (1/λcm) and the energy 

levels are labeled by term symbols (see text). 
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Figure 1.9 Sharp line emission spectrum of Tb

3+
 in LuAG host lattice obtained 

for excitation at 377 nm. It is an example of intraconfigurational 4f
n
 transitions. 

 
Figure 1.10 Band emission spectrum of Ce

3+
 in LuAG host lattice obtained for 

excitation at 340 nm. It is an example of interconfigurational 4f
n
–4f

n-1
5d 

transitions. 

is manifested by a large influence of for example nephelauxetic effects and crystal 
field splitting. 4f–5d transitions belong to interconfigurational transitions and are 
parity allowed. They are observed at low energies in case of low electron affinity 
ions such as divalent Sm

2+
, Eu

2+
 and Yb

2+
 and trivalent Ce

3+
 and Tb

3+
. For other 

trivalent ions, the 4f–5d transitions are usually located in the VUV region. Since a 
considerable part of this thesis is related to Ce

3+
 luminescence a more detailed 

description of 4f–5d transitions is given for this particular ion. 
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Figure 1.11 The influence of nephelauxetic effect, crystal field splitting and 
Stokes’ shift on the 4f–5d transition of Ce

3+
 ion. 

Ce
3+

 (4f
1
) has only one 4f electron and therefore presents the simplest example of 

the 5d–4f emission. In the excited state it adopts the 5d
1
 configuration. The ground 

state 4f
1
 configuration yields two levels, 

2
F5/2 and 

2
F7/2 which are separated by 

approximately 2 000 cm
-1

 as a result of spin-orbit coupling. At low temperatures 
and low Ce

3+
 concentrations, it is possible to observe the 5d–4f emission bands 

separated into two distinct peaks, Fig. 1.10. In the excitation spectra due to 4f→5d 
transitions also multiple bands can be observed. Crystal field splitting produces two 
to five 5d components depending on the host lattice in which Ce

3+
 is incorporated. 

In the host lattice, 5d Ce orbitals participate in the chemical bonding and thus a 
large influence of the surroundings on the splitting and the spectral position is 
observed. The spectral position of the emission band depends on several factors: 
nephelauxetic effect, covalency, crystal field splitting and Stokes‟ shift. Figure 1.11 
depicts schematically all these effects. 

The nephelauxetic effect is related to the phenomenon of electron cloud 
expansion. It is related to the influence of the electronegativity difference of the 
ligands on the energy of the 5d states. The energy of the lowest 5d state of a 
lanthanide ion shifts to lower values if the covalency of the ligand bonding is 
increased. The crystal field splitting describes the static electric field that results 
from the charged ligands surrounding the lanthanide ion. The Stokes‟ shift is 
determined by lattice relaxation effects due to differences in bond strength in 
ground and excited state. 

1.4.6 Resonance energy transfer 

Energy of radiation absorbed by one ion (the sensitizer) can be efficiently 
transferred to neighboring ion (the activator) in a crystal when conditions first 
described by Förster in 1959 are fulfilled.

17
 The criteria can be expressed as: 

1. The distance between the sensitizer and the activator ions must be relatively 
short (in the order of nanometers), as the probability for energy transfer depends 
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on the sensitizer-activator distance (R) as 1/R
6
, for energy transfer governed by 

electric dipole-dipole interaction. In case of exchange interaction between 
sensitizer and activator, energy transfer requires wave function overlap, i.e. it is 
only possible for ion pairs which are separated by not more than about 0.5 nm. 

2. There has to be a spectral overlap between the emission band of the sensitizer 
and the absorption band of the activator ion (energy conservation). The energy 
transfer rate increases when the spectral overlap is stronger. 

Energy transfer is used widely when the emitting ion cannot be excited effectively, 
e.g., when the optical absorptions on the activator ion in the spectral region 
available for the excitation are forbidden. A sensitizer with allowed optical 
transitions in this spectral range can then be used. The sensitizers should transfer 
the energy to the activators. In scintillators, energy transfer from host lattice to 
activator ions is a key process which is, however, not completely understood. In 
case of the garnets a low light yield under X-ray excitation can be due to inefficient 
energy transfer from host lattice states to the activator ions and competing energy 
transfer to defects present in the host lattice, followed by nonradiative relaxation at 
the defects sites. Therefore, in this thesis, efforts were made to find ways to 
increase the energy transfer from host lattice states to activator ions by introducing 
additional ions (co-dopants, sensitizers). 

1.5 Garnets 

The focus of this thesis is put on one particular class of lattices, suitable for the 
scintillator application: garnets. This class of materials has been known to humanity 
since the Bronze Age and found a wide variety of applications. These involved the 
use of garnets as gemstones or abrasives where the beautiful colors (gemstone) 
and high hardness (abrasives) of the materials was exploited. Much more recently 
a garnet YAG:Ce has been employed as a phosphor in flying-spot cathode ray 
tubes (CRT) and is a key component in light emitting diodes and lasers.

18
 

Especially the use in white light LEDs is apparent. The yellow material observed 
when looking in a white light LED is YAG:Ce. The phosphor absorbs part of the 
blue light emitted by a (In,Ga)N LED and converts the blue light into yellow 
emission. The yellow emission together with transmitted blue light, yields white 
light.  

Garnets crystallize in a cubic form and are described by a formula C3A2D3O12 
which indicates three different cation sites. Site C is a dodecahedral site, A is a 
octahedral site and D a tetrahedral site. Sometimes the sites are symmetry 
distorted, Fig. 1.12. Site C can be occupied by Y or Lu and the corresponding 
compounds are Yttrium Aluminum Garnet (YAG) or Lutetium Aluminum Garnet 
(LuAG). In these 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) or Lutetium Gallium Garnet (LuGG).  

Garnets are characterized by a number of interesting physical and chemical 
properties such as minimal hygroscopicity and high mechanical- and radiation 
stability.

19
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Figure 1.12 Fragment of garnet crystal structure C3A2D3O12 showing 
dodecahedron (C) sharing edges with two tetrahedra (D) and four octahedra (A) 

The most commonly used garnet, Yttrium Aluminum Garnet (Y3Al5O12 or YAG), 
was discovered by Menzer in 1928 and has the Ia3d space group.

20
 The 

luminescence properties of Ce
3+

 doped YAG were recognized later by Blasse and 
Bril who reported it as a suitable phosphor for flying-spot cathode tubes (CRT) due 
to its very fast electric dipole allowed 5d–4f transition.

21
 The luminescence 

properties such as high luminescence efficiency, short luminescence life time and 
relatively long wavelength of emission in the visible range stimulated its use also as 
a scintillator.

22
 However, even though experimental studies show a high light yield 

of YAG:Ce, its relatively low density (ρYAG = 4.56 g/cm
3
) shifted further research in 

the scintillator field towards other garnets such as Lutetium Aluminum Garnet 
(Lu3Al5O12) – LuAG. LuAG attracted a lot of attention due to its higher density 
(ρLuAG = 6.73 g/cm

3
) and high effective atomic number (Zeff = 60) and, therefore, 

high stopping power.
23

 

Similarly to YAG:Ce, LuAG:Ce exhibits an allowed electric dipole 5d–4f transition 
peaking between 500 and 580 nm and is characterized by a very fast decay of 
about 50–60 ns. The theoretical maximum LY calculated based on the Bertram–
Lempicki theory is estimated at about 60 000 photons/MeV.

23,24
 However, the 

experimental studies available report much lower values in the range of 10 000–
20 000 photons/MeV.

25
 This discrepancy has been attributed to native defects in 

the host lattice such as vacancies, antisites and dislocations, which trap electrons 
and holes that recombine nonradiatively. In addition to that, some afterglow is 
reported for LuAG:Ce, which is also due to defects. 
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A possible improvement may be achieved if a co-dopant is implemented in the 
LuAG:Ce crystal. The co-dopant‟s role would be to efficiently capture and transfer 
the excitation energy to Ce

3+
 ions, from which emission would occur.  

1.6 Thesis summary 

The thesis is focused on development and fundamental understanding of 
scintillators that play a central role in the field of medical imaging. These materials 
convert high energy, gamma or X-ray, radiation into visible light that is then used to 
create a detailed image of the patient‟s body. The power of such imaging 
techniques as diagnostic medical tools is hard to overestimate.  

In the thesis introductory Chapter 1 a short historical background is presented that 
is intended to put the current work in a broader perspective. The crucial 
breakthrough made by Röntgen‟s discovery of X-rays is particularly stressed 
together with the impact that it made on the field of medical imaging. Two of the 
more recent tomography techniques are described in more detail: Computed 
Tomography (CT) and Positron Emission Tomography (PET). Both rely on the use 
of high quality, advanced scintillators for which very specific requirements exist that 
can be classified into physical and luminescence properties.  

Scintillators being a focus of the thesis are composed of a garnet host lattice doped 
or co-doped with various lanthanide ions. The lanthanide dopants are 
characterized by very interesting luminescence properties which are due to their 
electronic structure with partly filled 4f orbitals, strongly shielded by the 5s

2
 and 5p

6
 

shell. This allows them to undergo interconfigurational 4f
n
–4f

n-1
5d and 

intraconfigurational 4f
n
–4f

n
 transitions which are described using Russel–Saunders 

spectroscopic terms and governed by selection rules for electronic transitions. The 
Dieke diagram is described that gives energy levels for the lanthanide ions in their 
3+ charge state. When a material is co-doped the radiation absorbed by one ion 
can be transferred to the neighboring ion provided that certain conditions, 
theoretically described by Förster, are fulfilled.  

The advantageous properties of the garnet host lattice are described at the end of 
the Introduction. Information is given on the lattice sites that can be occupied by 
activator ions and two examples of Yttrium Aluminum Garnet (Y3Al5O12 or YAG) 
and Lutetium Aluminum Garnet (Lu3Al5O12) – LuAG are provided.  

In Chapter 2 the Lu3Al5O12 (LuAG) doped with Ce
3+

 being a promising scintillator 
material with a high density and a fast response time is studied. The light output 

under X- or -ray excitation is, however, well below the theoretical limit. In this 
chapter the influence of co-doping with Tb

3+
 is investigated with the aim to increase 

the light output. High resolution spectra of singly doped LuAG (with Ce
3+

 or Tb
3+

) 
are reported and provide insight into the energy level structure of the two ions in 
LuAG. For Ce

3+
 zero-phonon lines (ZPL) and vibronic structure are observed for 

the two lowest energy 5d bands and the Stokes‟ shift (2 350 cm
-1

) and Huang–
Rhys coupling parameter (S = 9) have been determined. Tb

3+
 4f–5d transitions to 

the high spin (HS) and low spin (LS) states are observed (including a ZPL and 
vibrational structure for the high spin state). The HS–LS splitting of 5 400 cm

-1
 is 

smaller than usually observed and is explained by a reduction of the 5d–4f 
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exchange coupling parameter J by covalency. Upon replacing the smaller Lu
3+

 ion 
with the larger Tb

3+
 ion, the crystal field splitting for the lowest 5d states increases, 

causing the lowest 5d state to shift below the 
5
D4 state of Tb

3+
 and allowing for 

efficient energy transfer from Tb
3+

 to Ce
3+

 down to the lowest temperatures. 
Luminescence decay measurements confirm efficient energy transfer from Tb

3+
 to 

Ce
3+

 and provide a qualitative understanding of the energy transfer process. Co-
doping with Tb

3+
 does not result in the desired increase in light output, and an 

explanation based on electron trapping in defects is discussed. 

Chapter 3 is also focused on the fast response time scintillator Lu3Al5O12:Ce 
(LuAG:Ce). Its light yield is lower than theoretically expected and to increase the 
light yield co-doping with Pr

3+
 is investigated. To better understand the energy flow 

to the Ce
3+

 ion, first low-temperature emission and excitation spectra of Pr
3+

 doped 
LuAG were investigated, allowing the accurate determination of the ZPLs for the 5d 
states of Pr

3+
 in LuAG and the temperature dependent energy transfer from the 

Self Trapped Exciton to Pr
3+

. For the Pr 4f–5d transitions a ZPL is observed at 
294.3 nm with phonon replicas at 130 cm

-1
, both in excitation and emission. 

Interestingly, a stronger phonon coupling is observed in the excitation spectra. In 
addition VUV excitation and soft X-ray excited emission spectra of the co-doped 
LuAG:Ce,Pr were studied. The results show that energy transfer from Pr

3+
 to Ce

3+
 

occurs. However it is followed by back transfer from the Ce
3+

 5d state to the 
intraconfigurational 4f

2
 

1
D2 state of Pr

3+
 which reduces the light output and shows 

that co-doping with Pr
3+

 is not a promising route to enhance the light yield of 
LuAG:Ce. 

In Chapter 4 the optical properties of Gadolinium Gallium Aluminum Garnet, 
Gd3(GaAl)5O12, doped with Ce

3+
 are investigated as a function of the Ga/Al ratio, 

aiming at an improved understanding of the energy flow in these materials. 
Positions of the host lattice edges are determined. The decrease of both the crystal 
field strength and band gap with increasing content of Ga

3+
 is observed and 

explained by the influence of Ga
3+

 on the splitting of the 5d level, based on 
theoretical work of Muñoz–García et al. Thermal quenching is followed by 
measuring decay times as well as emission integrals and are presented for all 
samples in the temperature range from 100 to 500 K. The activation energy for 
emission quenching is calculated from these data for all samples. The observed 
decrease in the conduction band position is related to Ga

3+
 substitution into 

tetrahedral sites after all octahedral sites are occupied in garnet material. The 
highest luminescence intensity is found for Gd3(GaAl)5O12 with 40% of Al

3+
 

replaced by Ga
3+

. 

In Chapter 5 the quenching temperatures TQ of the 5d–4f emission for Ce
3+

 and 
Pr

3+
 are determined by temperature dependent life time measurements for low 

doping concentrations. The results show a TQ for the Pr
3+

 5d–4f emission of 340 K 
for YAG:Pr and 680 K for LuAG:Pr. For Ce

3+
 the TQ is too high to be measured and 

only an onset of quenching above 600 K (YAG:Ce) or 700 K (LuAG:Ce) could be 
observed. The differences in TQ between YAG and LuAG are explained by a 
smaller Stokes‟ shift for the 5d–4f emission in LuAG (2 300 cm

-1
) compared to YAG 

(2 850 cm
-1

). The large difference in TQ between Ce
3+

 and Pr
3+

 is related to the 
much smaller energy difference between the lowest energy 5d state of Pr

3+
 to the 

next lower 4f
2
 state (

3
P2) compared to the 5d–4f

1
 (

2
F7/2) energy difference for Ce

3+
. 
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Both observations are consistent with luminescence temperature quenching by 
nonradiative relaxation from the 5d state to the 4f state described by a 
configurational coordinate diagram and not by thermally induced photoionization. 

The luminescence decay kinetics of the promising scintillator material Lu3Al5O12:Pr 
are investigated and the influence of partial replacement of Al by Ga on both rise 
time and afterglow is reported in Chapter 6. The results show a strong influence of 
VUV excitation wavelength, temperature, Pr

3+
 concentration and Ga

3+
 content on 

the decay curves of the 5d–4f emission from Pr
3+

. Both the variation in rise time 
(0.2–0.7 ns) and the relative intensity of the afterglow are explained by trapping of 
charge carriers in defects. Partial replacement of Al by Ga reduces the trap depths 
and an optimized time response at room temperature is realized in 
Lu3(Ga0.4Al0.6)5O12:Pr 0.5%. 
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Chapter 2 

Luminescence and Energy Transfer in Lu3Al5O12 
Scintillators Co-Doped with Ce

3+
 and Tb

3+
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lu3Al5O12 (LuAG) doped with Ce
3+

 is a promising scintillator material with a high 

density and a fast response time. The light output under X- or -ray excitation is, 
however, well below the theoretical limit. In this chapter the influence of co-doping 
with Tb

3+
 is investigated with the aim to increase the light output. High resolution 

spectra of singly doped LuAG (with Ce
3+

 or Tb
3+

) are reported and provide insight 
into the energy level structure of the two ions in LuAG. For Ce

3+
 zero-phonon lines 

and vibronic structure are observed for the two lowest energy 5d bands and the 
Stokes‟ shift (2 350 cm

-1
) and Huang–Rhys coupling parameter (S = 9) have been 

determined. Tb
3+

 4f–5d transitions to the high spin (HS) and low spin (LS) states 
are observed (including a zero-phonon line and vibrational structure for the high 
spin state). The HS–LS splitting of 5 400 cm

-1
 is smaller than usually observed and 

is explained by a reduction of the 5d–4f exchange coupling parameter J by 
covalency. Upon replacing the smaller Lu

3+
 ion with the larger Tb

3+
 ion, the crystal 

field splitting for the lowest 5d states increases, causing the lowest 5d state to shift 
below the 

5
D4 state of Tb

3+
 and allowing for efficient energy transfer from Tb

3+
 to 

Ce
3+

 down to the lowest temperatures. Luminescence decay measurements 
confirm efficient energy transfer from Tb

3+
 to Ce

3+
 and provide a qualitative 

understanding of the energy transfer process. Co-doping with Tb
3+

 does not result 
in the desired increase in light output, and an explanation based on electron 
trapping in defects is discussed.  
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2.1 Introduction 

The field of medical imaging develops rapidly. New imaging techniques and 
improvement of existing techniques benefit from materials research aimed at 
higher sensitivity and resolution as well as increasing the safety and comfort of 
patients.

1
 Computed Tomography (CT) is an important tool in the diagnosis of 

diseases. It relies on the creation of 3D-images of the body based on cross 
sections created by a rapidly revolving scanning X-ray source and detector array 
around the patient. A crucial component in the detector array are scintillator 
crystals that convert high energy (X-ray) radiation into visible light that is detected 
by photodiodes or photomultipliers.

2
 

An important class of scintillators are aluminum garnets doped with lanthanide 
ions. The garnets have good chemical and radiation stability, have excellent 
mechanical properties and show efficient luminescence when doped with 
lanthanide ions. Because of their cubic structure it is possible to prepare highly 
transparent scintillators by pressing of polycrystalline material. Scintillators made 
as transparent ceramics have important benefits over single crystals (lower cost, 
higher flexibility, reduced fracture risk).

3
 Of the various garnets, Lu3Al5O12 (Lutetium 

Aluminium Garnet, LuAG) has a high density (ρLuAG = 6.73 g/cm
3
) and high 

effective atomic number (Zeff = 60) and, therefore, high stopping power. This makes 
LuAG more attractive as a scintillator host lattice than the lower density Y3Al5O12 
(Yttrium Aluminium Garnet, YAG) which was investigated extensively in the past 30 
years for various applications.

4
 

LuAG doped with Ce
3+

 (LuAG:Ce) is regarded as a particularly promising 
scintillator due to its allowed electric-dipole 5d–4f transition and high theoretical 
light yield (LY). On the basis of the Bartram–Lempicki model, the maximum LY has 
been calculated to be 60 000 photons/MeV.

5
 However, experimental studies report 

lower values for the LY of LuAG:Ce and YAG:Ce which were 12 500 and 25 000 
photons/MeV, respectively.

6
 The discrepancy may be related to native defects in 

the host lattice (vacancies, antisites, dislocations) which trap electrons and holes 
that recombine nonradiatively.

7
 In addition to a low efficiency, some afterglow is 

also observed, which also points to a role of defects in the garnets.
8
 

To compete with trapping by defects, a higher activator concentration may be used. 
However, increasing the Ce

3+
 concentration will lead to concentration quenching: 

the excitation energy will be transferred between Ce
3+

 neighbors, which leads to 
energy migration to defects.

9
 Concentration quenching is commonly observed at 

high activator concentrations. A possible solution to improve the energy flow from 
the host lattice to the emitting Ce

3+
 ions is the introduction of a co-activator, which 

can capture the excitation energy (by capturing excitons) and transfers the 
excitation energy efficiently to Ce

3+
. The choice of a suitable co-activator can be 

guided by the analysis of the Dieke diagram for trivalent rare earth ions. Figure 2.1 
presents the Dieke diagram where the 4f–5d absorption and emission bands of 
Ce

3+
 in LuAG are marked.  

A suitable co-activator should be characterized by absorption levels located 
between absorption of the host lattice and Ce

3+
 emission. In addition, its emission  
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Figure 2.1 Dieke diagram of trivalent rare earth ions with 4f–5d absorption and 
5d–4f emission bands of Ce

3+
 indicated. 

should overlap with Ce
3+

 absorption. At high co-activator concentrations an efficient 
capture of the host electronic excitations (electron–hole pairs or excitons)

10
 created 

under high energy excitation will occur by the co-activator ions and will be followed 
by energy transfer to Ce

3+
. Analysis of the diagram in Fig. 2.1 shows that Pr

3+
, Tb

3+
 

and Tm
3+

 are possible co-activators because the emitting levels 
3
P0, 

5
D4, and 

1
G4 

of Pr
3+

, Tb
3+

, and Tm
3+

, respectively, overlap with Ce
3+

 absorption band around 
450 nm. For Tm

3+
 and Tb

3+
 there is also the overlap with the second 5d band for 

the higher energy 4f levels which may enhance energy transfer to Ce
3+

. 

In this chapter the potential of Tb
3+

 as a co-activator is explored and the energy 
transfer processes in LuAG:Ce,Tb are investigated. To gain insight into the energy 
transfer processes, also high resolution spectra were recorded at low temperatures 
and luminescence lifetime measurements of the Ce

3+
 and Tb

3+
 emission were 

performed. The results show that the 
5
D4 level of Tb

3+
 is very close in energy to the 

lowest 5d level of Ce
3+

. Efficient donor–acceptor energy transfer takes place from 
Tb

3+
 to Ce

3+
, but this does not result in an enhanced light output under high energy 

excitation. 
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2.2 Experimental 

2.2.1 Synthesis 

All materials investigated were prepared using a modified Pechini method as 
described by Katelnikovas et al.

11
 using high purity reagents (at least 99.999%). 

Lu2O3, Al(NO3)3·9H2O, Pr(NO3)3·6H2O and Ce(NO3)3·6H2O were used as starting 
materials. Citric acid was used as the polymerizing agent. The calcinations were 
performed in two steps at 1 000°C for 3 h and 1 650°C for 4 h with an intermediate 
grinding step. To obtain Ce and Tb ions in the trivalent state the annealing was 
carried out under CO. Single crystalline phase formation in all samples was 
confirmed with the X-ray diffraction (XRD) measurements recorded on Rigaku 
Miniflex II diffractometer. On the basis of the XRD patterns, it was concluded that 
the samples are phase pure and, for the mixed (Lu,Tb) compositions, solid 
solutions are formed on the basis of the continuous shift of the XRD lines upon 
substitution of Lu by Tb. 

2.2.2 Optical spectroscopy 

Luminescence spectra were recorded between 1.5 and 300 K on an Edinburgh 
Instruments FLS 920 spectrofluorometer using a 450 W Xe lamp as excitation 
source. The spectra were measured with a resolution of 0.05 to 1 nm. Low-
temperature measurements were done using an Oxford Instruments liquid helium 
flow cryostat. Luminescence decay traces were recorded using a ps diode laser at 
406 nm in combination with time-correlated photon counting using a TimeHarp card 
(for decays in the ns regime), excitation with 10 ns pulses at 355 nm from a 
frequency tripled YAG-laser in combination with a Tektronix 2 440 digital 
oscilloscope (in the µs regime) and flashlamp excitation at 280 nm using a 
multichannel scaling card for decays in the ms time regime. Radioluminescence 
(RL) measurements were performed in reflection geometry using Ocean Optics 
HR2000 CG spectrometer (with a CCD detector) coupled to a 600 μm fiber optics 
and a 74-UV collimating lens to collect the light more efficiently. The resolution of 
the system was about 1.2 nm. Dedicated Ocean Optics SpectraSuite software was 
used to process the measurements. The counting time was 250 ms. White X-rays 
from a copper X-ray lamp of a DRON diffractometer were used as the excitation 
source. RL efficiencies of the materials studied were calculated against a 
commercial Gd2O2S:Eu (GOS) phosphor from Phosphor Technology (UKL63/F-R1, 
Dav. = 4.0 μm). 

2.3 Results and discussion 

To understand the energy flow in the co-doped LuAG:Ce,Tb samples, a good 
spectroscopic characterization of singly doped LuAG:Ce and LuAG:Tb is required. 
In sections 2.3.1 and 2.3.2 the optical properties of the singly doped samples are 
reported and discussed. In section 2.3.3 the luminescence properties, including 
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luminescence lifetime measurements, for the co-doped sample LuAG:Ce,Tb are 
reported as well as light yield measurements under X-ray excitation. 

2.3.1 LuAG:Ce 

From the Dieke diagram shown in Fig. 2.1 it is clear that the position of the lowest 
energy 5d state for Ce

3+
 is very close in energy to the 

5
D4 level of Tb

3+
. The 

position of the 5d state has been accurately determined for Ce
3+

 in YAG, where the 
zero-phonon line (ZPL) for the lowest energy 5d state is at 489.2 nm.

9,12
 Because 

the 5d state is very sensitive to small variations in the local coordination, which 
affect the covalency and the crystal field (CF) splitting, the position of the lowest 
energetic ZPL can be different when Ce

3+
 is doped into LuAG. To understand the 

energy transfer between Tb
3+

 and Ce
3+

 in LuAG, it is important to determine the 
energy of the lowest 5d level of Ce

3+
. If the lowest 5d level is higher in energy than 

the 
5
D4 level, efficient trapping of the excitation energy by Ce

3+
 will be prevented.  

In Fig. 2.2 the excitation spectrum for the Ce
3+

 emission is shown, recorded at 
293 K and at 4.5 K. The spectra exhibit two excitation bands with maxima at 445 
and 340 nm which correspond to transitions to the two lowest energy levels of the 
five CF components in D2 symmetry. The positions are similar to those for YAG:Ce. 
Both the width and relative intensities of these bands change with temperature. 
The 340 nm band is weaker at low temperatures, just as observed for YAG:Ce, due 
to the symmetry forbidden nature of the transition from the lowest CF component of 
the 

2
F5/2 ground state to the second 5d state (around 340 nm). The transition from 

the second CF component of the 
2
F5/2 ground state to the 5d state around 340 nm 

is symmetry allowed, which explains the increase in relative intensity of the 340 nm  
 

 
Figure 2.2 Excitation spectra of the Ce

3+
 emission at 540 nm in LuAG:Ce0.1% at 

4.5 K and RT. The insets (a) and (b) show higher resolution 4.5 K spectra 
around the onset of the two lowest energy 5d excitation bands. 
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Figure 2.3 Emission spectra for LuAG:Ce0.1% recorded at 4.5 K (λexc = 340 nm). 
The inset shows the fine structure in the onset of the emission in more detail. 

excitation band at higher temperatures when the second CF component is 
thermally populated. This observation is consistent with results for YAG:Ce.

9,12
 

On the low energy side of both the 340 nm and the 450 nm excitation band, fine 
structure is observed at low temperature. The insets in Fig. 2.2 present high 
resolution spectra of the band edges recorded at 4.5 K in order to show the fine 
structure in more detail. The spectra reveal ZPL of Ce

3+
 5d bands as narrow peaks 

at 473.1 nm (21 138 cm
-1

) and 354.2 nm (28 233 cm
-1

) for the lowest and next 
higher Ce

3+
 5d levels, respectively. Thus the CF splitting for the two lowest 5d CF 

levels of Ce
3+

 ion is 7 100 cm
-1

. This value is considerably smaller than the one 
observed for Ce

3+
 in YAG where ZPLs for the two lowest energetic 5d bands are 

situated at 489.2 and 347.2 nm, giving a splitting of 8 360 cm
-1

. The difference in 
splitting reflects the strong influence of the local coordination on the 5d CF splitting. 
It is, however, surprising that the larger CF splitting is observed for Ce

3+
 on the site 

with the larger ionic radius: the ionic radius of Y
3+

 in VIII coordination is 1.019 Å, 
whereas it is 0.977 Å for Lu

3+
.
13

 Usually, a larger CF splitting is observed for Ce
3+

 
on a smaller site (smaller distances to the ligands give a larger CF splitting). For 
the garnet host a different trend is observed. Replacing the Y

3+
 ion (rVIII = 1.019 Å) 

with the larger Gd
3+

 (rVIII = 1.053 Å) has been shown before to result in larger CF 
splitting between the two lowest 5d levels and a red shift of the emission, both 
resulting from a higher CF splitting. In comparing YAG and LuAG, we observe the 
same trend: upon replacing Y

3+
 with the smaller Lu

3+
 ion, a blue shift of the 

emission is observed and the CF splitting decreases by 15%. Recent theoretical 
calculations on YAG:Ce,La have confirmed that replacing the smaller Y

3+
 ion by the 

larger La
3+

 ion (rVIII = 1.160 Å) causes a blue shift and a larger CF splitting, in spite 
of local average expansion. First principles calculations reproduce the experimental 
observations and show how other effects (covalency, ligand field anisotropies) can 
explain the blue shift and decreasing CF splitting of the Ce

3+
 emission in LnAG  
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Figure 2.4 High resolution excitation and emission spectra of LuAG:Ce0.1% 
showing ZPL overlap and vibronic replicas in the excitation and emission 
spectra. Arrows mark the vibronic side bands. 

when the ionic radius of the Ln
3+

 ion decreases.
14

 The present quantitative results 
on the position and shift of ZPLs of the two lowest energy 5d bands for Ce

3+
 in 

LuAG may serve as an accurate input for comparison with future calculations. 

The Ce
3+

 5d–4f emission spectrum of LuAG:Ce0.1% is shown in Fig. 2.3. The 
spectrum, recorded at 4.5 K, reveals two emission bands, split by ~2 000 cm

-1
. This 

splitting is typically observed and related to the splitting of the 
2
F ground state in a 

2
F5/2 and a 

2
F7/2 state. The high resolution spectrum in the inset reveals the 

presence of a ZPL at 473.10 nm, the same position as observed in the low-
temperature excitation spectrum. The relative intensity of the zero-phonon origin 
with respect to the higher energy emission band at 500 nm is small, approximately 
1.2·10

-4
. 

In Fig. 2.4 the onset of both the excitation and emission spectrum are plotted in 
one figure. The typical mirror symmetry in the ZPL at 473.1 nm is observed. For 
YAG:Ce similar behavior of spectra has been reported.

9
 The vibronic progression 

observed in the low-temperature emission spectra for YAG:Ce revealed a strong 
coupling with 200 cm

-1
 vibrational modes. In the case of LuAG:Ce, the phonon 

energies observed in the emission spectra are lower, ~130 cm
-1

 (see arrows in 
Fig. 2.4). The lower energies of the vibrational modes can be explained by the 
higher mass of the Lu

3+
 ion relative to Y

3+
. 

The information gained from the high resolution excitation and emission spectra at 
low temperature enables the calculation of the Stokes‟ shift and the Huang–Rhys 
coupling parameter. Note that accurate calculations are possible only for spectra 
recorded for low dopant concentrations. Reabsorption, inhomogeneous 
broadening, and saturation effects prevent the observation of the ZPL and vibronic 
structure for higher concentrations and a red shift in the emission occurs as result 
of energy transfer and reabsorption of the high energy part of the emission. This 
results in an overestimation of the value for the Stokes‟ shift, as is often found in 
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the literature. Also, to determine the 5d–
2
F5/2 emission maximum correctly, 

measurements should be performed at low temperature. At higher temperatures 
(e.g., 300 K) the spectral features related to emission from 5d state to 

2
F5/2 and 

2
F7/2 multiplets overlap and one broad band is observed, as shown in Fig. 2.3, that 

prevents the determination of the Stokes‟ shift for the 5d–
2
F5/2 emission. The 

Stokes‟ shifts and the Huang–Rhys electron-coupling parameter S have been 
determined using different methods. A simple approach to calculate the Stokes‟ 
shift involves the determination of the energy difference between excitation 
(449.5 nm) and emission (501.5 nm) band maxima. This yields a value of 
2 312 cm

-1
 for the Stokes‟ shift of the 5d–4f emission in LuAG:Ce. Another method 

relies on doubling of the energy distance between the ZPL and the maximum of the 
emission band. In this case a value of 2 363 cm

-1
 is obtained. A third method 

involves the determination of the Huang–Rhys electron–phonon coupling 
parameter S from the relative intensity of the ZPL and using the equation for the 
Stokes‟ shift (SS): SS = 2S·ћω. The intensity of the ZPL (IZPL) and the total 
emission (I0) intensity are related by IZPL = I0·exp(-S). The relative intensity of the 
ZPL is weak. After background subtraction the intensity of the ZPL has been 
determined to be 1.2·10

-4
 from the total emission intensity of the 5d–

2
F5/2 emission 

band which gives S = 9. This, together with the dominant phonon frequency of 
130 cm

-1
, gives the value of Stokes‟ shift of 2 340 cm

-1
. The values obtained for S 

and the Stokes‟ shift are consistent. 

2.3.2 LuAG:Tb 

The luminescence properties of the LuAG:Tb1% are studied to determine the 
energies of the 4f–5d absorption bands and the 4f–4f emission bands.  

The excitation spectrum of Tb
3+

 doped LuAG for the 
5
D4 emission at 541 nm is 

shown in Fig. 2.5. The spectrum shows a strong excitation band at 270 nm and a 
weaker band at 320 nm. The stronger band is assigned to the spin-allowed 4f–5d 
transition to the low spin 4f

7
5d state (indicated by LS, low spin) and the weaker 

band is assigned to the transition to the spin-forbidden transition to the high spin 
(HS) 4f

7
5d state. At 4.5 K fine structure (ZPL and vibronic side bands) is observed 

for the HS band (inset (b) in Fig. 2.5) with the ZPL at 325.60 nm and vibrational 
energies of 130 cm

-1
. Even though no ZPL is observed for the LS band, the HS–LS 

splitting can be calculated as 5 388 cm
-1 

from the sharp onset of the LS band at 
277 nm and the ZPL for the HS band at 325.6 nm. The value of HS–LS splitting 
obtained is smaller than what is typically observed for Tb

3+
 in other compounds. 

The average HS–LS splitting for Tb
3+

 reported by Dorenbos is 6 300 cm
-1

.
15

 
Meanwhile, in fluorides the HS–LS splitting close to 8 000 cm

-1
 is typically 

observed. The large variation in HS–LS splitting has been related to the covalency 
of the host lattice.

16
 In a more covalent host lattice the larger spatial extension of 

the 5d orbital will reduce the interaction with the 4f-core electrons resulting in a 
smaller HS–LS splitting. In this connection it is interesting to compare the results to 
those for YAG:Tb where the HS–LS splitting is calculated to be 5 285 cm

-1 
from the 

onset of the LS band at 280.7 nm and the ZPL for the HS band at 329.6 nm.
17

 This 
indicates that the covalency for Ce

3+
 in the YAG lattice is larger than for Ce

3+
 in the  
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Figure 2.5. Excitation spectra of 541 nm emission in LuAG:Tb1% at 4.5 K and 
300 K. The insets (a) and (b) show high resolution spectra of the band onset, 
recorded at 4.5 K. 

 
Figure 2.6 Emission spectrum LuAG:Tb1% recorded at 4.5 K for excitation at 
377 nm. The inset shows 

5
D4–

7
F6 emission in more detail. 

LuAG lattice. The very low energy emission of Ce
3+

 in YAG can be explained by 
the lowering of the lowest energy emitting 5d state of Ce

3+
 by a combined effect of 

a large CF splitting and a high covalency. The Tb
3+

 4f–5d absorption bands partly 
overlap with the intrinsic emission bands of LuAG typically observed as broad UV 
bands between 220 and 300 nm.

18,19
 Efficient energy transfer from the host lattice 

to Tb
3+

 can be expected. Relaxation from the 5d states to the 
5
D4 state will be fast. 

Whether or not efficient energy transfer from the 
5
D4 state of Tb

3+
 to the 5d state of 
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Ce
3+

 can occur, depends on the energy of the lowest 
5
D4 state relative to the 5d 

state of Ce
3+

. 

To determine the position of the 
5
D4 level, emission spectra of the 4f–4f emission 

were measured for LuAG:Tb in the visible part of the spectrum. In Fig. 2.6 the 
emission spectrum of LuAG:Tb1% is shown under excitation at 377 nm in the 

5
D3 

level of Tb
3+

. The emission spectrum shows 4f–4f line emission corresponding to 
5
D4→

7
F(6,5,4) transitions. The structure of the 

5
D4–

7
F6 emission presented in the high 

resolution inset comprises five emission lines that result from transitions from the 
lowest energy CF component of the 

5
D4 level to different CF components of the 

7
F6 

ground level. The highest energy peak is at 486.85 nm, which is about 600 cm
-1

 
lower in energy than the 5d state of Ce

3+
. 

 

 
Figure 2.7 Diagram of the energy levels for Ce

3+
 and Tb

3+
 in LuAG. 
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2.3.3 LuAG:Ce,Tb 

The information from the analysis of the luminescence spectra of the singly doped 
samples has been used to construct the energy diagram presented in the Fig. 2.7. 
The part above 40 000 cm

-1
 is evaluated from the analysis of Fig. 2.9 (vide infra). 

Relaxation after high-energy photon excitation (X- or -ray) consists of multiple 
excitation and relaxation processes. In the final stages, the energy dissipation in 
the doubly doped material will involve trapping of the elementary electronic 
excitations by both Ce

3+
 and Tb

3+
 ions. Based on the 600 cm

-1
 higher energy of the 

ZPL of the Ce
3+

 5d state relative to the 
5
D4 state of Tb

3+
 energy transfer from Ce

3+
 

to Tb
3+

 is expected rather than the desired Tb
3+

→Ce
3+

 energy transfer. At low 
temperatures the Tb

3+
 emission is therefore expected to dominate. However, at 

higher temperatures the thermal equilibrium between the two states will allow for 
thermal population of the 5d state of Ce

3+
 (at room temperature the Boltzmann 

distribution predicts a 5% population of a state 600 cm
-1

 higher in energy) and 
because of the ~10

4
–10

5
 times higher decay rate of the 5d emission, the Ce

3+
 

emission will dominate even though the 5d state is higher in energy than the 
5
D4 

state of Tb
3+

. It is however important to realize that replacing a substantial fraction 
of Lu

3+
 (rVIII = 0.977) by the larger Tb

3+
 (rVIII = 1.04) will cause a red shift of the Ce

3+
 

5d level, based on the trend discussed above (larger CF for Ce
3+

 on a larger cation 
site) and the 5d state of Ce

3+
 may be shifted below the 

5
D4 state of Tb

3+
 at high 

Tb
3+

 concentrations making the energy transfer from Tb
3+

 to Ce
3+

 efficient even at 
low temperatures. A second contribution to efficient energy transfer at lower 
temperatures might be inhomogeneous broadening of the Ce

3+
 excitation bands.

20
 

At higher Tb
3+

 concentrations the increased inhomogenous broadening can lead to 
lower energy Ce

3+
 sites due to specific arrangements of Lu

3+
 and Tb

3+
 around the 

Ce
3+

 ion which act as traps for the excitation energy at low temperatures.  

To investigate the energy transfer between Ce
3+

 and Tb
3+

, excitation and emission 
spectra were measured for LuAG:Ce,Tb samples where 25, 50, or 75% of the Lu

3+
 

was replaced by Tb
3+

. As an example, in Fig. 2.8 emission spectra are shown for 
LuAG:Ce1%Tb50% at temperatures between 1.8 and 20 K. At 1.8 K the Tb

3+
 

emission is clearly visible on top of the broad Ce
3+

 emission band. Upon raising the 
temperature, the Tb

3+
 emission decreases rapidly and above 5 K the Ce

3+
 emission 

dominates. Only a very weak Tb
3+

 emission line at 541 nm remains, superimposed 
on the Ce

3+
 5d–4f emission band. Even at low temperatures no ZPL is observed on 

the high energy side of the Ce
3+

 5d–4f emission band. This prevents a very 
accurate determination of the position of the lowest energy 5d state for Ce

3+
. The 

fact that no ZPL is observed is due to inhomogeneous broadening caused by 
disorder in the Lu

3+
–Tb

3+
 sublattice around the Ce

3+
 ions. The onset of the 5d–4f 

emission band at low temperatures is around 495 nm which confirms the expected 
shift to lower energies due to the replacement of Lu

3+
 by the larger Tb

3+
 ion. In line 

with the 22 nm red shift of the ZPL the emission band maximum has also shifted to 
some 25 nm longer wavelengths. Due to the shift, the Ce

3+
 5d level has 

energetically moved below the Tb
3+

 
5
D4 level, which remains around 487 nm since 

the position of 4f levels is hardly influenced by the local surroundings. As a result of 
this, efficient trapping of the excitation energy by Ce

3+
 can be expected even at low  
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Figure 2.8 Temperature dependent emission spectra of LuAG:Ce1%Tb50% for 
excitation at 275 nm corresponding to the LS 5d band of Tb

3+
. All spectra were 

normalized to the spectrum measured at 1.8 K. 

temperature. This is in agreement with the observation of strong Ce
3+

 emission 
down to the lowest temperatures. Finally, it is interesting to understand the strong 
decrease in the Tb

3+
 emission intensity between 1.8 and 10 K. At high Tb

3+
 

concentrations, efficient energy migration over the Tb-sublattice can be expected. 
Energy migration in concentrated rare earth systems has been extensively 
investigated in the past, especially for Eu

3+
, Tb

3+
 and Gd

3+
.
21–24

 For concentrations 
above the percolation point (where a 3D network of the optically active lanthanide 
ion is formed) energy transfer between lanthanide neighbors results in energy 
migration over the sublattice of the optically active ion to traps. In the present 
system, energy transfer between Tb

3+
 neighbors is efficient and the energy 

migrates over the 
5
D4 levels of Tb

3+
 ions to traps, in this case Ce

3+
. At the lowest 

temperatures (below 10 K) the energy migration is hampered due to small energy 
mismatches between neighboring Tb

3+
 ions resulting from inhomogeneous 

broadening. At higher temperatures phonon assistance (one- and two-phonon 
assisted energy transfer processes) helps to overcome the energy mismatch but at 
the lowest temperatures the phonons are frozen out and energy migration over the  
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Figure 2.9 Room temperature excitation spectra of: (a) the Tb

3+
 emission at 543 

nm for LuAG with 1, 25, 50% of Tb
3+

, and (b) the Ce
3+

 emission at 540 nm for 
(Lu,Tb)AG:Ce1% where 0, 25, 50, or 75% of the Lu

3+
 ions have been replaced by 

Tb
3+

. 

Tb
3+

 sublattice to Ce
3+

 becomes inefficient as the excitation energy is “trapped” by 
Tb

3+
 ions having the 

5
D4 level at slightly lower energies. This can explain the 

observation of Tb
3+

 emission below 10 K and the strong temperature dependence 
between 1.8 and 10 K.

25,26
 In the lowest temperature regime (T < 5 K) it cannot be 

excluded that magnetic ordering further hampers energy migration, as for example 
observed in TbAlO3 below the Neèl temperature of 3.8 K.

27,28
 

The presence of efficient energy transfer from Tb
3+

 to Ce
3+

 is confirmed by the 
excitation spectra of the Ce

3+
 emission in (Lu,Tb)AG:Ce1% shown in Fig. 2.9. The 

excitation spectra of co-doped samples show, in addition to the 4f–5d absorption 
bands of Ce

3+
, the 4f–5d excitation bands of Tb

3+
, with strong spin-allowed 

absorption bands at 270 nm (also discussed above) and at 225 nm. The higher 
energy band at 225 nm is about 7 500 cm

-1
 higher in energy than the 270 nm band, 

consistent with the CF splitting between the two lowest energy 5d states observed 
for Ce

3+
. Upon increasing the Tb

3+
 concentration from 25 to 50%, the 270 nm band 

shows a red shift whereas the 225 nm band shows a blue shift, in line with the 
observation of an increase in CF splitting observed when the smaller host lattice 
ion Lu

3+
 is replaced by the larger Tb

3+
 ions. Another observation we should 

highlight here is dependence of host lattice intrinsic absorption edge on Tb
3+

 
content. The pure Lu sample shows an onset of fundamental absorption around 
185 nm which is in agreement with the literature.

18,19
 Co-doping with Tb

3+
 leads to 

gradual red shift of the onset and overlap with 225 nm Tb
3+

 4f–5d absorption band 
when Tb

3+
 content reaches 75%.  

In Fig 2.10 emission spectra at room temperature are shown for (Lu,Tb)AG:Ce1% 
with 0, 25, 50, or 75% Tb

3+
 for excitation at 275 nm in the LS 5d band of Tb

3+
. 

Analysis of these spectra together with decay time measurements, shown in  
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Figure 2.10 Room temperature emission spectra of Ce

3+
 and Tb

3+
 doped LuAG 

at excitation wavelength of 275 nm corresponding to LS 5d band of Tb
3+

. The 
inset shows the integrated intensity in the 450–800 nm range. 

Fig. 2.11, help to understand the energy transfer occurring between Tb
3+

 and Ce
3+

 
ions in LuAG host lattice. Upon excitation at 275 nm in the sample doped with Ce

3+
 

only, the emission intensity is weak, as Ce
3+

 is not efficiently excited at 270 nm (no 
4f–5d absorption band). In all spectra the broad-band emission of Ce

3+
 dominates 

showing that there is efficient energy transfer from Tb
3+

 to Ce
3+

. In case of 
LuAG:Ce1%Tb25%, Tb

3+
 4f–4f line emissions on top of a broad Ce

3+
 emission 

band are visible. The relative intensity of the Tb
3+

 emission is approximately 3%. 
The Tb

3+
 emission peaks almost disappear when 50 or 75% Tb

3+
 is introduced. 

The small peak around 550 nm for the 75% Tb
3+

 sample is only ~0.4% of the total 
emission intensity. The incomplete Tb

3+
→Ce

3+
 energy transfer in the 25% samples 

indicates that energy migration over the diluted Tb sublattice is not efficient at 25% 
Tb

3+
 and a significant fraction of excited Tb

3+
 ions experiences an intra-center 

radiative relaxation. This is in agreement with previous work, where concentration 
quenching in (Y,Tb)AG was observed to set in at a Tb

3+
 concentration of 40%.

29
 At 

50% and above, efficient energy migration over the Tb sublattice to Ce
3+

 ions 
occurs. Notice that, after a continuous red shift for increasing Tb

3+
 concentration, 

the emission spectrum for the system with 75% Tb
3+

 shows a small blue shift in 
comparison with the system with 50% Tb

3+
. This could be due to inhomogeneous 

broadening, which is expected to be largest for the composition with 50% Tb
3+

.
20

 
The relative intensity of the Tb

3+
 emission can be estimated theoretically, assuming 

fast energy migration and an energy difference between the Ce
3+

 5d level and the 
Tb

3+
 
5
D4 level that is much smaller than kT; i.e., the population of the Ce

3+
 and Tb

3+
 

excited states is proportional to the concentrations of these ions. The relative 
emission intensities are then proportional to the concentration of ions and the 
radiative decay rates: 
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where ITb is the Tb
3+

 emission intensity, ICe is the Ce
3+

 emission intensity, Pr are the 
radiative decay rates (~310 s

-1
 for the 

5
D4 emission of Tb

3+
 and 160·10

6
 s

-1
 for the 

5d–4f emission of Ce
3+

 in LuAG) and C denotes the concentration. For the 75% 
Tb

3+
 samples, a relative intensity for the Tb

3+
 emission is calculated to be 0.15% 

that is close to the experimentally obtained value of 0.4%. 

To further analyze the energy transfer processes, luminescence decay curves can 
be recorded. Decay curves were measured at different time scales (ns, µs and ms) 
for the Ce

3+ 
emission in samples co-doped with different Tb

3+
 concentrations. In 

Fig. 2.11(a) the decay curves are shown on a ns time scale. For the samples 
without Tb

3+
 or with low Tb

3+
 concentration (1% or less) a single exponential decay 

is observed with τ = 63 ns. Upon increasing the Tb
3+

 concentration, an initial faster 
decay for the Ce

3+
 emission is observed due to energy transfer to Tb

3+
. The fast 

component is more pronounced for the higher Tb
3+

 concentrations. For the 
intermediate (µs) time scale (Fig. 2.11(b)) the situation is complex. The initial decay 
is faster for the samples co-doped with 25 and 75% Tb

3+
 and slower for the 50% 

Tb
3+

 sample. In the 10–40 µs regime, the situation is reversed. In the long (ms) 
time regime (Fig. 2.11(c)), the sample with 25% Tb

3+
 shows a fast initial decay 

followed by a slow tail, confirming that the energy migration is hampered by the low 
Tb

3+
 concentration. One of the reasons for existence of the slow decay 

components reflecting delayed feeding of the Ce
3+

 ions is connected with migration 
of excitation energy over the Tb

3+
 sublattice. The faster diffusion (above the 

percolation point) in the samples with 50 and 75% Tb
3+

 results in a rapid decay and 
no ms decay component is observed. Another reason for the appearance of ms 
decay tail can be connected with thermally induced detrapping of electrons from 
shallow traps into the conduction band followed by the delayed recombination at 
Ce

3+
 ions.

30-34
 The longer decay in the 100–200 µs regime for the Ce

3+
 emission 

decay in the 75% Tb
3+

 sample compared with the 50% Tb
3+

 sample is consistent 
with the observations in Fig. 2.11(b), but seems to be unusual. Normally, for higher 
donor concentration the faster energy migration leads to shorter decay times. 
However, the phenomenon observed may be connected with variation of trap 
depth due to lowering the conduction band. Particularly, some traps may become 
shallower and other become delocalized within the conduction band. The higher 
Tb

3+
 concentration can also explain a slightly longer decay, because in the case of 

thermal equilibrium the population of the 
5
D4 state of Tb

3+
 is higher, but it cannot 

explain the lengthening observed in Figs. 2.11(b) and (c). In spite of extensive 
studies of the decay curves, also as a function of temperature, it has not been 
possible to explain all the observed luminescence decay behavior. This illustrates 
the complexity of the system, where due to the proximity of the Ce

3+
 and Tb

3+
 

levels, both ions can act as donor and acceptor, with a very different decay rate, 
while also energy migration over the Tb

3+
 sublattice occurs. In addition, the energy 

mismatch varies as a function of Tb
3+

 concentration due to the strong red shift of 
the 5d emission of Ce

3+
 upon raising the Tb

3+
 concentration. Because of this 

complexity, any further analysis of the decay curves is cumbersome. The 
observations presented above are in good qualitative agreement with the results 
recently presented by Setlur et al.

35
 who provided a more quantitative analysis of 

the luminescence decay curves and found evidence of a shift from energy transfer  
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Figure 2.11 Room temperature luminescence decay of Ce

3+
 emission in 

LuAG:Ce,Tb in different time regimes: (a) ns time regime, λexc = 406 nm, λem = 
550 nm; (b) µs time regime, λexc = 355 nm, λem = 570 nm and (c) ms time regime, 
λexc = 280 nm, λem = 520 nm. The compositions of the samples are indicated in 
the figures. 

through dipole–dipole transfer to exchange mediated energy transfer at higher Tb
3+

 
concentrations. 

The results presented above demonstrate that energy transfer from Tb
3+

 to Ce
3+

 is 
very efficient in LuAG:Ce,Tb. Energy losses in LuAG:Ce scintillators due to 
competition in trapping of host lattice exciations between Ce

3+
 and defects may be 

prevented by co-doping with Tb
3+

. At high Tb
3+

 concentrations, trapping of host 
lattice excitations will occur mainly at Tb

3+
 ions and will be followed by energy 

transfer to Ce
3+

 ions. To verify if this concept can be used to increase the actual 
efficiency of the scintillator materials above the typical 12 500 photons/MeV,  
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Figure 2.12. Emission spectra of LuAG:Ce,Tb monitored under soft X-ray 
excitation. The measurements were done at 300 K under identical experimental 
conditions. 

luminescence efficiency measurements under soft X-ray excitation were done for 
(Lu,Tb)AG:Ce1% with 0, 25, 50, or 75% Tb. The results are shown in Fig. 2.12. 
Emission spectra were recorded under identical conditions for excitation with a soft 
X-ray source. The spectra were recorded over a wide spectral range 200–1100 nm. 
Only in the region between 450 and 750 nm emission is observed. The integrated 
intensity under the emission curves is proportional to the light yield for the different 
materials. In the inset the integrated intensity is plotted for the different systems. 
The intensity is approximately constant for the systems with 0–50% Tb. A lower 
light yield is observed for the sample co-doped with 75% Tb

3+
. The fact that there is 

no increase in the light yield indicates that the efficiency losses cannot be reduced 
by co-doping with Tb under these conditions, which is in contrast to findings of 
Berkstresser et al. in the case of very low Tb

3+
 concentrations.

36
 There are different 

models that could explain the observation of a constant to lower light yield on 
increasing the Tb

3+
 concentration. Possibly, the energy losses are related to 

electron traps like Ce
4+

 and especially Tb
4+

 which would trap a considerable 
fraction of electrons in the conduction band, which recombine nonradiatively with 
holes. However, we do not have evidence for the presence of Ce

4+
 or Tb

4+
 based 

on diffuse reflection spectra. Both Ce
3+

 and Tb
3+ 

can only act as hole trap, and as a 
result, energy losses by defects trapping electrons will not be reduced and give rise 
to the same fractional loss. The co-doping only results in a shift of the initial 
excitation from Ce

3+
 to Tb

3+
 but since excitation of Tb

3+
 is followed by an almost 

100% energy transfer to Ce
3+

, the light output from Ce
3+

 is not affected. In the past, 
a variety of other shallow electron traps related to antisite defects have been 
identified in LuAG:Ce and this may explain the low light output upon X-ray 
excitation in our experiments.

31
 It would be interesting to co-dope LuAG:Ce with a 

co-dopant that is capable of trapping electrons and transferring its excitation 
energy to Ce

3+
. Eu

3+
 and Tm

3+
 are interesting candidates, although energy back-
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transfer from Ce
3+

 to Eu
3+

 or Tm
3+

 may prevent the observation of an increased 
Ce

3+
 light output. In the case Ce

3+
 to Eu

3+
 also electron transfer from excited Ce

3+
 

to Eu
3+

 may occur, leading to quenching through a metal-to-metal charge transfer 
state. It has been shown recently that partial substitution of Al

3+
 by Ga

3+
 reduces 

the trapping of free carriers due to shallow traps in RE3Al5O12 without reducing the 
defect concentration but by shifting the conduction band edge.

32
 Partial substitution 

of Al
3+

 by Ga
3+

 may, therefore, improve the scintillation properties of our material. 
Finally, the low light yield may be more general and inherent to the relatively high 
concentration of a number of different defects in LuAG (and other garnets). Part of 
the excitation energy is lost at defect sites before the activators are reached. If this 
is the case, only improved synthesis techniques aimed at reducing the defect 
concentrations will raise the light yield. Efforts in this direction are ongoing. An 
important aspect is reducing the temperature at which the single crystals are 
grown. The very high growth temperatures (e.g., ~2 000°C in a typical Czochralski 
growth) are responsible for the high defect concentration in garnets, e.g., antisite 
defects.

37
 An option is to make transparent ceramics from (nano)crystalline 

powders at lower temperatures (1 500–1 700°C), as has been successfully 
demonstrated for YAG.

38,39
 This route might lead to more efficient LuAG:Ce 

scintillators and may also lead to a further enhancement of the light yield upon co-
doping with Tb

3+
. 

2.4 Conclusions 

The luminescence properties of LuAG doped with Ce
3+

 and Tb
3+

 have been 
investigated and new insights into the energy level structure, energy transfer, and 
scintillation efficiency have been obtained. For Ce

3+
 in LuAG ZPLs are observed at 

473.1 nm (21 138 cm
-1

) and 354.2 nm (28 233 cm
-1

) for the lowest and next higher 
Ce

3+
 5d levels, respectively. Vibronic structure is observed in both the excitation 

and emission spectra. The Huang–Rhys parameter (S = 9), phonon energy 
(130 cm

-1
), and Stokes‟ shift (2 300 cm

-1
) have been determined from the low-

temperature spectra. The luminescence spectra of Tb
3+

 show the characteristic 
5
D4 

emission lines in the green spectral region. The Tb
3+

 excitation spectra are 
dominated by 4f

8
→4f

7
5d transition. The spin-forbidden transition to the high spin 

(HS) state has a ZPL at 325.6 nm and shows vibronic structure, the spin-allowed 
transition to the low spin (LS) state has a sharp onset at 277 nm, giving a HS–LS 
splitting of 5 400 cm

-1
, which is lower than usually observed. The smaller splitting is 

explained by a smaller 5d–4f exchange coupling parameter J, which is reduced by 
covalency effects.  

Measurements on the co-doped system LuAG:Ce,Tb demonstrate efficient energy 
transfer from Tb

3+
 to Ce

3+
. Replacement of the smaller Lu

3+
 ion by the larger Tb

3+
 

ion induces a larger crystal field splitting that shifts the lowest 5d state of Ce
3+

 to 
lower energies, even below the 

5
D4 state of Tb

3+
. The red shift of the Ce

3+
 emission 

and larger CF splitting upon substitution of a smaller rare earth ion by a larger one 
has been observed previously in garnet host lattices and is opposite to the usual 
observation (larger CF splitting on a smaller cation site). In the co-doped systems 
with 25, 50, and 75% of Tb

3+
, efficient energy transfer to Ce

3+
 occurs down to the 

lowest temperatures. Luminescence lifetime measurements show that for 25% Tb
3+
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there is still slow (ms) feeding of the Ce
3+

 emission, which is not observed for 50 
and 75% of Tb

3+
 where fast diffusion over the Tb

3+
 sublattice is followed by efficient 

energy transfer and emission from Ce
3+

. A quantitative analysis of the decay 
curves to extract energy transfer parameters is hampered by the complicated 
situation of the nearly resonant 

5
D4 state of Tb

3+
 and the 5d state of Ce

3+
 and rapid 

energy transfer between Ce
3+

–Tb
3+

, Tb
3+

–Ce
3+

 and Tb
3+

–Tb
3+

.  

The light output under soft X-ray excitation has been shown to not increase upon 
co-doping with Tb

3+
, remaining well below the theoretical maximum based on the 

Bartram–Lempicki model. An increase in light output due to efficient trapping of 
host electronic excitations by Tb

3+
 followed by energy transfer to Ce

3+
 does not 

occur. Possibly, fast trapping of electrons in defect sites, followed by nonradiative 
recombination with holes, is responsible for the lower efficiency and these losses 
are not reduced by co-doping with Tb

3+
. To increase the scintillation efficiency, 

improved crystal growth techniques, reducing the defect concentration, are 
required. 
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Chapter 3 

Luminescence and Energy Transfer in Lu3Al5O12 
Scintillators Co-Doped with Ce

3+
 and Pr

3+
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lu3Al5O12:Ce (LuAG:Ce) is a scintillator with a fast response time. The light yield is 
lower than theoretically expected and to increase the light yield co-doping with Pr

3+
 

is investigated. To better understand the energy flow to the Ce
3+

 ion, first low-
temperature emission and excitation spectra of Pr

3+
 doped LuAG were 

investigated, allowing the accurate determination of the zero-phonon lines for the 
5d states of Pr

3+
 in LuAG and the temperature dependent energy transfer from the 

Self Trapped Exciton to Pr
3+

. In addition VUV excitation and soft X-ray excited 
emission spectra of the co-doped LuAG:Ce,Pr were studied. The results show that 
energy transfer from Pr

3+
 to Ce

3+
 occurs but it is followed by back transfer to the 4f 

states of Pr
3+

.  
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3.1 Introduction 

Medical imaging continues to gain importance and the development of new 
scintillator materials for imaging techniques which rely on detection of ionizing 

radiation (X- and -rays), plays an important role in progress in this field.
1
 Two 

important techniques are Computed Tomography (CT) and Positron Emission 
Tomography (PET) in which a scintillating material with a relatively fast response 
time and low afterglow is required.

2,3
 A good scintillator is characterized by a high 

light yield (L.Y.), preferably larger than 50 000 photons/MeV of excitation energy, a 
short decay time, preferably in the ns regime, and a small afterglow, preferably less 
than 10 ppm after 1 s.

4–6
 Lu3Al5O12:Ce is a good candidate. The life time of the 

Ce
3+

 emission is short, ~55 ns.
7
 However, the light yield is relatively low. The 

model proposed by Bartram and Lempicki predicts a maximum light yield of 60 000 
photons/MeV based on the observation that for creation of one electron-hole pair 
an energy of 2.5 times the band gap energy Eg is required followed by a near unity 
efficiency for the capture of e-h pairs and luminescence efficiency.

2,8
 For many 

scintillator materials this model correctly predicts the optimum light yield. However, 
the fast scintillation light yield for LuAG:Ce was found experimentally to be 
significantly lower, typically 12 500 to 15 000 photons/MeV.

9,10
 A possible 

explanation is the inefficiency of energy transfer from the host lattice to Ce
3+

 ions 

after high energy X- or -ray excitation. Competition by trapping of charge carriers 
by defects reduces the fast scintillation light output by Ce

3+
 and results in a much 

slower light generation process by thermal release of the trapped charges.
11,12

 
Increasing the Ce

3+
 concentration to enhance trapping of e-h pairs by Ce

3+
 is not 

an option since concentration quenching by energy transfer between Ce
3+

 ions will 
reduce the light output.

13
 

To improve the fast scintillation light yield, a co-activator can be introduced which 
captures the e-h pairs more efficiently and subsequently transfers the excitation 
energy to the 5d state of Ce

3+
. A good co-activator needs to fulfill at least the 

following criteria:  

1. the co-activator emission should show spectral overlap with Ce
3+ 

absorption 

2. high concentration in the material and by this the trapping probability should be 
relatively high. 

A potential candidate for co-activation is Pr
3+

. Praseodymium has been chosen 
based on the analysis of the energy diagram presented in Fig. 3.1 which shows a 
Dieke diagram for Ce and Pr trivalent ions as well as the two lowest 4f–5d 
absorption and 5d–4f emission bands of the dopants in the LuAG host lattice.

3,14
 

The 4f–5d absorption bands of Pr
3+

 are located in between the host lattice 
absorption and the Ce

3+
 absorption bands. The Pr

3+
 5d–4f emission bands overlap 

with the Ce
3+

 absorption band. It is also important to note that Pr
3+

 in LuAG shows 
mostly 5d–4f emission and due to the strong overlap of this emission with the Ce 
5d absorption bands, efficient Pr→Ce energy transfer can be expected.  

The improvement of scintillation properties by the energy transfer between Pr
3+

 and 
Ce

3+
 has been shown before in the systems of concentrated Pr

3+
 host lattice, for 

instance PrBr3,
15

 PrAlO3
16

 and PrF3,
17

 doped with Ce
3+

. In PrF3:Ce efficient energy  
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Figure 3.1 Dieke diagram of trivalent Ce and Pr ions showing the 4f levels. The 
4f–5d absorption and emission bands of both ions are included to show the 
possibilities for energy transfer between the ions. 

transfer to the Ce
3+

 occurred via the Pr
3+

 
1
S0 level. The efficiency of Pr

3+
 doped 

CeF3 scintillator was found to increase in comparison to pure CeF3.
17

 Similar 
studies report on the role of Ce

3+
 and Pr

3+
 co-doping in YPO4

18
 and LuPO4.

19
 

In this chapter we report an analysis of the energy flow in LuAG:Ce,Pr based on 
emission and excitation spectra as well as luminescence decay curves. In order to 
better understand the energy flow in the co-doped LuAG:Ce,Pr, a careful analysis 
of the optical properties of singly doped LuAG:Pr is presented first to accurately 
determine the location of the 5d states and the energy transfer from the host lattice 
to the 5d state of Pr

3+
. 
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3.2 Experimental 

3.2.1 Synthesis 

All samples were synthesized by a modified Pechini method described by 
Katelnikovas et al.

20
 High purity Lu2O3, Al(NO3)3·9H2O, Pr(NO3)3·6H2O and 

Ce(NO3)3·6H2O were used as starting materials with citric acid as the complexing 
agent. The calcinations were performed in two steps, at 1000°C for 3 h and 1650°C 
for 4 h, with an intermediate grinding step. To prevent partial oxidation to Ce

4+
 and 

Pr
4+

, the second annealing step was carried out under CO. Single phase formation 
in all samples was confirmed with the X-ray diffraction measurements recorded on 
Rigaku Miniflex II Equipment.  

3.2.2 Optical spectroscopy 

Luminescence spectra were measured at the SUPERLUMI station (DESY, 
Hamburg) where the excitation source was synchrotron radiation from the storage 
ring DORIS III. The experimental setup was equipped with a 2 m McPherson 
primary monochromator with a highest possible resolution of ~1 Å and with an ARC 
Spectra Pro-308i emission monochromator equipped with a Hamamatsu R6358P 
photomultiplier.

21
 The samples were mounted on the cold finger of a liquid He flow 

cryostat in which the sample temperature can be varied from 10 to 300 K. The 
spectra were measured in three time windows: integrated, fast and slow, making it 
possible to distinguish between fast and slow emissions. The fast time window was 
recorded for a delay of 2 ns after the excitation pulse and a width of 14 ns. The 
slow time window monitored emission between 100 and 200 ns. The excitation 
spectra (65–335 nm) were corrected for the signal intensity distribution using the 
excitation spectrum of sodium salicylate. The emission spectra (180–700 nm) were 
not corrected for the instrumental response. 

VUV excitation spectra were also recorded at room temperature (RT) using an 
Edinburgh Instruments FS920 Spectrometer, equipped with a Deuterium DS-775 
lamp, a TMS300 monochromator (Czerny–Tuner optics) and a single photon 
counting Hamamatsu R928 photomultiplier. The spectra measured in the range of 
150–340 nm were corrected for the lamp intensity and the throughput of the 
excitation monochromator using the excitation spectra of sodium salicylate as a 
reference. 

The RT excitation spectra in the range of 250–540 nm were monitored on the 
Edinburgh Instruments FSL900 fluorescence spectrometer equipped with a 450 W 
Xe arc lamp and a cooled single photon counting photomultiplier (Hamamatsu 
R2658P). The spectra were corrected for the instrumental response. Low 
temperature measurements were recorded on Edingburgh Instruments FSL920 
spectrofluorometer equipped with an Oxford Instruments liquid helium flow 
cryostat. Emission spectra in the UV/visible part were recorded with a Hamamatsu 
R928p photomultiplier tube while for the infrared part of the spectrum a liquid 
nitrogen cooled Hamamatsu R5509-72 PMT was used, sensitive to ~1 700 nm. 
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Soft X-ray excited emission measurements were recorded at room temperature 
utilizing the white spectrum of a copper tube operated at 40 kV, with the energy in 
the maximum of the white band of about 28.7 keV.  

Luminescence life times were obtained using a Pico Quant picoseconds diode 
(λEx = 270 nm, pulse width ~200 ps or λEx = 406 nm, pulse width 65 ps) with 
repetition rate of 1 MHz using pulse height analysis (PHA) and time-to-amplitude 
conversion (TAC). The emitted photons were detected using a fast Hamamatsu 
photomultiplier tube. The emission wavelength was selected using a 0.1 m 
monochromator with a grating blazed at 536 nm. 

3.3 Results and Discussion 

3.3.1 LuAG:Ce 0.1% and LuAG:Pr 0.1%. 

In the first section excitation and emission spectra for singly doped LuAG:Ce and 
LuAG:Pr with low activator concentrations are measured and analyzed aimed at 
gaining understanding of the location of 5d levels of the two ions and energy 
transfer from the host lattice to the 5d excited states of Ce

3+
 and Pr

3+
. 

In Fig. 3.2 excitation spectra between 160 nm to 300 nm are shown for the 5d–4f 
emission in LuAG containing 0.1% of Ce

3+
 or Pr

3+
. The excitation is monitored at 

550 nm emission wavelength for Ce
3+

 and at 360 nm for Pr
3+

 at 10 K. In each plot 
two curves are shown, one for the fast and one for the slow time window.  

Figure 3.2(a) shows a strong host lattice excitation band and a very weak band
 
with 

a maximum at 225 nm. The origin of this band is possibly a high energy Ce
3+

 5d 
band but it can also be related to the host lattice. Two lower energy 5d bands of 
Ce

3+
 have been studied in detail before and are situated around 340 nm and 

445 nm.
14

 The positions of these bands are included in Fig. 3.1.  

For LuAG doped with 0.1% Pr
3+

 excitation spectra of the 5d–4f emission are shown 
in Fig. 3.2(b). A clear difference is observed between the spectra recorded in the 
fast and the slow time window. The well known allowed 4f–5d transitions of Pr

3+
 

with maxima at 286 and 241 nm dominate the spectrum in the fast time window. A 
third 5d band is observed around 175 nm, close to the onset of the host lattice 
absorption edge. The energy difference between the 175 nm band and the lowest 
5d band around 286 nm is ~22 000 cm

-1
. This is similar to the energy difference 

between the 225 nm band observed for Ce
3+

 and the lowest energy 5d band for 
Ce

3+
 in LuAG, which supports the assignment of the 225 nm band in the Fig. 3.2(a) 

to a high energy 5d state of Ce
3+

 as the crystal field splitting is expected to be 
similar for Ce

3+
 and Pr

3+
 in the same host lattice. Excitation in the 5d bands is 

followed by fast 5d–4f emission. As a result, these 5d excitation bands are not 
observed in the slow time window. The weak band observed between 220 and 
300 nm (Fig. 3.2(b)) in the slow time window is assigned to excitation of Self 
Trapped Exciton (STE) emission of the LuAG host lattice, the decay of which will 
be much slower.

22,23
 The occurrence of this band proves STE-Pr

3+
 energy transfer. 

For LuAG:Pr the host lattice absorption is clearly present with an onset around  
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Figure 3.2 Excitation spectra of (a) LuAG:Ce0.1%, monitoring the Ce

3+
 emission 

at λEm = 550 nm, and (b) LuAG:Pr0.1%, monitoring Pr
3+

 emission at λEm = 
360 nm, recorded in fast and slow time window (see experimental) at 10 K. 

 
Figure 3.3 Excitation and emission spectra of LuAG:Pr0.1% at 4.5 K for λEm = 
320 nm and λEx = 275 nm. Inset: magnification around the ZPL position, the 
phonon progression of 130 cm

-1
 is marked with the arrows (note change in unit 

of the x axis from nm to cm
-1

). 

175 nm. The host lattice excitation band is most prominent in the slow time window 
where excitation in the host lattice is followed by both STE and Pr

3+
 emission for 

low dopant concentrations.  

To investigate the energy level structure for Pr
3+

 in LuAG in more detail, high 
resolution excitation and emission spectra were recorded at cryogenic  
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Figure 3.4 Temperature dependent emission spectra of LuAG:Pr0.1% for λEx = 
160 nm. The inset (a) presents the thermal quenching of the STE emission, 
inset (b) shows the integrated emission intensity of the STE and Pr

3+
 5d–4f 

emissions as a function of temperature.  

temperatures. For low doping concentrations zero-phonon lines (ZPLs) and 
vibrational fine structure have been observed for Ce

3+
 in LuAG

14
 and the same is 

expected for Pr
3+

. Figure 3.3 shows the excitation spectrum for 320 nm 5d–4f 
emission and an emission spectrum recorded for 275 nm excitation. The ZPL of 
Pr

3+
 in LuAG from this study is located at 294.15 nm (33 996 cm

-1
) and is shown in 

more detail in the inset. The ZPL of Ce
3+

 in LuAG was found at 473.10 nm 
(21 137 cm

-1
).

14
 The spectra present a mirror structure over the ZPL but 

interestingly, the relative intensity of the ZPL is significantly weaker in the emission 
spectrum. A phonon progression is observed with the energy differences of 
130 cm

-1
 due to coupling to a 130 cm

-1
 vibrational mode in LuAG, similar to the 

energy observed in the vibrational progression for Ce
3+

 doped LuAG.
14

 In YAG:Ce 
a higher energy vibrational mode (200 cm

-1
) couples with the 4f–5d transitions, 

consistent with the lower mass of Y (88.90 u) compared to Lu (174.97 u).
13 

To study the efficiency and temperature dependence of energy transfer from the 
host lattice to the 5d states of Pr

3+
 temperature dependent emission spectra were 

recorded for LuAG:Pr 0.1% under host lattice excitation at 160 nm. A low dopant 
concentration is required for these studies as for high Pr

3+
 concentrations (above 

1%) no host lattice emission is observed down to 4 K. The emission spectra are 
shown in Fig. 3.4. The well known 5d–4f emission of Pr

3+
 is present between 

280 nm and 400 nm and is characterized by peak broadening as the temperature 
increases. The broad-band emission between 210 nm and 285 nm is assigned to 
the STE and shows thermal quenching. The inset in Fig. 3.4 shows the variation of 
the total STE and 5d–4f emission intensities as a function of temperature. Between 
100 and 200 K the STE emission intensity decreases and is accompanied by an 
increase in Pr

3+
 5d–4f emission intensity. The variation can be explained by 
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thermally activated exciton diffusion, resulting in almost complete energy transfer 
from the STE state to Pr

3+
 5d levels at elevated temperatures. 

Insight in the activation energy for exciton diffusion can be gained from the analysis 
of the inset (a) in Fig. 3.4. The temperature dependence of the STE emission 
intensity can be fitted to: 
 

 ( )  
  

     
   
  

 

 

where I(T) is the intensity of the STE emission at temperature T, I0 is the intensity 
at 10 K (or 0 K), D is a constant, Ea is the activation energy related to the process 
of exciton diffusion (eV) and k is the Boltzmann constant (8.62·10

-5
 eV/K). The 

intensity at 10 K was set to 1.
13

 The fit of the experimental data gives a value of 
0.08 ± 0.005 eV for the activation energy (with D = 985). The temperature at which 
the STE intensity drops to 50% of its initial value (T50%) is ~130 K.  

To further characterize the STE emission, excitation spectra for 250 nm emission 
wavelength were recorded between 160 to 250 nm at different temperatures. The 
spectra are shown in Fig. 3.5. The spectra are characterized by a strong excitation 
band around 170 nm, corresponding to the band gap of LuAG. This observation 
confirms that the emission is related to the host lattice. The temperature dependent 
excitation spectra reveal a shift of the band gap excitation band to lower energies. 
The energies corresponding to the half the maximum intensity, indicated as 
horizontal dashed line, are plotted versus temperature in the inset. The 
temperature induced red shift of the band gap energy has been fitted to the 
Varshni equation that is commonly used to describe the temperature dependence 
of the band gap of a semiconductor:

24,25 

 

  ( )       
   

   
 

 

where E0 is the band gap at 0 K and α and β are fit parameters. The fit of the data 
presented in the inset in Fig. 3.5 resulted in α = 1.08 ± 0.01 meV/K and 
β = 402 ± 80 K. The total shift between 4 K and 300 K is about 1 100 cm

-1
. It is 

interesting to note that the (empirical) Varshi model which is commonly used to 
describe the temperature dependence of the band gap of semiconductors

24
 also 

can describe the temperature induced band gap shift in insulators.  

It is important to note that the spectral position of the STE emission does not shift 
with temperature. As energy transfer to Pr

3+
 is very efficient (above 180 K) even for 

low Pr
3+

 concentrations (0.1%), an impurity as source of the 250 nm emission is 
excluded, in line with observations in Ref. 26. 

Finally, the Stokes‟ shift and electron–phonon coupling strength for the 5d–4f 
emission have been investigated. Figure 3.6 shows the emission of LuAG doped 
with 0.1 % Pr recorded at 4.5 K. For low doping concentrations and measurements 
at low temperatures the spectra are not distorted by reabsorption (which plays a 
role at higher concentrations), thermal broadening or inhomogeneous broadening  
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Figure 3.5 Excitation spectra of LuAG:Pr0.1% for λEm = 250 nm, depicting the 
temperature dependent shift of the LuAG band gap. The inset shows the band 
gap position as a function of temperature. The band gap position is taken to be 
the position where the intensity is half the maximum intensity (dashed 
horizontal line). 

 
Figure 3.6 Emission spectrum of LuAG:Pr 0.1 % for λEx = 275 nm at 4.5 K. A fit 
of the spectrum to four Gaussian is shown by the four dotted grey lines. The 
four bands correspond to emission from the 5d level to different 4f states 
indicated.  

(which is observed at higher dopant concentrations). From the peak positions and 
the relative intensities of ZPLs the Stokes‟ shift and Huang–Rhys coupling 
parameter can be determined.  

In Fig. 3.6 the low-temperature emission spectrum for LuAG:Pr0.1% is shown. The 
spectra show emission bands corresponding to transitions from the lowest 5d state 
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to different 4f states. In order to accurately determine peak maxima, the spectrum 
was fitted using four Gaussians, with maxima at 306 nm (5d–

3
H4), 325 nm (5d–

3
H5), 358 nm (5d–(

3
H6, 

3
F2)) and 375 nm (5d–

3
F3,4). The simplest method to 

calculate the Stokes‟ shift is the difference between excitation and emission 
maxima of the transition between 5d level to ground state. In this case a value of 
2 160 cm

-1
 was established.  

A second method involves calculation of twice the energy difference between the 
excitation maximum and the ZPL or the ZPL and the emission maximum. These 
calculations result in 1 660 cm

-1
 and 2 670 cm

-1
, respectively. We observe that the 

contributions to the Stokes‟ shift are not equal in absorption and emission and that 
the largest part of the Stokes‟ shift is found in the emission. This is consistent with 
the lower relative intensity of the ZPL in the emission spectrum in comparison with 
the ZPL in the excitation spectrum. The intensity of the ZPL, relative to the 
corresponding absorption or emission band is given by exp(-S),

27
 S being the 

Huang–Rhys parameter which is the number of phonons involved in the transition 
for the maximum of the absorption or emission band. S indicates the strength of the 

electron–phonon coupling. The contribution to the Stokes‟ shift is Sh, h being 
the frequency of the phonon involved in the optical transition. As phonon 
frequencies are similar in the ground- and excited state, a larger Stokes‟ shift 
implies a larger value for S, i.e. a lower intensity of the ZPL. 

From the relative intensities of the absorption and the emission bands and the 
corresponding ZPL we now estimate the contribution of ground- and excited state 
relaxation to the Stokes‟ shift. We determine the values for S, from the relative 
intensities exp(-S) of the ZPL and the corresponding absorption or emission band 
(see above). From the observed relative intensity of 0.14% of the ZPL in the 
emission spectrum, a Huang–Rhys parameter of Sem = 6.6 is found. In the 
excitation spectrum the relative intensity of the ZPL is higher, 0.9 %, giving 
Sex = 4.7. The corresponding Stokes‟ shift values are as follows: SSem = 1 710 cm

-1
 

and SSex = 1 225 cm
-1

. Again, we observe a larger contribution of the emission to 
the Stokes‟ shift, i.e. stronger electron–phonon coupling in the ground state. 
Careful examination of previous fundamental studies showing high resolution 
spectra for YAG:Ce and YAG:Pr show a similar discrepancy. We assume 
differences in lattice relaxation in ground and excited states to be due to 
anharmonicities in the potential energy curves, the anharmonicities expected to be 
larger in the excited state.The peculiar difference in electron–phonon coupling 
observed in emission and excitation spectra for 4f–5d transitions of lanthanides in 
YAG and LuAG will be discussed in Ref. 28.  

3.3.2 LuAG:Ce,Pr 

In order to investigate the efficiency of Pr
3+

–Ce
3+

 energy transfer, co-doped 
samples of LuAG were synthesized and characterized. The samples prepared 
contain a fixed amount of Ce

3+
 (1%) and increasing amounts of Pr

3+
 (0, 1, 3, 5, 

10%). The higher dopant concentrations enhance the probability of energy transfer 
between the dopant ions, and of host lattice excitations to Pr

3+
.  
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Figure 3.7 Excitation spectra for LuAG:Ce,Pr recorded at RT for (a) Pr

3+
 

emission at 360 nm; (b) Ce
3+

 emission at 540 nm. The Pr
3+

 concentrations are 
indicated in the Fig. To understand the energy flow, excitation spectra of singly 
doped Pr

3+
, or Ce

3+
 LuAG are shown for comparison. 

Figure 3.7a presents the excitation spectra for Pr
3+

 emission at 360 nm. The Pr
3+

 
5d bands with maxima at 240 nm and 285 nm are clearly visible with intensities 
increasing with increasing Pr

3+
 content. Moreover, the band with a maximum just 

below the band gap is observed, close in position to the 180 nm 5d band observed 
at 10 K (Fig. 3.2), and is assigned to the third 5d band of Pr

3+
. The intensity 

increases with Pr
3+

 concentration and the band maximum shifts to lower energies, 
possibly due to a decrease in crystal field splitting upon replacing Lu

3+
 (rLu = 

111.7 pm) by the larger Pr
3+

 (rPr = 126.6 pm) ion. A decrease in crystal field splitting 
of 5d states is generally observed in garnets upon replacing host rare earth ions 
with rare earth ions with a larger ionic radius.

29,30
 Finally also the host lattice 

excitation band is observed with an onset around 180 nm. 

Energy transfer from Pr
3+

 to Ce
3+

 ions is evident from the analysis of the excitation 
spectra for the Ce

3+
 emission at 540 nm. Comparison of the excitation spectra for 

LuAG:Ce1% and LuAG:Ce1%Pr(1-10%) shows that Pr
3+

 5d bands are present in 
the excitation spectrum of the Ce

3+
 emission, indicating energy transfer from Pr

3+
 to 

Ce
3+

. These Pr
3+

 5d bands increase in intensity with increasing Pr
3+

 concentration. 
This shows that Pr

3+
 acts as a sensitizer for Ce

3+
.  

To investigate the potential applicability of the co-doped materials as scintillating 
composition emission measurements were done under conditions that mimic the 
application. Therefore, soft X-rays ware used as excitation radiation source. The X-
ray excited emission recorded at 300 K is shown in Fig. 3.8. The Ce

3+
 doped 

sample has the highest emission intensity with a maximum around 540 nm. A 
decrease of the intensity of the 5d band is observed upon co-doping with Pr

3+
. The 

inset (a) in Fig. 3.8 shows the decrease in the Ce
3+

 emission intensity for 
increasing Pr

3+
 concentration.  
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Figure 3.8 Emission spectra of LuAG:Ce,Pr measured under soft X-ray 
excitation at 300 K. As normalization reference, LuAG:Ce was selected. The 
inset (a) depicts the decrease of the Ce

3+
 emission intensity at 540 nm for 

increasing Pr
3+

 content in co-doped samples; the inset (b) shows magnification 
of the 250–450 nm range where 5d–4f emission of Pr

3+
 is recorded.  

The inset (b) reveals that some Pr
3+

 5d–4f emission remains between 300 and 
400 nm giving evidence that the energy transfer from Pr

3+
 to Ce

3+
 is not complete 

for 1% Ce
3+

. The Pr
3+

 5d–4f emission between 300 and 400 nm decreases when 
the Pr

3+
 concentration is raised from 1 to 10%. This can be explained by 

concentration quenching due to cross-relaxation between neighbouring Pr
3+

 ions. 
Finally, also 4f–4f emission from Pr

3+
 appears with the strongest peak at 610 nm. 

The 4f–4f emission lines can be assigned to transitions originating from the 
1
D2 

level. The decrease of the Ce
3+

 emission around 540 nm and the observation of 
4f–4f emission from the 

1
D2 level can be explained by back transfer from the Ce

3+
 

5d level to the 
1
D2 level of Pr

3+
. Similar energy transfer from Ce

3+
 to Pr

3+
 has been 

reported for YAG co-doped with Ce
3+

 and Pr
3+

.
31

 

To study the back transfer from the Ce
3+

 5d levels to Pr
3+

 4f levels in more detail 
emission spectra were recorded for LuAG:Pr1% and LuAG:Ce1%Pr1% under soft 
X-ray excitation. The spectra are shown in Fig. 3.9. For LuAG:Pr1% broad band 
5d–4f emission as well as strong 4f–4f line emission are clearly visible. Both 4f–4f 
emission from the 

3
P0 and 

1
D2 level are present. For the co-doped sample the 

intensity of the Pr
3+

 5d bands is reduced by more than 95% while the Ce
3+

 5d–4f 
emission is strongly enhanced, indicating very efficient Pr

3+
 - Ce

3+
 energy transfer. 

Analysis of 4f–4f Pr
3+

 emission spectra reveals an interesting difference. The inset 
(a) in Fig. 3.9 presents Pr

3+
 4f–4f line emission in the spectral range from 590 nm 

to 635 nm in LuAG:Pr1% while the inset (b) shows the emission spectrum of 
LuAG:Ce1%Pr1% (after subtraction of the Ce

3+
 5d–4f emission background). 

Clearly, the 
3
P0 emission is absent in the co-doped sample. This indicates that from 

the 5d state of Ce
3+

 back transfer to the 
1
D2 state of Pr

3+
 dominates which is  
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Figure 3.9 Emission spectra of LuAG:Pr1% and LuAG:Ce1%Pr1% measured 
under soft X-ray excitation at 300 K. Inset (a) depicts the 4f–4f emission of Pr 
around 610 nm in more detail. In case of LuAG:Ce1%Pr1%; inset (b) gives the 
emission spectrum after background subtraction for the Ce

3+
 emission band. 

The energy diagram shown in inset (c) depicts the energy flow in LuAG:Pr and 
LuAG: Ce,Pr. 

consistent with the larger spectral overlap of the Ce
3+

 emission with the 
1
D2 

excitation lines around 580–590 nm in comparison with the 
3
PJ excitation lines 

between 450 and 490 nm. Note that part of the quenching of the 
3
P0 emission from 

Pr
3+

 can be explained by cross relaxation between Pr
3+

 and Ce
3+

. The 
3
P0–

1
D2 

energy gap is ~3 500 cm
-1

. Cross relaxation with the 
2
F5/2–

2
F7/2 transition on a 

neighbouring Ce
3+

 ion has been shown to lead to quenching of the 
3
P0 emission, 

leading to 
1
D2 emission.

32
 In view of the energy mismatch for this cross-relaxation 

process (the 
2
F5/2–

2
F7/2 gap is ~2 000 cm

-1
) it is not expected that this process can 

account for the complete disappearance of the 
3
P0 emission in a sample with only 

1% of Ce
3+

. Note that in Ref. 32 the quenching of the 
3
P0 emission became 

effective only at elevated Ce
3+

 concentrations (above 10%). The inset (c) depicts 
the Pr(5d)–Ce(5d) energy transfer and Ce(5d)–Pr(

1
D2) back transfer process.  

Based on the energy level structure determined and information on the energy 
transfer processes from the excitation and emission spectra, a schematic diagram 
of the energy flow in LuAG:Ce,Pr is given in Fig. 3.10. It shows the Dieke diagram 
with the 5d levels of the dopants, the STE emission and the schematic of the 
energy transfer processes after host lattice excitation. The energy flow diagram 
presented can be used to understand processes occurring as a consequence of 
host lattice excitation which makes it relevant for the understanding of the material 
as scintillator. After high energy excitation, the STE is produced that is in 
resonance with Ce

3+
 and Pr

3+
 5d levels. Because Pr

3+
 5d levels have a larger 

spectral overlap with the STE emission, energy transfer to Pr
3+

 can be expected to 
be more efficient than to Ce

3+
 for the same dopant concentration. Energy transfer  
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Figure 3.10 Dieke diagram of trivalent Ce and Pr ions in which the 5d 
absorption and emission bands of Ce

3+
 and Pr

3+
 in LuAG indicated as well as 

STE emission. The energy flow processes occurring in LuAG:Ce,Pr are 
indicated with arrows. 

from the STE to the Pr
3+

 ions plays an important role for low Pr
3+

 concentrations as 
at low temperatures we observe incomplete energy transfer from the STE to Pr

3+
. 

At higher Pr
3+

 concentrations the role of energy transfer via STE will be reduced as 
other mechanisms active in the scintillation process, e.g., direct hole trapping by 
Pr

3+
 will become more efficient than STE formation. The strong spectral overlap of 

the Pr
3+

 5d emission bands with the two lowest energy 5d absorption bands of 
Ce

3+
, energy transfer from Pr

3+
 to Ce

3+
 is efficient and almost complete for Ce

3+
 

concentrations as low 1%. The desired Ce
3+

 emission is, however, suppressed by 
the back transfer to Pr

3+
 4f levels, especially the 

1
D2 level, from which the line 

emission occurs.  
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Figure 3.11 Decay curves of the 5d–4f emission of Pr

3+
 at 380 nm for excitation 

in the 5d state at 270 nm for LuAG:Pr1% and LuAG:Ce1%Pr1-10%. All decay 
curves have been recorded at 300 K. 

 
Figure 3.12 Decay curves of the Ce

3+
 emission at 550 nm in LuAG:Ce1% and 

LuAG:Ce1%Pr1-10% for excitation in the Ce 5d band at 406 nm. 

Further information on energy transfer processes in the co-doped material can be 
obtained from the analysis of luminescence decay curves. Figure 3.11 shows 
luminescence decay curves for Pr

3+
 5d–4f emission (at 380 nm) for excitation into 

the lowest 5d level of Pr
3+

 (at 270 nm) for different Pr
3+

 concentrations. LuAG 
doped with 1% Pr shows a single exponential decay with a time constant of 
approximately 19 ns, in agreement with the literature.

23,33
 When 1% Ce

3+
 is 

introduced there is a strong decrease in the decay time and the decay becomes 
non-exponential. The time in which the signal drops to 1/e of the initial intensity is 
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5.6 ns. The strong decrease in life time upon co-doping with 1% Ce
3+

 is in 
agreement with the observed drop in intensity of the 5d–4f emission from Pr

3+
 in 

the co-doped sample and confirms the efficient energy transfer from Pr
3+

 to Ce
3+

. 
Increasing the Pr

3+
 concentration also gives rise to a faster decay of the 5d–4f 

emission from Pr
3+

. This can be explained by concentration quenching due to 
energy transfer between neighbouring Pr

3+
 ions. A variety of cross-relaxation 

processes can occur between Pr-neighbours.
34,35

 The cross-relaxation is 
responsible for the overall decrease in emission intensity observed in Fig. 3.8. At 
higher Pr

3+
 concentration energy transfer between Pr

3+
 neighbours competes with 

energy transfer to Ce
3+

 and causes the overall light yield to decrease. 

To study the energy back transfer step from Ce
3+

 to Pr
3+

, also luminescence decay 
curves were recorded for the Ce

3+
 5d–4f emission under excitation into the 5d state 

of Ce
3+

 for different Pr
3+

 concentration (Fig. 3.12). In singly Ce-doped LuAG single 
exponential decay with a life time of 58 ns is observed, consistent with the values 
reported in the literature.

7 Upon adding Pr
3+

 the decay becomes faster and non 
exponential due to energy transfer from Ce

3+
 in the excited 5d state to 

neighbouring Pr
3+

 ions. The transfer efficiency for the back transfer process Ce→Pr 
is not as high as for the Pr→Ce energy transfer. The drop in decay time for 1% co-
doping with Pr

3+
 is from 58 to 29 ns. The lower efficiency is due to the forbidden 

character of the transition on the Pr-acceptor in case of Ce→Pr energy transfer. 
The oscillator strength of the 

3
H4–

1
D2 transition on Pr

3+
 is low and the energy 

transfer rate is proportional to the dipole strength of the transition on the acceptor. 
At higher Pr

3+
 concentrations however the back transfer efficiency is high and the 

Ce
3+

 5d–4f emission is almost completely quenched for Pr
3+

 concentrations of 5 
and 10%. 

3.4 Conclusions 

The possibility to sensitize Ce
3+

 emission by co-doping Pr
3+

 in LuAG:Ce has been 
investigated, aimed at improving the light yield for scintillating applications. To gain 
insight in the energy transfer from the LuAG host to Pr

3+
 and from Pr

3+
 to Ce

3+
, low 

temperature and high spectral resolution studies on LuAG doped with 0.1% Pr
3+ 

or 
Ce

3+
 were performed. For the Pr 4f–5d transitions a ZPL is observed at 294.3 nm 

with phonon replicas at 130 cm
-1

, both in excitation and emission. Interestingly, a 
stronger electron–phonon coupling is observed in the excitation spectra. Under 
host lattice excitation STE emission is observed at low temperatures. Above 100 K 
the STE emission decreases and feeds Pr

3+
 5d–4f emission, indicating thermally 

activated diffusion of the STE towards Pr
3+

 ions. Thermally activated dissociation of 
the STE can also explain the observations. From the onset of the STE emission 
band around 200 nm and the onset of the band gap absorption (< 180 nm) an 
activation energy above 5 000 cm

-1
 is calculated which makes thermally activated 

STE dissociation not very probable in the 100–300 K range. The host lattice 
absorption edge shifts to longer wavelengths upon raising the temperature. The 
temperature dependent shift can be fitted to the Varshni model that is widely used 
to describe the temperature dependence of the band edge for semiconductors. In 
co-doped LuAG:Ce,Pr highly efficient energy transfer from the Pr

3+
 to Ce

3+
 is 

observed. For LuAG co-doped with 1% Pr
3+

 and 1% Ce
3+

 the energy transfer from 
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the 5d states of Pr
3+

 to the 5d state of Ce
3+

 is already almost complete. The high 
Pr→Ce energy transfer efficiency is consistent with the favourable spectral overlap 
between the Pr

3+
 5d–4f emission and the Ce

3+
 4f–5d absorption bands and is also 

confirmed by luminescence decay measurements. In spite of the efficient Pr→Ce 
energy transfer, no increase in the light yield is observed for the scintillator material 
under soft X-ray excitation. Back transfer from the Ce

3+
 5d state to the 

intraconfigurational 4f
2
 

1
D2 state of Pr

3+
 reduces the light output which shows that 

co-doping with Pr
3+

 is not a promising route to enhance the light yield of LuAG:Ce. 
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Chapter 4 

Luminescence and Luminescence Quenching  
in Gd3(Ga,Al)5O12 Scintillators Doped with Ce

3+
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The optical properties of Gadolinium Gallium Aluminum Garnet, Gd3(Ga,Al)5O12, 

doped with Ce
3+

 are investigated as a function of the Ga/Al ratio, aiming at an 

improved understanding of the energy flow and luminescence quenching in these 

materials. A decrease of both the crystal field strength and band gap with 

increasing content of Ga
3+

 is observed and explained by the geometrical influence 

of Ga
3+

 on the crystal field splitting of the 5d level in line with theoretical work of 

Muñoz–García et al.
1
 Thermal quenching results in shorter decay times as well as 

reduced emission intensities for all samples in the temperature range from 100 to 

500 K. An activation energy for emission quenching is calculated from the data. 

The band gap of the host is measured as upon Ga substitution and the decrease in 

band gap is related to Ga
3+

 substitution into tetrahedral sites after all octahedral 

sites are occupied in garnet material. Based on the change in band gap and crystal 

field splitting, band diagrams can be constructed explaining the low thermal 

quenching temperatures in the samples with high Ga
3+

 content. The highest 

luminescence intensity is found for Gd3(Ga,Al)5O12 with 40% of Al
3+

 replaced by 

Ga
3+

.  
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4.1 Introduction 

Since the introduction of the sophisticated medical imaging techniques, such as 
Positron Emission Tomography (PET) and Computed Tomography (CT), there has 
been a considerable effort to develop efficient scintillating materials that meet the 
requirements imposed by the techniques.

2
 For many years, PET has relied on the 

scintillator Bi4Ge3O12 (BGO).
3
 However, continuous research in the late 20

th
 

century led to the development of other important scintillators including garnet 
materials, doped with e.g., Ce

3+
 or Pr

3+
.
4,5

 In particular, emphasis was put on 
Yttrium Aluminum Garnet doped with Ce

3+
 (YAG:Ce) due to its fast allowed 5d–4f 

transition which made it initially suitable for application in flying spot cathode tubes 
(CRT).

6,7
 Although YAG:Ce possesses a high light yield, its relatively low density 

(ρYAG = 4.56 g/cm
3
), thus a low stopping power, is a considerable disadvantage. 

For this purpose the higher density Lutetium Aluminum Garnet doped with Ce 
(LuAG:Ce) (ρLuAG = 6.73 g/cm

3
) was developed.

8
 

Garnets are particularly interesting in view of their cubic crystal structure that 
allows for the preparation of transparent ceramics, which can prevent expensive 
single crystal growth. Additionally, the low hygroscopicity, and high radiation 
stability and hardness of the materials are beneficial for the very demanding 
application in medical imaging.

9
 

Ce
3+

 activated YAG and LuAG have a maximum theoretical light yield in the order 
of 60 000 photons/MeV based on the Bartram–Lempicki theory.

10
 However, due to 

intrinsic defects present in the host lattice such as vacancies, antisites and 
dislocations, the measured light yield values are much smaller (10 000–20 000 
photons/MeV).

11
 To improve the performance various strategies were designed. 

Instead of Ce
3+

 doping, Pr
3+

 or Nd
3+

 dopants were investigated. In case of Pr
3+

, the 
observed occurrence of slow forbidden 4f–4f transitions in addition to the fast 
allowed 5d–4f transitions is a significant disadvantage, rendering the material 
unsuitable for the application in PET.

12
 Attempts have been undertaken to improve 

the performance of the Pr
3+

 doped materials in terms of a reduction of the influence 
of defects by partial substitution of Al

3+
 with Ga

3+
 in the LuAG host lattice.

13
 It was 

found that the admixture of Ga
3+

 in LuAG scintillators caused an enhancement of 
the scintillation performance and resulted in materials with the decay time on the 
order of 18 ns and light yield between 110% and 160% of BGO. For materials 
doped with Nd

3+
, the 5d–4f emission is located in the deep UV region of the 

spectrum which makes it incompatible with the available photodetectors.
14

 Another 
strategy comprised implementation of a co-activator ion in the crystal lattice which 
role was to efficiently capture the incident energy and subsequent transfer to the 
activator ion (Ce

3+
).

15,16
 

The aim of this work is to investigate the optical properties of Gadolinium Aluminum 
Garnet doped with Ce

3+
 (Gd3Al5O12:Ce) in which partial or total substitution of Al

3+
 

by Ga
3+

 is realized. The underlying ideas are that Gd
3+

 ions are involved in the 
energy transfer to Ce

3+
 ions and in addition, a slightly higher light yield can be 

expected in view of the reduction in the value for the band gap on substituting Al
3+

 
by Ga

3+
. However, at the same time the introduction of a high Ga

3+
 content is 

known to lower the luminescence quenching temperature and in this chapter this 
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effect is investigated and explained by measuring both the change in crystal field 
splitting and the position of the band gap as a function of Ga

3+
 concentration.  

4.2 Experimental 

4.2.1 Synthesis 

All materials investigated were synthesized by a sol–gel combustion method using 
tris(hydroxymethyl)- aminomethane as both complexing agent and fuel. High purity 
(5N) Gd2O3, Ga2O3, Al(NO3)3·9H2O, and Ce(NO3)3·6H2O were used to prepare the 
initial gels. 

The metal oxides were first dissolved in hot diluted nitric acid and subsequently the 
solution was evaporated to remove excess nitric acid. The dry residue was 
dissolved in distilled water and stoichiometric amounts of Al(NO3)3·9H2O and 
Ce(NO3)3·6H2O were added. The resulting mixture was stirred for 1 h at a 
temperature between 65 and 75°C before tris(hydroxymethyl)-aminomethane 
(molar ratio of 1 to 1 with respect to the content of metal ions) was added. After the 
addition, the mixture was stirred further for approximately 1 hour. Slow evaporation 
of water turned the sols into transparent gels and subsequently the temperature 
was raised to 250°C to initiate a self combustion process. The products were dried 
at 150°C and ground to fine powders afterwards. After grinding, the powders were 
heated at 1 000°C for 2 h in air to remove residual carbon compounds before the 
sintering step at 1 450°C for 4 h was started.

17
 Single crystalline phase formation in 

all samples was confirmed with X-ray diffraction (XRD) measurements recorded on 
a Rigaku Miniflex II diffractometer.  

4.2.2 Optical spectroscopy 

An Edinburgh Instruments FS920 spectrometer equipped with a 450 W Xe arc 
lamp and a cooled photomultiplier (Hamamatsu R928), operated in the single 
photon counting mode, was used to record reflection spectra. As reflectance 
standard a 99% pure BaSO4 sample supplied by Sigma-Aldrich was used. 
Excitation and emission spectra were recorded on an Edinburgh Instruments 
FS920 fluorescence spectrometer equipped with a 450 W Xe arc lamp, mirror 
optics for powder samples and a cooled photomultiplier (Hamamatsu R2658P), 
operated in the single photon counting mode. The photoluminescence emission 
spectra were corrected by a correction file obtained using a tungsten incandescent 
lamp certified by the National Physics Laboratory, UK. Luminescence spectra 
under vacuum ultraviolet exciation were recorded at the SUPERLUMI beamline of 
the DESY synchrotron in Hamburg. 

For the photoluminescence decay kinetics studies a 445.6 nm picosecond pulsed 
diode laser from Edinburgh Instruments (model EPL445) was used as excitation 
source. For thermal quenching measurements a cryostat „„MicrostatN‟‟ from Oxford 
Instruments was used. Measurements were carried out from 100 to 500 K in steps 
of 25 K.  
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4.3 Results 

Room temperature (RT) reflection spectra of Gd3Al5O12 samples, where increasing 
amounts of Al

3+
 are substituted by Ga

3+
 up to full substitution in the Gd3Ga5O12 

lattice, doped with 1% of Ce
3+ 

are presented in Fig. 4.1. From approximately 550 
up to 800 nm all materials analyzed show very high reflection. In the shorter 
wavelength range the samples show two absorption bands, one between 400 and 
550 nm, and one around 350 nm. Both bands are due to optically allowed Ce

3+
 4f–

5d transitions. It is clear that the maximum of the lowest energy absorption band 
shifts towards shorter wavelengths with an increasing amount of Ga

3+
 in the 

sample. The shift in peak maximum is from 470 nm for Gd3Al5O12:Ce1% down to 
420 nm for Gd3Ga5O12:Ce1%. 

Figure 4.2 shows normalized excitation spectra of Gd3(Ga,Al)5O12:Ce1% samples 
measured at low temperature, recorded by monitoring the Ce

3+
 emission at 

550 nm. A strong host lattice (HL) absorption band is observed in the range from 
160 to 220 nm. The band shifts considerably towards longer wavelengths for 
samples with 3 or more Al

3+
 atoms substituted by Ga

3+
 in the formula unit. The 

shifts measured at 50% of the maximum are 8 and 18 nm for the samples with 60 
and 100% of Ga. Sharp absorption peaks around 275 nm, ascribed to the Gd

3+
 

8
S→

6
I transitions, are observed for all samples. The rise from 320 nm towards 

longer wavelengths, corresponds to the onset of the absorption band of Ce
3+

.  

The inset in Fig. 4.2 compares the excitation spectrum of Ce
3+

 doped Gd3Al5O12 
sample for low (9 K) and room temperature conditions. The host lattice edge shifts 
from 198 to 202 nm, quantified for 50% of the maximum host lattice excitation 
intensity. A shift of the host lattice absorption to the shorter wavelengths is 
commonly observed upon cooling down the sample.  

In Fig. 4.3, excitation spectra between 250 and 550 nm of Ce
3+

 doped 
Gd3(Ga,Al)5O3 samples are shown. For each sample the spectrum was measured 
in the Ce

3+
 emission band maximum, and the values of the maxima are included in 

the figure. Around 275 nm, weak peaks are observed. They are assigned to 4f–4f 
transitions of Gd

3+
 from the 

8
S7/2 ground state to 

6
IJ excited states, what is in the 

agreement with the observations in Fig. 4.2.  

The spectra exhibit two excitation bands of Ce
3+

, a 5d band between 400 and 540 
nm, and a 5d band between 320 and 370 nm. They correspond to transitions to the 
two lowest 5d levels of the Ce

3+
 ion in D2 symmetry. The positions are similar to 

those for LuAG:Ce
16

 and YAG:Ce.
18

 The intensity of the band in the UV is two 
times weaker as compared to the intensity of the band in the visible part of the 
spectrum due to symmetry selection rules.

18
 Also differences in relative intensities 

between samples are noticeable. The highest intensity is recorded for 
Gd3Ga2Al3O12:Ce1%. The lowest emission intensity was found for 
Gd3Ga4AlO12:Ce1% resulting in very high noise levels in the normalized spectra 
(insets (a) and (b) in Fig. 4.3). For Gd3Ga5O12:Ce1%, strong quenching occurs and 
no emission is observed. 

To investigate the shift of the 5d band maxima, normalized spectra are shown in 
the Fig. 4.3 (a) and (b). The inset (a) indicates that with increasing amount of Ga

3+
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Figure 4.1 Reflection spectra of Gd3(Ga,Al)5O12:Ce1% measured at RT. 

 
Figure 4.2 Excitation spectra measured at 9 K for the 550 nm emission of Ce

3+
 

(samples indicated in figure). The inset shows the shift of HL edge between 9 K 
and RT in excitation spectra of Gd3Al5O12:Ce1%. 

in the sample the higher 5d band shifts towards longer wavelength, whereas the 
opposite shift direction is recorded for the lowest absorption band in the inset (b).  

Fig. 4.4 depicts emission spectra of Gd3(Ga,Al)5O12:Ce1% samples measured for 
excitation at 445 nm at room temperature. The well known Ce

3+
 5d–4f emission 

band between 460 and 750 nm is observed. Differences in relative intensities of 
Ce

3+
 emission are apparent and the highest emission intensity is found for the 

Gd3Ga2Al3O12:Ce1% sample. 



Chapter 4 

76 

 
Figure 4.3 Room temperature excitation spectra of the samples investigated 
measured at the emission maxima of the Ce

3+
 emission bands. The shifts are 

clearly visible in insets (a) and (b), which show the normalized excitation bands 
of the higher and lowest 5d states, respectively. 

 
Figure 4.4 Emission spectra for Gd3(Ga,Al)5O12:Ce1% measured for excitation 
at 445 nm at room temperature. The spectra are measured under identical 
circumstances so that emission intensities can be compared. The inset shows 
the normalized emission spectra. 

The inset shows the normalized spectra which allow quantification of the shift in the 
5d band positions. It is observed that the emission maxima for the samples with  
increasing Ga

3+
 content shift to shorter wavelengths. For Gd3Al5O12:Ce1% the 

emission maximum was found at 16 665 cm
-1

, whereas for Gd3Ga4AlO12:Ce1% a 
value of 17 828 cm

-1
 was obtained. Before calculation the spectra were corrected 
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and plotted on an energy scale which required the intensity to be corrected to 
obtain a photon flux per constant energy interval on the vertical axis.

7
  

Table 4.1 presents the spectral positions of the excitation and emission 5d band 
maxima extracted from Figs. 4.3 and 4.4. Also the crystal field splitting between the 
two lowest absorption bands has been determined. We observe a decrease in the 
splitting of these bands with increasing Ga

3+
 content. Pronounced quenching of 

Ga3Ga5O12:Ce1% emission prevents determination of the excitation and emission 
band positions or crystal field splitting from the excitation spectra. Therefore, they 
are extracted from literature investigation on pressure-induced luminescence of the 
material

19
. In this reference, the values for the maxima of 5d absorption bands 

have been obtained from ambient pressure, room temperature absorption spectra. 
The emission maximum however relates to the value obtained at 30 kbar as no 
emission is observed at ambient pressure. The determination of the lowest 5d 
absorption and emission maxima are used to calculate room temperature Stokes‟ 
shift, which slightly increases with increasing content of Ga

3+
. Note that the actual 

Stokes‟ shift, determined for a low concentration at cryogenic temperatures, will be 
smaller than the apparant Stokes‟ shift determined from the room temperature 
spectra for 1% doped samples.

18 

Figure 4.5 shows the temperature dependence of the decay times for the analyzed 
samples in the temperature range from 100 to 500 K. They are determined from 
decay time measurements done in 25 K temperature increments. For the samples 
where less than two Ga

3+
 are substituted by Al

3+
 the quenching is observed to 

occur at approximately the same temperature about TQ = 400 K. For other samples 
the thermal quenching temperature decreases.  
 

Table 4.1 Data characterizing the Ce
3+

 luminescence in Gd3(Ga,Al)5O12:Ce1% at 
300 K. Excitation and emission maxima of the Ce

3+
 luminescence in 

Gd3(Ga,Al)5O12:Ce are given, together with the energy separation between the 
two lowest 5d levels of Ce

3+
 in these materials. Stokes shifts‘ are also included. 

For the sample Gd3Ga5O12:Ce1% the values from Ref. 19: * for ambient 
pressure and ** for 30 kbar are used.  

Sample 

Excitation Emission Stokes‟ 
shift 

[cm
-1

] Higher 5d 
band [cm

-1
] 

Lowest 5d 
band [cm

-1
] 

Splitting 
[cm

-1
] 

5d band 
[cm

-1
] 

Gd3Al5O12: Ce1% 29 762 21 253 8 509 16 665 4 588 

Gd3GaAl4O12: Ce1% 29 536 21 850 7 686 17 023 4 827 

Gd3Ga2Al3O12: Ce1% 29 294 22 343 6 951 17 428 4 915 

Gd3Ga3Al2O12: Ce1% 29 071 22 621 6 450 17 679 4 942 

Gd3Ga4AlO12: Ce1% 28 841 22 861 5 980 17 828 5 033 

Gd3Ga5O12: Ce1% 28 735* 23 364* 5 371* 20 400** - 
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Figure 4.5 Thermal dependence of decay times for 5d-4f emission of 
Gd3(Ga,Al)5O12:Ce1% in the temperature range from 100 to 500 K. The inset 
shows the activation energies for quenching determined for 
Gd3(Ga,Al)5O12:Ce1%.  

 
Figure 4.6 Temperature dependence of the integrated emission intensity for 
Gd3(Ga,Al)5O12:Ce1% between 100 and 500 K in 25 K increments. 

From the temperature dependence of the decay times, we calculated the activation 
energy for the process involved in thermal quenching using the following 
expression:

20 

 

 ( )  
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where τ(T) is the decay time at temperature T (K), τ0 is the decay time extrapolated 
to 0 K, D is a constant, Ea is the activation energy for the quenching process (eV), 
and k is the Boltzmann constant (8.6173·10

-5
 eV/K). The obtained values of Ea are 

shown in the inset in Fig. 4.5. We observe that the activation energy for thermal 
quenching decreases with increasing Ga

3+
 content. 

The reduction of integrated Ce
3+

 emission intensity upon raising the temperature is 
shown in Fig. 4.6. The result deviates from the behavior observed for thermal 
reduction of decay times, especially in the low temperature regime. Similar 
behavior has been previously described for YAG:Ce for dopant concentrations 
between 0.033 to 3.33%.

18
 The complex behavior of the temperature dependence 

of the integrated emission intensity was carefully analyzed in this study and it was 
shown that thermally activated concentration quenching as well as temperature 
induced changes in the absorption strength make intensity measurements less 
reliable than decay time measurements.  

4.4 Discussion 

To understand the influence of replacing Al
3+

 by Ga
3+

 in Gd3Al5O12 doped with Ce
3+

 
on the optical properties, an energy level diagram has been determined based on 
the excitation and emission spectra of the analysed samples. The diagram is 
presented in Fig. 4.7. The figure combines the positions of host lattice edges 
(valence band (VB) and conduction band (CB)), together with the 4f

1
 ground state 

and 5d excitation and emission bands of Ce
3+

. The position of the ground state of 
Ce

3+
 is consistent with results reported by Ueda et al.

21
 

When the Ga
3+

 content is increased the crystal field splitting decreases. 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. 
The decrease in crystal field splitting with an increasing amount of Ga

3+
 in this 

material originates from the substitution of Al
3+

 by the larger Ga
3+

 ions and the 
resulting blue shift of the Ce

3+
 5d–4f luminescence is well known for garnets 

(YAG:Ce,
21–23

 GAG:Ce
24

). It was explained by a reduction in crystal field strength 
around Ce

3+
 via Ga

3+
 substitution giving a more cubic environment around 

Ce
3+

.
23,25

 In recent theoretical work by Muñoz–García et al.
1
 the blue shift was 

explained for the larger part by geometrical distortions while the direct electronic 
effects of Ga

3+
 co-doping were shown to be negligible. We can assume that the 

same explanation is valid for the blue shift observed here for Gd3Al5O12:Ce.  

The positions of host lattice absorptions from Fig. 4.2 are used in Fig. 4.7 to 
determine the positions of the conduction band. For Gd3Al5O12, Gd3GaAl4O12 and 
Gd3Ga2Al3O12 the conduction band stays at the same energy level and no 
significant red shift is observed upon replacing Al

3+
 by Ga

3+
. If, however, Ga

3+
 

content is further increased the band gap gradually decreases in energy. This can 
be explained if the garnet structure is written as: Gd3Al2

oct
Al3

tet
O12 or 

Gd3Al2
oct

(Al
tet

O4)3 where octahedral and tetrahedral sites are distinguished. 
Experimental studies have shown that in YAG:Ce Ga

3+
 substitutes first into 

octahedral sites and only when they are unavailable the substitution occurs in the  
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Figure 4.7 Energy level diagram depicting the position of the valence band 
(E = 0), conduction band, 4f–5d absorption bands and 5d–4f emission bands 
for the investigated Gd3(Ga,Al)5O12:Ce1% samples. The Ce

3+
 ground state is 

also indicated. This energy diagram can explain the thermal quenching 
behavior in Gd3(Ga,Al)5O12:Ce. 

tetrahedral sites.
22,26

 This has also been confirmed theoretically.
1
 We assume that 

such preferential substitution of Al
3+

 octahedral sites is valid also for the 
Gd3Al5O12:Ce investigated here. Apparently, if Ga

3+
 substitutes only into octahedral 

sites the band gap is not affected but as soon as octahedral sites are fully occupied 
by Ga

3+
 and the ion starts substituting into tetrahedral sites in the Al

tet
O4 cluster, 

the band gap is observed to decrease in energy. This suggests that the band gap 
is related to excitations involving states of the aluminate tetrahedral groups. 
Interestingly, it is observed that Gd3Ga2Al3O12 with all octahedral sites occupied 
shows the highest emission intensity.  

The relative positions of the lower and higher energy 5d band with respect to the 
conduction band can now be determined from the spectroscopic data. Initially, 
upon replacing 1 or 2 Al

3+
 by Ga

3+
, the conduction band does not shift while the 

crystal field strength decreases. Both the lowest and the higher energy 5d band are 
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below the bottom of the conduction band and the luminescence quenching 
temperature is high. In Gd3Ga3Al2O12 and Gd3Ga4AlO12 the decrease in band gap 
energy and smaller crystal field splitting reduce the energy difference between the 
lowest energy 5d state and the bottom of the conduction band. The shifts, as 
included in Fig. 4.7, are based on the actual shifts observed. The lowest crystal 
field component moves closer to the bottom of the conduction band and this leads 
to more pronounced thermal quenching, due to thermal ionization of the excited 
Ce

3+
 ion. The presently constructed band diagram is in excellent agreement with 

photoconductivity studies in garnets.
21

 The prediction for the Gd3Ga5O12:Ce 
electronic structure is also shown in Fig. 4.7. The positions for the 5d bands can be 
derived from the absorption spectra and excitation and emission bands reported by 
Kaminska et al.

19
 for high pressure experiments. The conduction band position was 

extrapolated based on data for other samples. The result indicates that the 
conduction band in Gd3Ga5O12 doped with Ce

3+
 overlaps with lowest 5d excitation 

band of Ce
3+

 and explains the total quenching of the emission of Ce
3+

 over the full 
temperature range. 

4.5 Conclusions 

In this work optical properties of Gadolinium Aluminum Garnet doped with Ce
3+

 
(Gd3Al5O12:Ce) are investigated upon partial or total substitution of Al

3+
 by Ga

3+
. 

Reflection, excitation and emission spectra allow for detailed investigation of 
luminescent properties and determination of the energy of the host lattice edges 
with respect to the Ce

3+
 states. Decrease of both the crystal field strength and band 

gap with increasing content of Ga
3+

 is observed. The decrease in band gap is 
related to Ga

3+
 substitution into tetrahedral sites after all octahedral sites are 

occupied in garnet material. Thermal quenching of the luminescence is 
characterized based on temperature dependent decay times and an activation 
energies for thermal quenching of the 5d–4f emission have been calculated. An 
energy level diagram is constructed in which the position for the two lowest 5d 
states of Ce

3+
 with respect to the conduction and valence band is derived from the 

luminescence spectra for Ce
3+

 in Gd3(Ga,Al)5O12. The diagram can explain the low 
quenching temperatures for the Ce

3+
 emission for 60 and 80% Ga

3+
 and the 

absence of emission for Gd3Ga5O12:Ce.  

 

References 
(1) Muñoz–García, A.B.; Seijo, L. Phys. Rev. B 2010, 82, 184118. 

(2) Eijk, C.W.E. van Nucl. Instr. Meth. Phys. Res. A 2003, 509, 17-25.  

(3) Derenzo, S.E.; Moses, W.W.; Jackson, H.G.; Turko, B.T.; Cahoon, J.L.; Geyer, A.B.; 
Vuletich, T. IEEE Trans. Nucl. Sci. 1989, 36, 1084-1089. 

(4) Zorenko, Y.; Gorbenko, V.; Mihokova, E.; Nikl, M.; Nejezchleb, K.; Vedda, A.; 
Kolobanov, V.; Spassky, D. Radiat. Meas. 2007, 42, 521-527. 

(5) Nikl, M. Phys. Status Solidi A 2005, 202, 201-206. 



Chapter 4 

82 

(6) Zorenko, Y.; Novosad, S.S.; Pashkovskii, M.V.; Lyskovich, A.B.; Savitskii, V.G.; 
Batenchuk, M.M.; Malyutenkov, P.S.; Patsagan, N.I.; Nazar, I.V.; Gorbenko, V.I. J. 
Appl. Spectrosc. 1990, 52, 645-649. 

(7) Blasse, G.; Grabmaier, B.C. “Luminescent Materials” Springer-Verlag Berlin 
Heidelberg 1994. 

(8) Nikl, M.; Yoshikawa, A.; Vedda, A.; Fukuda, T. J. Cryst. Growth 2006, 292, 416-421. 

(9) Ogino, H.; Yoshikawa, A.; Nikl, M.; Mares, J.A.; Shimoyama, J.; Kishio, K.J. Cryst. 
Growth 2009, 311, 908-911. 

(10) Srivastava, A.M.; Ronda, C.R. “Luminescence: From Theory to Applications” Wiley-
VCH Weinheim, 2007, Chapter 5. 

(11) Mares, J.A.; Beitlerova, A.; Nikl, M.; Solovieva, N.; D‟Ambrosio, C.; Blazek, K.; Maly, 
P.; Nejezchleb, K.; de Notaristefani, F. Radiat. Meas. 2004, 38, 353–357. 

(12) Eijk, C.W.E. van; Dorenbos, P.; Visser, R. IEEE Trans. Nucl. Sci. 1994, 41, 738-741. 

(13) Nikl, M.; Pejchal, J.; Mihokova, E.; Mares, J. A.; Ogino, H.; Yoshikawa, A.; Fukuda, 
T.; Vedda, A.; D‟Ambrosio, C. Appl. Phys. Lett. 2006, 88, 141916. 

(14) Sugiyama, M.; Fujimoto, Y.; Yanagida, T.; Yokota, Y.; Pejchal, J.; Furuya, Y.; 
Tanaka, H.; Yoshikawa, A. Opt. Mater. 2011, 33, 905-908. 

(15) Shiang, J.J.; Setlur, A.A.; Srivastava, A.M.; Comanzo, H.A. US6630077 B2, 2003. 

(16) Ogiegło, J.M.; Zych, A.; Ivanovskikh, K.V.; Jüstel, T.; Ronda, C.R.; Meijerink, A.; J. 
Phys. Chem. A 2012, DOI: 10.1021/jp301337f in press. 

(17) Katelnikovas, A.; Plewa, J.; Dutczak, D.; Möller, S.; Enseling, D.; Winkler, H.; 
Kareiva, A.; Jüstel, T. Opt. Mater. 2012, 34, 1195-1201. 

(18) Bachmann, V.; Ronda, C.R.; Meijerink, A. Chem. Mater. 2009, 21, 2077-2084. 

(19) Kaminska, A.; Duzynska, A.; Berkowski, M.; Trushkin, S.; Suchocki, A. Phys. Rev. B, 
2012, 85, 155111. 

(20) Ogiegło, J.M.; Zych, A.; Jüstel, T.; Meijerink, A.; Ronda, C. Opt. Mat. in press. 

(21) Ueda, J.; Tanabe, S.; Nakanishi, T. J. Appl. Phys. 2011, 110, 053102. 

(22) Tien, T.Y.; Gibbons, E.F.; DeLosh, R.G.; Zacmanidis, P.J.; Smith, D.E.; Stadler, H.L. 
J. Electrochem. Soc. 1973, 120, 278-281. 

(23) Pan, Y.; Wu, M.; Su, Q.; J. Phys. Chem. Solids 2004, 65, 845-850. 

(24) Kanai, T.; Satoh, M.; Miura, I. J. Am. Ceram. Soc. 2008, 91, 456-462. 

(25) Holloway, W.W.; Kestigian, M. J. Opt. Soc. Am. 1969, 59, 60-63. 

(26) Robertson, J.M.; Tol, M.W. van; Smits, W.A.; Heynen, J.P.H. Philips J. Res. 1981, 
36, 15. 

 

http://www.springerlink.com/content/?Author=Yu.+V.+Zorenko


 

83 

 

 

 

Chapter5 

Luminescence Temperature Quenching for Ce
3+

 
and Pr

3+
 5d–4f Emission in YAG and LuAG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter the quenching temperature TQ of 5d–4f emission for Ce
3+

 and Pr
3+

 
are determined by temperature dependent life time measurements for low doping 
concentrations. The results show a TQ for the Pr

3+
 5d–4f emission to be about 

340 K for YAG:Pr and 680 K for LuAG:Pr. For Ce
3+

 the TQ is too high to measure 
and only an onset of quenching above 600 K (YAG:Ce) or 700 K (LuAG:Ce) could 
be observed. The differences in TQ between YAG and LuAG are explained by a 
smaller Stokes‟ shift for the 5d–4f emission in LuAG (2 300 cm

-1
) compared to YAG 

(2 850 cm
-1

). The large difference in TQ between Ce
3+

 and Pr
3+

 is related to the 
much smaller energy difference between the lowest energy 5d state of Pr

3+
 and the 

next lower 4f
2
 state (

3
P2) compared to the 5d–4f

1
 (

2
F7/2) energy difference for Ce

3+
. 

Both observations are consistent with luminescence temperature quenching by 
nonradiative relaxation from the 5d state to the 4f state described by a 
configurational coordinate diagram and not by thermally induced photoionization.  
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5.1 Introduction 

The luminescence quenching of 5d–4f emission of lanthanide ions is attracting 
increasing attention in recent years. Up till about 20 years ago luminescence 
quenching was explained using the configurational coordinate diagram.

1
 Thermally 

activated cross-over from the excited state to the ground state parabola could 
explain differences in quenching temperature. Both handwaving arguments 
(stronger relaxation on a larger cation site causes lower quenching temperatures 
TQ) or careful determination of the Stokes‟ shift (larger Stokes‟ shift gives rise to a 
lower TQ) were used to justify differences in TQ.

2
 Complex quantitative models were 

developed based on the overlap of thermally occupied vibrations in the excited 
state with high vibrational levels of the ground state to accurately describe the 
temperature dependence of cross-over rate.

3
 However, as more examples were 

found where observations of differences in quenching temperatures did not agree 
with expectations based on the configurational coordinate model, another 
mechanism for temperature quenching was successfully introduced. If the excited 
4f5d state is close in energy to the conduction band, the 5d electron may be 
thermally excited to the conduction band under photo excitation at elevated 
temperatures, leading luminescence quenching through thermally activated 
photoionization.

4
 In recent years, the thermally activated photoionization 

mechanism has become the mechanism of choice to explain luminescence 
temperature quenching. 

An important model system for luminescence of lanthanide ions is the family of 
garnet hosts Ln3M5O12 where Ln can be Y

3+
, Gd

3+
 or Lu

3+
 (optically not active in the 

visible spectral range) while the M site can be occupied by Al
3+

 or Ga
3+

. Both for 
fundamental studies and applications, the variation in cation occupation makes 
these garnets ideal to tune and model optical properties as a function of covalency, 
size of the cation site, band gap, vibrational energies etc. Applications of YAG:Ce 
in white light LEDs and LuAG:Ce and LuAG:Pr as scintillator materials use the 
flexibility to shift the emission to the red for warmer white LEDs (e.g., by partial 
replacement of Y

3+
 by Gd

3+
)
5
 or for reducing afterglow in scintillator by substitution 

of Al
3+

 by Ga
3+

.
6 

Interesting differences between luminescence quenching 
temperatures of the 5d–4f emission from Ce

3+
 and Pr

3+
 have been observed upon 

variations on the Ln site and the M site. For the Ce
3+

 TQ is lowered when Y
3+

 is 
replaced by Gd

3+
 or Tb

3+
 and this has been explained by the classic configurational 

coordinate diagram.
7
 Replacement of Al

3+
 by Ga

3+
 also results in a lower TQ which 

was initially explained by the configurational coordinate diagram but recently 
convincing evidence was presented by careful photoconductivity experiments, 
showing that upon raising the Ga

3+
 concentration the band gap of YAG decreases 

and for high Ga
3+

 concentrations the conduction band is at lower energy than the 
lowest 5d state (5d1).

8
 The results in Ref. 8 clearly demonstrate that thermally 

activated photoionization causes thermal quenching of the Ce
3+

 luminescence in 
systems with elevated Ga

3+
 concentrations. 

In this chapter we investigate the mechanism for thermal quenching of the 5d–4f 
emission from Ce

3+
 and Pr

3+
 in YAG and LuAG. The quenching temperature is 

determined by temperature dependent life time measurements for low doping 
concentrations. In a previous study we have shown that this is the most reliable 
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method to determine the quenching temperature and that other methods can easily 
give erroneous values for TQ due to thermally activated concentration quenching or 
changes in the absorption strength with temperature.

9
 In addition to determining TQ 

high resolution low temperature excitation and emission spectra were recorded to 
determine the Stokes‟ shift for the 5d–4f emission in the different systems. The 
results show that the luminescence temperature quenching can be explained by 
the configurational coordinate diagram and that these systems are model systems 
for demonstrating the subtle effects giving rise to large differences in quenching 
temperatures.  

5.2 Experimental 

5.2.1 Sample preparation 

The different samples were synthesized by a modified Pechini method described 
by Katelnikovas et al.

10
 High purity Y2O3 Lu2O3, Al(NO3)3·9H2O, Pr(NO3)3·6H2O and 

Ce(NO3)3·6H2O were used as starting materials with citric acid as the complexing 
agent. The calcinations were performed in two steps at 1000°C for 3 h and 1650°C 
for 4 h with an intermediate grinding step. To prevent partial oxidation to Ce

4+
 and 

Pr
4+

, the second annealing step was carried out under CO. Single phase formation 
in all samples was confirmed with the X-ray diffraction measurements recorded on 
Rigaku Miniflex II Equipment.  

5.2.2 Optical spectroscopy 

Luminescence spectra were recorded on an Edinburgh Instruments FLS920 
fluorescence spectrometer equipped with a 450 W Xe ARC lamp and a cooled 
single photon counting photomultiplier (Hamamatsu R928P). The spectra were 
corrected for the instrumental response. Low-temperature measurements were 
carried out using an Oxford Instruments liquid helium flow cryostat. Above room 
temperature luminescence decay curves were recorded using a time correlated 
single-photon counting (TCSPC) method under excitation with a 270 nm PLS-270 
LED (λexc = 270 nm, pulse width ~200 ps) for Pr

3+
 5d–4f emission or diode laser 

(λexc = 406 nm, pulse width ~65 ps) for Ce
3+

 5d–4f emission with repetition rate of 
1 MHz controlled by a PDL-800B driver (PicoQuant). The emitted photons were 
detected using a high-intensity 0.1 m Bausch&Lomb monochromator equipped with 
a high-speed H5783P-01 photomultiplier (Hamamatsu). Low-temperature 
luminescence decay curves were recorded using TCSPC at Superlumi setup 
(HASYLAB, DESY) employing a 0.3 m ARC SpectraPro-308i monochromator 
equipped with a high-speed microchannel plate detector R3809U-50S under 
excitation with synchrotron radiation. 
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5.3 Results and discussion 

5.3.1 Temperature dependent lifetime measurements 

Luminescence decay curves were recorded in the maximum of the 5d–4f emission 
bands under direct excitation 4f–5d excitation and were single exponential. The 
lifetimes values were obtained from single exponential fits and the resulting 
lifetimes measured at different temperatures are plotted in Fig. 5.1 for YAG:Ce, 
LuAG:Ce, YAG:Pr and LuAG:Pr. The quenching temperature for 5d–4f emission 
from Ce

3+
 in both YAG and LuAG is very high and is beyond the experimental limit 

of our set-up. Based on the measurements the quenching temperature for Ce
3+

 in 
LuAG is higher than for Ce

3+
 in YAG. An onset of quenching around 600 K is 

observed for Ce
3+

 in YAG while for Ce
3+

 in LuAG the onset is shifted to 700 K. The 
very high quenching temperatures are in agreement with our previous report on 
temperature quenching in YAG:Ce

9
 and with pioneering work, presently often 

forgotten, by Weber.
11

 The temperature dependent lifetimes for the Pr
3+

 emission 
show a large difference in quenching temperature between YAG and LuAG and a 
significantly lower TQ than for the Ce

3+
 emission. The temperature at which the 

lifetime τ1/e has dropped to half the initial value is 340 K in YAG, in agreement with 
Ref. 11, and 680 K in LuAG. The quenching temperature in YAG is too low for 
application as a scintillator material. The onset of the temperature quenching is 
around 150 K in YAG and around 450 K in LuAG. Clearly, the quenching starts at 
much lower temperatures for 5d–4f emission from Pr

3+
 than from Ce

3+ 
in the same 

host lattice. 

 
Figure 5.1 Luminescence lifetimes of Ce

3+
 and Pr

3+
 ions doped into YAG and 

LuAG as function of temperature. The lifetimes are derived from single 
exponential decay curves and measured in the maximum of the corresponding 
5d–4f emission. 
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5.3.2 Low temperature luminescence spectra 

To obtain a better understanding of the quenching mechanism, high resolution 
spectra were recorded at cryogenic temperatures for samples with low doping 
concentrations. Under these conditions the true spectral shape of the excitation 
and emission bands can be observed due to elimination of processes like 
reabsorption of emission, energy transfer, saturation or inhomogeneous 
broadening. It is well known that for the 5d–4f luminescence spectra for low doping 
concentrations, zero-phonon lines (ZPL) and vibronic replicas can be observed for  
 

 

 
Figure 5.2 Low temperature excitation and emission spectra for YAG:Ce, 
LuAG:Ce, YAG:Pr and LuAG:Pr. The spectra reveal clear ZPLs and allow for an 
accurate determination of the excitation and emission maxima, as well as the 
Stokes’ shift (SS) which are included in the figures.  
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Ce
3+

, Pr
3+

 and Tb
3+

 in YAG and LuAG.
9,12-14

 In Fig. 5.2 the excitation and emission 
spectra for all four systems are depicted. Information on the maxima of the 
excitation and emission bands is also included in the Figures, as well as the 
Stokes‟ shifts determined from these data. The data are also collected in Table 5.1. 

The results show a clear difference between the luminescence properties in YAG 
and LuAG. For both Ce

3+
 and Pr

3+
 the position of the lowest 5d state (5d1) is at 

~700 cm
-1

 higher energies, calculated from the positions of the ZPLs. The Stokes‟ 
shifts for the 5d–4f emission in YAG (~2 850 cm

-1
) are significantly larger than in 

LuAG (2 300 cm
-1

). The fact that the trends in the spectral shifts and Stokes‟ shifts 
are similar for Pr

3+
 and Ce

3+
 for the two host lattices is in agreement with the model 

of Dorenbos which predicts that apart from a general shift of about 12 000 cm
-1

 the 
luminescence properties for the 5d–4f luminescence should be similar in the same 
host lattice.

15,16
 Interestingly, the spectra, where ZPLs can be observed, show that 

the relative intensity of the ZPL is stronger in the excitation spectrum than in the 
emission spectrum. This observation points towards a deviation from harmonic 
oscillator behavior, which is commonly assumed in the configurational coordinate 
diagram model.  
 

Table 5.1 Characteristics of the luminescence properties measured for Ce
3+

 
and Pr

3+
 in YAG and LuAG for low doping concentrations and low 

temperatures. In addition the luminescence quenching temperatures (TQ) 
derived from temperature dependent life time measurements are included. 

Host: 
activator 

5d1 exc max 
[cm

-1
] 

5d1 em max 
[cm

-1
] 

Stokes‟ shift 
[cm

-1
] 

TQ [K] 

YAG:Ce 21 716 18 904 2 812 > 600 

LuAG:Ce 22 217 19 877 2 340 > 700 

YAG:Pr 34 530 31 633 2 897 340 

LuAG:Pr 34 941 32 658 2 283 680 

5.3.3 Luminescence quenching mechanism 

Based on the differences observed in luminescence spectra the mechanism 
responsible for luminescence temperature quenching of 5d–4f emission from Pr

3+
 

and Ce
3+

 in YAG and LuAG can be proposed. First, we consider quenching 
through thermally activated photoionization. For this mechanism the energy 
difference between the emitting 5d1 state and the bottom of the conduction band 
(CB) determines the quenching temperature. The position of the 5d1 level with 
respect to the CB is expected to be similar for Pr

3+
 and Ce

3+
. Experimental 

evidence has been provided by Dorenbos.
15,16

 The constant energy difference can 
also be understood from the limited influence of extra electrons within the 4f

n
 core 

(the only difference between lanthanide ions) on the energy of the 5d electron. In 
this model a similar quenching temperature is expected for 5d–4f emission from 
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Ce
3+

 and Pr
3+

. The fact that TQ is varies strongly, indicates that it is highly unlikely 
that photoionization is the operative quenching mechanism. 

In the configurational coordinate model the quenching temperature depends on the 
Stokes‟ shift (a larger offset between the ground state and excited state parabola 
gives a larger Stokes‟ shift and a lower TQ) and the energy difference between 
emitting state and the next lower state to which relaxation can occur. A smaller 
energy difference results in a lower TQ. The observations in Figs. 5.1 and 5.2 are 
consistent with quenching through thermally induced relaxation from the excited 
state parabola to the next lower 4f parabola. The energy difference between the 
emitting 5d1 state and the next lower 4f state is much larger for Ce

3+
. For a 5d1 

state at 20 800 cm
-1

 for Ce
3+

 (average from the ZPLs in YAG and LuAG) and the 
highest 4f

1
 level (

2
F7/2) around 2 000 cm

-1
, the energy difference is about 

18 800 cm
-1

. For Pr
3+

 the 5d1 state is at much higher energies (33 600 cm
-1

 
average energy of ZPLs) but the highest 4f

2
 state to which relaxation can occur is 

the 
3
P2 state around 22 500 cm

-1
 which gives an energy gap of only 11 100 cm

-1
. 

This large difference (18 800 vs. 11 100 cm
-1

) explains the significant difference in 
quenching temperature for the 5d–4f emission from Ce

3+
 and Pr

3+
 in the same host 

lattice. This is especially clear in YAG where TQ is 340 K for Pr
3+

 and the onset is at 
600 K for Ce

3+
.  

The second parameter which strongly influences TQ in the configurational 
coordinate diagram is the relaxation in the excited state. A larger Stokes‟ shift, 
indicating stronger relaxation, results in a lower quenching temperature in the 
configurational coordinate model. In cases where no relation between TQ and the 
Stokes‟ shift is observed, this is often held as evidence for photoionization. 
Comparison of the luminescence spectra reveals a significantly larger Stokes‟ shift 
for the 5d–4f emission of both Ce

3+
 and Pr

3+
 in YAG compared to LuAG. In 

agreement with the configurational coordinate model, the quenching temperatures 
are much lower for the 5d–4f emission in YAG. For Pr

3+
 in YAG TQ is 340 K while 

for Pr
3+

 in LuAG where the Stokes‟ shift is ~600 cm
-1

 smaller, TQ has increased to 
640 K. Note that also the shift of the 5d1 state to higher energies contributes to a 
higher TQ due to an increased energy gap to the 

3
P2 state. Also for Ce

3+
 a higher 

TQ is observed in LuAG than in YAG although, since the quenching occurs at the 
temperature limit of the experimental set-up, the difference is not as clear. 

The analysis of the luminescence spectra and temperature quenching clearly 
shows that the configurational coordinate model can explain the quenching of the 
5d–4f luminescence from Ce

3+
 and Pr

3+
 in YAG and LuAG. The systems may serve 

as model systems for modeling temperature quenching and ab initio calculations 
which can calculate the potential energy landscape of excited 5d states for 
lanthanide ions.

17
 This could, in addition to calculating quenching temperatures, 

also shed light on the observed difference in ZPL intensity in the excitation and 
emission spectra. 

5.4 Conclusions 

The luminescence quenching temperature has been determined for 5d–4f emission 
of Ce

3+
 and Pr

3+
 in YAG and LuAG. A large variation in quenching temperatures TQ 
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(340 K for YAG:Pr, > 700 K for LuAG:Ce) is observed. The differences in TQ can be 
related to parameters derived from high resolution luminescence spectra based on 
quenching described by a configurational coordinate diagram model. The garnets 
can serve model system for providing a better theoretical understanding of 
luminescence quenching. 
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Chapter 6 

Excitation and Relaxation Dynamics in Pr
3+

 
Doped Lu3(Ga,Al)5O12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The time response of new scintillator materials is crucial in demanding applications 
like positron emission tomography (PET). In this chapter the luminescence decay 
kinetics of the promising scintillator material Lu3Al5O12:Pr are investigated and the 
influence of partial replacement of Al

3+
 by Ga

3+
 on both rise time and afterglow is 

reported. The results show a strong influence of VUV excitation wavelength, 
temperature, Pr

3+
 concentration and Ga

3+
 content on the decay curves of the 5d–4f 

emission from Pr
3+

. Both the variation in rise time (0.2–0.7 ns) and the relative 
intensity of the afterglow are explained by trapping of charge carriers in defects. 
Partial replacement of Al

3+
 by Ga

3+
 reduces the trap depths and an optimized time 

response at room temperature is realized in Lu3(Ga0.4Al0.6)5O12:Pr0.5%.  
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6.1 Introduction 

Intensification of research and development of scintillator materials with superior 
performance is triggered by the more stringent requirements on these materials 

imposed by detection of X- and -ray radiation with high timing resolution (medical 
imaging, high energy physics, astrophysics, homeland security etc.). Crucial 
parameters are a high light output, high density and fast response, especially for 
positron emission tomography (PET) scanners. Currently, for the improvement of 
spatial resolution in PET scanner imaging there is a focus on the development of 
Time-of-Flight (TOF) systems. Detectors for TOF-PET scanners must have 
excellent coincidence timing. Improved scintillator materials for TOF-PET 
application are characterised by a faster response time viz. shorter decay time 
(τ < 20–25 ns) and minimal rise time (< 0.5–1 ns).

1,2
 The highest figure-of-merit 

modern scintillators based on inorganic materials doped with Ce
3+

 ions have decay 
times of 30–70 ns which far from meeting the requirements for TOF-PET.

3
 

The faster scintillation time response can be achieved for materials doped with Pr
3+

 
ions. When doped in suitable hosts the Pr

3+
 ions demonstrate fast (τ ~10–25 ns) 

and efficient 4f
1
5d

1
→4f

2
 (5d–4f) electric dipole allowed transitions located in the UV 

spectral range.
4-10

 One of the most promising Pr
3+

 doped scintillator materials is 
Lu3Al5O12:Pr (LuAG:Pr) which is characterised by high density (6.7 g/cm

3
), high 

effective atomic number, moderate light yield (~13 000 photons/MeV) and, in 
contrast to Y3Al5O12:Pr, a very good temperature stability of Pr

3+
 5d–4f 

emission.
8,10,11

 Among the drawbacks of LuAG:Pr is the existence of a constant 
background originating from the presence of the radioactive isotope of 

176
Lu.

12
 

This, however, is not the major drawback to use LuAG:Pr in PET as the counting 
rate is usually much higher than typical background count rate of Lu containing 

scintillators (∼300 s
-1

∙cm
-3

).
13

 The most important drawback limiting application of 
LuAG:Pr as a scintillator is connected with unwanted sub-microsecond slow decay 
components in the scintillation response. The slow decay is connected with the 
existence of antisite defects (ADs), namely Lu ions at octahedral Al sites (LuAl

3+
), 

which create shallow electron traps just below the conduction band. Trapping and 
detrapping of migrating electrons at the shallow traps leads to significant delay and 
lowering an efficiency of matrix-to-impurity energy transfer.

7,8,10
  

As shown in Refs. 14 and 15, at low temperature (below ~150 K) relaxation of 
intrinsic electronic excitations in LuAG can lead to formation of self-trapped 
excitons (STE) which decay radiatively producing broad emission peaking at about 
260 nm. At higher temperature the ADs can effectively trap low-energy excitons 
with formation of AD localised excitons or they can play role in the formation of 
electron-hole recombination centers giving rise to broad emission bands with 
maxima around 284 or 355 nm. Since all the intrinsic UV emission bands are 
dominated by slow (μs range) decay time radiative or nonradiative energy transfer 
to the lowest energy Pr

3+
 4f

1
5d

1
 states leads to appearance of unwanted slow 

decay components in Pr
3+

 5d-4f emission. Moreover, spectral overlap of AD 
emission bands with 5d–4f bands also results in the detection of slow emission. 

Recently, it was found the AD emission can be efficiently suppressed by co-doping 
of LuAG:Pr with Ga

3+
 substituting Al

3+
 ions (LuGAG:Pr).

16–18
 The efficiency of AD 
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emission suppression was discovered to follow Ga
3+

 content in both ranges of high 
(20-60%)

16,17
 and low (5-20%)

18
 Ga

3+
 concentrations. Partial replacement of Al

3+
 by 

Ga
3+

 accelerates the energy transfer from the matrix to Pr
3+

 ions and diminishes 
the fraction of slow decay components in scintillation response. However, the 
improvement of decay parameters is accompanied by decreasing of light yield, 
especially at higher Ga

3+
 concentrations.

16–18
 

Due to high potential of Ga
3+

 co-doped LuAG:Pr materials for scintillator application 
their luminescence properties are studied in more detail with a focus on processes 
responsible for faster matrix-to-Pr

3+
 energy transfer and reduced afterglow. 

Moreover, because of existence of critical requirements for TOF-PET scintillators 
(see above) special attention is paid to the dynamics of the Pr

3+
 5d–4f emission, 

particularly within the subnanosecond time scale to provide insight into the nature 
of the relaxation processes occurring immediately after high energy photon 
excitation which determine the luminescence rise time.  

In this chapter we report the results of systematic investigation of luminescence 
properties of Ga

3+
 free and Ga

3+
 co-doped LuAG:Pr performed at synchrotron 

radiation facilities using methods of spectroscopy and electron-optical 
chronography with sub-ns time resolution under selective excitation in the VUV and 
X-ray range over a wide temperature range. The results provide insight in the 
dynamics of energy transfer between the LuAGG host and the Pr

3+
 5d states and 

the role of shallow traps. 

6.2 Experimental 

Microcrystalline powder samples of Pr
3+

 doped Lu3Al5O12 (LuAG), Lu3Ga5O12 
(LuGG) and Lu3(GaxAl1-x)5O12 (LuGAG) with Ga

3+
 content of 20, 40 and 50% and 

Pr
3+

 content of 0.01, 0.1 and 0.5% were synthesized by means of high-temperature 
solid-state reaction. Low Pr

3+
 concentrations were chosen to avoid concentration 

quenching of Pr
3+

 5d–4f emission taking into account the data available in literature 
for LuAG:Pr crystals,

11
 ceramics and powders.

19
 

Time-resolved VUV spectroscopy experiments were carried out at the 
SUPERLUMI station of HASYLAB (DESY, Germany) using the synchrotron 
radiation (SR) from the DORIS III storage ring as excitation source. For selective 
excitation and measurements of excitation spectra in the range of 55–335 nm a 
primary 2 m McPherson monochromator with a resolution of 3.2 Ǻ was used. 
Detection of UV-Visible luminescence was performed with 0.3 m ARC Spectra Pro-
308i monochromator equipped with a 300 l/mm grating blazed at 300 nm and a 
high-speed Hamamatsu R3809U-50S microchannel plate detector. The excitation 
spectra were corrected for the wavelength-dependent intensity variation using 
sodium salicylate. Time-resolved spectra were recorded in two independent time 
windows (TW): 2–14 ns (fast TW) and 72–172 ns (slow TW). Time-integrated 
spectra were recorded within the full time range available between two sequential 
excitation pulses, viz. 192 ns. Luminescence decay kinetics were registered within 
100 ns time gates. The measurements were performed in the temperature range of 
7–320 K using a continuous-flow liquid helium cryostat mounted in the ultra-high 
vacuum chamber (~10

-10
 mbar).  
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The luminescence decay kinetics and emission spectra under excitation with X-ray 
SR of non-monochromatic spectral composition (E = 3–60 keV) were measured at 
the station for time-resolved luminescence spectroscopy mounted on the SR 
channel №6 of the VEPP-3 storage ring (Budker Institute of Nuclear Physics SB 
RAS, Russia). To detect luminescence a stroboscopic method of electron-optical 
chronography with sub-nanosecond time resolution was used based on LOMO 
MDR-23 type monochromator (linear dispersion of 13 Ǻ/mm) equipped with a 600 
l/mm grating blazed at 300 nm and ultra-fast dissector of LI-602. Emission spectra 
were recorded with time resolution and in integrated mode. The time-resolved 
measurements are presented by so-called instantaneous spectra recorded using 6 
narrow time gates (< 1 ns) delayed for different time (δt) relative to the maximum of 
SR excitation pulse or luminescence decay profile. The SR beam was attenuated 
using thin Cu-foils to avoid any excitation density effects. The period of excitation 
pulse repetition was 248 ns. 

All the spectra presented in this chapter are normalised to the maximum of their 
intensity. 

6.3. Results and discussion 

6.3.1 Time-resolved X-ray excited spectroscopy 

X-ray excited luminescence spectra of Ga
3+

 free and Ga
3+

 doped LuAG:Pr were 
recorded to achieve better understanding of processes occurring under high 
energy photon excitation and related to the scintillation performance. The time-
resolved and time-integrated emission spectra recorded under X-ray SR excitation 
are shown in Fig. 6.1. In the UV range the RT emission spectra of Ga

3+
 free 

LuAG:Pr samples demonstrate strong emission bands with maxima at 309 and 
360 nm due to radiative 5d–4f transitions to the lowest states of 4f

2
 ground 

configuration (Fig. 6.1(a)).  

The emission spectra of LuAG samples doped with 0.1 and 0.01 mol. % of Pr
3+

 
reveal a side-band at 240–290 nm corresponding to the well known AD 
emission.

15,18
 For the sample doped with 0.5% Pr

3+
 the AD emission band is weak 

and it can only be reliably distinguished at low temperatures. Also the Pr
3+

 5d–4f 
emission bands are better resolved in low temperature spectra. The inset (b) 
presents a set of emission spectra measured at T = 80 K for different time delays. 
The AD emission band is pronounced in the spectra recorded with > 40 ns delay 
times and reaches about 10% of the maximum intensity observed for Pr

3+
 5d–4f 

emission. Fig. 6.1(b) shows the AD emission band in more detail. The relative 
intensity of the AD emission appears to be unchanged in the spectra recorded with 
delay of 83 ns and longer which indicates a correlation between radiative decay 
processes of Pr

3+
 5d–4f emission and AD emission when the directly excited 5d–4f 

emission has decayed. The observation indicates that for long delay times the 5d–
4f emission is fed by radiative (reabsorption) or nonradiative energy transfer from 
excited ADs.  

Figs. 6.1 (c) and (d) show a set of representative X-ray excited emission spectra  
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Figure 6.1 Emission spectra taken under X-ray SR excitation. (a) Time-
integrated spectra of LuAG:Pr with different Pr

3+
 concentration at T = 300K. (b) 

Emission spectra of LuAG:0.5%Pr at T = 80 K recorded for various time delays, 
indicated in the Figure (c) Time-integrated spectra of LuGAG:0.5%Pr with 
different Ga

3+
 content at T = 300K. (d) Time-integrated spectrum of 

LuGG:0.5%Pr at T = 300K. 

taken in the time integrated mode at RT for LuGAG:Pr compositions containing 0, 
20, 40, 50 or 100% of Ga

3+
. All the samples (except for LuGG:Pr) demonstrate 

similar spectra with intense broad bands of 5d–4f emission in UV spectral range 
and weak narrow lines connected with intraconfigurational 4f–4f transitions (see 
assignments in the Fig. 6.1(c). The relative intensity of the 4f–4f emission 
increases with Ga

3+
 concentration and reaches maximum for the 50% Ga

3+
 co-

doped sample. The position of 5d–4f emission bands is systematically blue shifted 
with increasing of Ga

3+
 content. The strongest 5d–4f emission band in the 50% 

Ga
3+

 sample is situated at 298 nm, being shifted for 1 190 cm
-1

 relative to the 
position in the Ga

3+ 
free sample. This result reveals a slight difference with data 

obtained by authors
17

 who detected a peak of 5d–4f emission at 310 and 304 nm in 
Ga

3+
 free and 60% Ga

3+
 containing LuGAG:Pr crystals, respectively. The 

discrepancy can be connected with different spectral sensitivity distribution of 
experimental set-ups employed. The emission spectrum of LuGG:Pr (100% Ga

3+
 

composition) shows only line emission connected with 4f–4f transitions and no 5d–
4f emission bands are observed. The complete quenching of the Pr

3+
 5d–4f 

emission in LuGG:Pr is in agreement with observations in Refs. 16 and 17. 

To investigate the influence of temperature, Pr
3+

 concentration and Ga
3+

 content on 
the decay kinetics, luminescence decay curves were recorded for the Pr

3+
 5d–4f 

emission and also the AD emission in a variety of samples. The X-ray excited 
luminescence decay curves of Ga

3+
 free and Ga

3+
 doped LuGAG:Pr are shown in 

Fig. 6.2 for different Pr
3+

 concentrations and temperatures . The RT decay kinetics  
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Figure 6.2 Luminescence decay curves recorded under pulsed X-ray SR 
excitation. (a) Pr

3+
 5d–4f emission at 310 nm in LuAG:Pr with different Pr

3+
 

concentration at T = 300 K. (b) Pr
3+

 5d–4f emission at 310 nm and AD emission 
at 260 nm in LuAG:0.5%Pr

3+
 at T = 80 K. (c) Pr

3+
 5d–4f emission taken at the 

maximum of main 5d–4f emission band in LuGAG:Pr compositions with 
different Ga

3+
 concentrations at T = 300 K. (d) Pr

3+
 5d–4f emission at 298 nm in 

50% Ga
3+

 co-doped LuGAG:Pr with different Pr
3+

 concentration at T = 300 K. 

recorded monitoring 5d–4f emission in LuAG:Pr depend on the Pr
3+

 concentration. 
Increasing of Pr

3+
 concentration results in shortening of life time and a decreasing 

contribution from the slow decay in the microsecond range, showing up as a 
background in the luminescence decay curves (Fig. 6.2(a)). The experimental data 
were fitted with single-exponential function assuming the slow decay component as 
a constant background. The values of 1/e life time were determined to be 24, 22 
and 18 ns for LuAG:Pr doped with 0.01, 0.1 and 0.5% Pr

3+
, respectively. The decay 

curves do not change noticably when measured at T = 80 K (Fig. 6.2(b)). The AD 
emission appears at low temperatures and is characterized by a long life time in 
the microsecond range. Since this decay time is longer than the pulse period 
between excitation pulses, the long lived emission contributes to an increased 
background signal resulting from multiple previous pulses and is also known as 
pile-up and is commonly measured as the intensity just before the excitation pulse. 
The intensity of the pile-up is a measure of the relative contribution of slow 
decaying signals.  

Figure 6.2(c) presents RT decay kinetics recorded monitoring Pr
3+

 5d–4f emission 
in LuGAG:0.5%Pr compositions. It can be seen that co-doping with Ga

3+
 leads to 

significant acceleration of the decay kinetics. Increasing of Ga
3+

 content from 0 to 
50% gradually reduces fraction of slow decay components. The decay kinetics 
recorded for gallium containing samples were fitted using two exponential decay 
functions. The results from the decay fitting show that the life time of fast decay 
component connected with 5d–4f emission decreases only for samples with 40 and 
50% of Ga

3+
, where the decay time drops to 16 and 14 ns, respectively. Moreover, 
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the decrease in life time is accompanied by a slight deviation of decay curves from 
exponential behavior. The decrease in life time is ascribed to thermal quenching at 
room temperature for systems with elevated Ga

3+
 concentration. The deviation 

from exponential is explained to a variation in the local environment between 
different Pr

3+
 ions due to a random distribution of Ga

3+
 ions. The influence of Pr

3+
 

concentration on the decay kinetics was also measured for partially co-doped Ga-
Al samples. Results are shown in Fig. 6.2(d) for 50% Ga

3+
 co-doped LuGAG:Pr. 

The variation of Pr
3+

 concentration in LuGAG:Pr results in similar changes as 
observed for Ga

3+
 free composition, viz. fraction of slow decay components 

decreases for increasing Pr
3+

 concentration (Fig. 6.2(d)). Meanwhile the life time of 
the fast component related to 5d–4f emission in 50% Ga

3+
 co-doped LuGAG:Pr 

does not demonstrate significant change. This parameter amounts to 15 ns for the 
samples with 0.1 and 0.01% Pr

3+
. The life time of slow decay component of 5d–4f 

emission in Ga
3+

 co-doped samples was estimated to contain a 60–80 ns decay 
time as well as slower µs components giving rise to the background level. More 
accurate determination of the slow decay components parameters is hardly 
possible with present experimental data as a fitting of two- or more exponential 
decay curves containing decay components of different order of life time is well 
known to be followed by ambiguity of fitting parameters. To more accurately 
determine the decay times for the slow decay components measurements with a 
longer time interval between excitation pulses are required. 

From the decay kinetics presented in Fig. 6.2 it can be concluded that increasing 
the Pr

3+
 concentration is beneficial for a faster time response. The competition 

between trapping of charge carriers at defect site, resulting in delayed emission, 
and by Pr

3+
 can explain this observation. The role of the Ga

3+
 concentration will be 

discussed in more detail below. 

6.3.2 Time-resolved VUV spectroscopy 

Models for relaxation of high-energy photon excitation describe multiple stages of 
energy dissipation and relaxation processes. A very fast stage connected with 
inelastic electron-electron scattering and Auger processes (10

-16
–10

-14
 s) is 

followed by a stage of electron and hole thermalization (10
-14

–10
-12

 s). In a final 
phase localisation of elementary electronic excitations and energy transfer to 
emitting centres occurs. This phase of relaxation can have widely varying 
characteristic times and governs the dynamic parameters which are important for 
scintillator application. To study processes related to relaxation of elementary 
electronic excitations and energy transfer mechanisms in LuGAG:Pr compositions, 
the method of VUV excited luminescence with sub-ns time resolution was 
employed.  

Emission spectra of LuGAG:Pr compositions taken at RT under interband VUV 
excitation (λx = 115 nm) show good agreement with those measured under X-ray 
excitation (see above). Small differences are related to the spectral resolution of 
the different setups and are not discussed in this chapter.  

Figure 6.3 presents time-integrated and time-resolved excitation spectra recorded  
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Figure 6.3 Time-integrated (black curve), fast (gray curve) and slow (light gray 
curve) time gated excitation spectra of Pr

3+
 5d–4f emission in LuGAG:0.5%Pr

3+
 

with different Ga
3+

 content recorded at T = 300 K (left panels: a-e) and T = 10 K 
(right panels: f-j). For LuGG:Pr the spectra were recorded monitoring 

3
P0→

3
H4 

emission at 490 nm (bottom panels: e, j).  

monitoring Pr
3+

 5d–4f emission in Ga
3+

 free and Ga
3+

 co-doped LuAG:Pr at RT and 
T = 10 K. Because of absence of Pr

3+
 5d–4f emission in LuGG:Pr, the excitation 

spectra for this composition were measured for 
3
P0→

3
H4 emission at 490 nm. 

Since the 
3
P0→

3
H4 emission is characterised by a long decay time (µs range), no 
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differences between time gated and time integrated spectra is observed and 
therefore we show only time-integrated spectra of LuGG:Pr. 

In LuAG:Pr, the Pr
3+

 ions predominately replace Lu
3+

 in dodecahedral 
crystallographic sites with D2 local symmetry in a coordination of eight O

2-
 ions

20
. 

The crystal field splitting of the 5d state in D2 symmetry is into five levels. In the UV 
range the excitation spectra of Ga

3+
 free composition taken at RT and T = 10 K 

(Fig. 3(a) and (f)) the two excitation bands with maxima at 239 and 284 nm 
correspond to interconfigurational spin-allowed transitions from 4f

2
(
3
H4) to the two 

lowest 5d1 and 5d2 levels of the 4f
1
5d

1
 configuration. As expected, the 4f–5d 

excitation bands are present in the spectra recorded for the fast time gate. Co-
doping with Ga

3+
 leads to gradual blue shift of 5d1 band and red shift of 5d2 bands 

in excitation spectra. In the LuGG:Pr excitation spectra the 5d1 and 5d2 have 
shifted to 246 and 270 nm, respectively. This shift is caused by decrease of crystal 
field at the Lu

3+
 sites. A decrease in crystal field for Ce

3+
 and Pr

3+
 upon replacing 

(part of) the Al
3+

 by Ga
3+

 has been previously observed in garnets and has been 
explained and confirmed by theoretical calculations.

16,24,25
 The main contribution to 

the decrease in the crystal field has been identified as lattice expansion due to 
replacement of the smaller Al

3+
 by a larger Ga

3+
 ion, which leads to larger Pr–O (or 

Ce–O) distances and thus a decreased crystal field splitting.
24,25

 

The broad weak band observed at around 210–300 nm in all the spectra taken 
within slow time gate is an instrumental artefact connected with the second order 
transmission of 105–150 nm excitation light by the primary monochromator. This 
band does not appear in the excitation spectra when SR beam is cut with quartz 
filter, filtering out all excitation light below 160 nm. The same effect, however less 
pronounced, is observed in the spectra recorded within the fast time gate where it 
gives rise to a little broadening of 4f–5d excitation bands and the appearance of a 
background. 

In the VUV range the 300 K time-integrated excitation spectrum of LuAG:Pr shows 
broad intense excitation band with a low-energy onset at about 184 nm and 
maximum at 170 nm which corresponds to the beginning of fundamental host 
lattice absorption and formation of excitons.

14,15 
At T = 10 K the onset of VUV 

absorption is slightly shifted to shorter wavelengths. In time-integrated spectra of 
Ga

3+
 co-doped compositions the onset slightly red-shifts with increasing of Ga

3+
 

content from 0 to 50% Ga
3+

 while a strong red shift is observed for the garnet with 
100% Ga

3+
. The relative intensity of the host lattice band maximum decreases 

relative to 4f–5d absorption bands. In the excitation spectrum of LuGG:Pr the onset 
partly overlaps with short wavelength side of 4f–5d2 absorption band and starts 
near 225 nm at RT and near 217 nm at T = 10 K. The time-resolved excitation 
spectra of LuGAG:Pr show that excitation near the onset contributes stronger to 
the fast signal. This is most pronounced for LuGAG:Pr compositions containing 40 
and 50% of Ga

3+
. The LuAG:Pr excitation spectra in the 90–155 nm range reflect 

the efficiency of matrix-to-impurity energy transfer processes involving relaxation 
and localisation of separated electron-hole pairs. Lowering of quantum yield in this 
energy range can be connected with an increase of the mean thermalization length 
for hot carriers leading to migration losses.

21
 In addition, trapping of charge carriers 

(electrons or holes) created upon excitation at energies well above the band gap 
can also lead to the observed slower transfer to the emitting 5d state of Pr

3+
 under 
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excitation at energies well above the absorption edge. The higher efficiency of the 
fast 5d–4f emission for excitation near the absorption edge indicates efficient 
energy transfer from the bound exciton state to the 5d state of Pr

3+
 ions. The 

significant rise of excitation efficiency at λx < 90 nm is likely caused by multiplication 
of electronic excitations. At these high energies there is sufficient energy to excite 
two Pr

3+
 to the 5d excited state. 

Only the two lowest d states are observed in the excitation spectra. To predict the 
position of the three higher energy 5d levels (5d3,5d4, 5d5) one can use the values 
of the crystal field splitting parameter from Ce

3+
 (5d

1
) in LuAG. According to our 

literature search such information is lacking. However, one can use the data on 
Ce

3+
 in the isostructural YAG matrix,

22
 where it was shown the three highest 

energy levels of 5d
1
 configuration situate in the range of 44 400–49 000 cm

-1
. 

Taking into account the shift of 5d levels for Pr
3+

 ion given by Dorenbos
23

 one can 
estimate the highest 5d levels of Pr

3+
 in LuAG are situated at 56 000–62 000 cm

-1
 

(157–170 nm). 

6.3.3 Luminescence decay profiles 

In order to relate the differences in time response observed in the X-ray excited 
luminescence and the time resolved excitation spectra of the 5d–4f emission 
reported above, systematic decay measurements were done for the 5d–4f 
emission as a function of excitation wavelength in the VUV, and Ga

3+
 concentration 

for LuAGG samples doped with 0.5% Pr
3+

. In Fig. 6.4 on the left hand side the 5d–
4f emission decay curves are shown while on the right hand side the wavelength 
dependence of the decay parameters are plotted as a function of wavelength 
around the host lattice absorption edge. The same trends are observed for three 
compositions with different Ga

3+
 content. Excitation at higher energies, well above 

the band edge, results in slower decay characteristics. There is a longer rise time 
(~0.5 ns for the low Ga

3+
 concentrations) and a longer decay time for the Pr

3+
 5d–

4f emission. In addition, the slow decaying background due to µs decay processes 
is stronger as the excitation energy is further above the band edge.  

The observations described above indicate that high energy excitation results in 
delayed emission from Pr

3+
. This is consistent with the excitation spectra discussed 

in the previous section. Excitation well above the band edge results in the creation 
of high energy excitons and the excess energy causes them to split up in free 
electrons and holes. In addition to fast trapping by Pr

3+
, resulting in the 

instantaneous 5d–4f emission, a significant fraction of the electrons and holes are 
trapped at defect sites, including ADs. Energy transfer from the AD excitons to the 
Pr

3+
 5d state results in delayed emission. For the trapped charge carriers, thermal 

detrapping is required and the energy transfer rate will be strongly temperature 
dependent. The shallower traps can explain the observed rise time of ~0.5 ns (fast 
detrapping). This rise time is fast, but for application in TOF-PET a shorter rise is 
beneficial in the more accurate detection of the rising edge. The intensity of the 
slow decaying background component is explained by thermal detrapping of 
deeper traps which causes a delayed emission in the ~µs time range. Comparison  
 



Chapter 6 

101

 

 

 
Figure 6.4 Decay curves of the Pr

3+
 5d–4f emission taken at T = 300 K under 

excitation in vicinity of the fundamental absorption edge for Ga co-doped and 
Ga-free LuGAG:0.5%Pr

3+
 (left panels). The right hand panels demonstrate the 

influence on the life time (1), rise time (2) and relative intensity of delayed 
emission (3) at T = 300 K. The RT time-integrated excitation spectra (4) of Pr

3+
 

5d–4f emission are added for comparison.  

of the delayed emission for the garnets with 0 or 20% Ga
3+

 compared to the 
sample with 50% Ga

3+
 shows that the influence of the traps is reduced in the 

garnet with 50% Ga
3+

. The rise time is faster (~0.2 ns) and the slow decaying  
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Figure 6.5 Decay profiles of Pr

3+
 5d–4f emission at 315 nm under interband 

excitation at 100 nm for Lu3(Ga,Al)5O12:0.5%Pr
3+

 with different Ga
3+

 content in 
temperature range of 7 - 300 K. 

background is weaker. The role of defects in delayed emission from scintillators 
and the beneficial influence of Ga

3+
 has been previously reported.

26,27
 The role of 

Ga
3+

 is not to lower the defect concentration but rather to shift of the valence and 
conduction band edges with respect to the defect levels. The trap depth is reduced 
by Ga

3+
 substitution and leads to fast detrapping at room temperature for the most 

abundant traps in LuAG.
27

 The role of traps is shown now to not only influence the 
afterglow of the Pr

3+
 emission, but also to explain delays in the rise of the fast 5d–

4f emission. 

To further investigate the decay kinetics for the 5d–4f emission from Pr
3+

 as a 
function of Ga

3+
 concentration and temperature for different excitation wavelengths, 

luminescence decay curves were recorded between 10 and 320 K for excitation far 
over the band gap (100 nm, Fig. 6.5), at the band edge (Fig. 6.6) and into the 5d2 
band around 240 nm (Fig. 6.7) for LuAGG:Pr0.5% with Ga

3+
 concentrations of 0, 

20, 40, and 50% Ga
3+

. The excitation wavelength for band edge excitation was 
chosen from the excitation spectra for the specific samples at the specific 
temperature as the inflection point in the band edge excitation spectrum. The 
results show a clear influence of temperature. For excitation at 100 nm (Fig. 6.5) 
the low temperature decay kinetics are better than at RT for LuAGG with 0 and 
20% Ga

3+
. The delayed emission is reduced and the rise time is fast at 10 K. Upon 

raising the temperature a clear increase in the delayed emission develops in the 
tail while the rise time clearly increases between 100 and 300 K. For the  
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Figure 6.6 Decay profiles of Pr

3+
 5d–4f emission at 315 nm under excitation at 

excitonic absorption band for Lu3(Ga,Al)5O12:0.5%Pr with different Ga
3+

 content 
in temperature range of 7–300 K. Excitation wavelengths were chosen 
according to temperature dependent shift of excitonic absorption edge.  

LuAGG:Pr0.5% systems with 40 and 50% Ga
3+

 the opposite is observed: slow rise 
times and relatively strong delayed 5d–4f emission are present at 10 K and both 
the rise time and relative intensity of µs afterglow are reduced upon raising the 
temperature, especially between 200 and 300 K pronounced shortening is 
observed.  

The trends for excitation at the HL band edge (Fig. 6.6) are the same as for high 
energy excitation, but the relative intensity of the afterglow is reduced. This is 
consistent with the observations in the excitation spectra of the Pr

3+
 5d–4f emission 

(Fig. 6.3) where the relative intensity of band edge excitation in the fast time 
window for 5d–4f emission is stronger than for excitation far over the band gap. 
The lower excess energy limits dissociation of the exciton into free charge carriers 
which are partly trapped. Excitation directly into the 5d2 state around 240 nm 
(Fig. 6.7) shows a rise time faster than the systems response (~0.1 ns) and no 
significant slow µs decay. The fast decay and instantaneous response are 
expected for excitation in 5d states localized on Pr

3+
 where fast relaxation to the 

lowest 5d1 state results in direct 5d–4f emission. For the 40% Ga
3+

 sample and 
more clearly in the 50% Ga

3+
 sample, the decay curves become non-exponential 

and faster between 250 and 320 K. This is ascribed to thermal quenching of the 
5d–4f emission. In addition to radiative decay, thermally activated photoionization 
to the conduction band becomes possible at high temperatures. The lowering of  
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Figure 6.7 Decay profiles of Pr
3+

 5d–4f emission at 315 nm under direct 4f-5d 
excitation at 240 nm for Lu3(Ga,Al)5O12:0.5%Pr

3+
 with different Ga

3+
 content in 

temperature range of 7–300 K. 

the conduction band by Ga
3+

 substitution reduces the energy gap between the 5d1 
state and the conduction band, resulting in thermal quenching of the 5d–4f 
emission. As a result, the shorter life time (reduced from ~22 to ~14 ns) is due to 
enhanced nonradiative decay and as a result the (beneficial) shortening of life time 
for the 40 and 50% Ga

3+
 systems is accompanied by an (undesired) lower intrinsic 

efficiency due to partial quenching of the luminescence. Also for other Ce
3+

 and 
Pr

3+
 garnets the role of the lowering of the conduction band in the quenching of the 

5d–4f emission has been observed and confirmed to be due to thermally activated 
photoionization from the 5d state to the conduction band.

28
 The absence of 5d–4f 

emission in LuGG:Pr is due to the fact that the conduction band edge is situated 
below the 5d1 state and even at 10 K excitation in the 5d states is followed by 
photoionization to the conduction band. Trapping of the free charge carriers results 
in excitation of Pr

3+
 within the 4f

2
 configuration and the observation of sharp line 

emission related to 4f
2
–4f

2
 transitions. 

Processes explaining the observations reported for the decay kinetics of the 5d–4f 
emission of Pr

3+
 are summarized in Fig. 6.8. Upon high energy excitation above the 

band edge of LuAGG hot electrons and holes are formed which can feed the 
emitting 5d state of Pr

3+
 via different routes. Direct capture of electrons and holes 

leads to instantaneous 5d–4f emission (fast response) but the presence of a clearly 
observable 0.5 ns rise time indicates that slow feeding of the emitting 5d state due  
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Figure 6.8 Schematic diagram depicting the various processes leading to a rise 
time and afterglow for the 5d–4f emission from Pr

3+
 in LuAG under high energy 

excitation. Creation of hot electrons and holes under high energy excitation is 
followed by direct capture on Pr

3+
 or trapping in defects (including the antisite 

defect AD). Slow thermal escape and energy transfer of the trapped excitation 
energy leads to a delayed emission and the kinetics are governed by trap 
depths, temperature and energy transfer or tunnelling rates. 

to trapping of charge carriers by defect states, including ADs, followed by delayed 
(energy) transfer or tunnelling is responsible for the rise time. For application in 
TOF-PET a rise time reduces the accuracy in determination of the rising edge, 
required to accurately measure sub-ns differences in arrival time at the detector. 
Rise times faster than 0.5 ns, which are typically observed for LuAG:Pr, can be 
realized by partial substitution of Al by Ga. The mechanism is the same as for the 
reduction in µs afterglow. Lowering of the conduction band edge by Ga substitution 
reduces the trap depths and increases thermal detrapping rates. Both rise time and 
afterglow are strongly temperature dependent, and the kinetics are determined by 
the trap depth and trap distribution. The nature of the shallow traps responsible for 
the rise time in the 5d–4f emission is not clear.  

Based on the present investigations, the optimum concentration of Ga
3+

 for a fast 
time response scintillator is determined to be around 40%. The room temperature 
rise is fast (~0.2 ns) while the µs afterglow is minimized at this Ga

3+
 concentration. 

The luminescence efficiency is lowered due to an onset of thermal quenching 
related to thermally activated photoionization below room temperature. From the 
observed life time of ~14 ns in the 40% Ga

3+
 system and the radiative life time of 

~22 ns, the RT quantum yield can be estimated to be ~65%. At higher Ga
3+

 
concentrations, the quenching becomes stronger and the quantum yield will be 
further reduced. Also the operating temperature will be important as any increase 
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above RT will reduce the quantum yield further. For application in TOF-PET the 
reduction in quantum yield is partly compensated by the shorter decay time and the 
LuAGG:Pr with 40% Ga

3+
 and 0.5%Pr

3+
 (Lu3(Ga0.4Al0.6)5O12:Pr 0.5%) is a promising 

composition for application in TOF-PET.  

6.4 Conclusion 

In this chapter the decay kinetics of the 5d–4f emission from Pr
3+

 in LuAGG:Pr 
have been studied under X-ray and VUV excitation. A rise time (0.2–0.7 ns) and a 
delayed µs emission (afterglow) are observed. In order to optimize the time 
response (short rise time, no afterglow) the influence of the partial replacement of 
Al

3+
 by Ga

3+
, Pr

3+
 concentration, temperature and VUV excitation wavelength were 

investigated. The results show that both the rise time and afterglow are caused by 
trapping of hot charge carriers by defects, followed by delayed energy transfer to 
the emitting 5d state of Pr

3+
. The time response can be influenced by tuning the 

trap depths through Al–Ga substitution which shifts the valence band and 
conduction band edges. An optimized time response at room temperature is 
realized in Lu3(Ga0.4Al0.6)5O12:Pr 0.5%. 
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Samenvatting 

Het centrale thema van het voorliggende proefschrift is de ontwikkeling van en 
fundamenteel inzicht in scintillatormaterialen die een belangrijke rol spelen bij 
technieken voor medische beeldvorming. Scintallotoren zijn materialen die 

hoogenergetische fotonen van - of Röntgenstraling omzetten in zichtbare of UV 
fotonen die met gevoelige detectoren kunnen worden waargenomen. Hiermee kan 
een gedetailleerd beeld van structuren in het lichaam van een patient verkregen 
wordt. Het belang van medische beeldvormingstechnieken die gebruik maken van 
scintillatoren kan moeilijk overschat worden. 

In de inleiding van het proefschrift, Hoofdstuk 1, wordt kort een historische 
achtergrond geschetst om het werk van het proefschrift in een breder perspectief te 
plaatsen. De cruciale doorbraak van de ontdekking van Röntgenstraling door 
Röntgen wordt benadrukt en de invloed die deze ontdekking heeft gehad op de 
ontwikkeling van medische beeldvormingstechnieken wordt beschreven. Twee 
moderne tomografische beeldvormingstechnieken worden in detail behandeld: 
Computed Tomography (CT) en Positron Emissie Tomografie (PET). Beide 
technieken zijn afhankelijk van geavanceerde scintillatoren waaraan specifieke 
eisen gesteld worden op het gebied van zowel fysische eigenschappen als 
luminescentie karateristieken. 

De scintillatoren die centraal staan in dit proefschrift hebben een grondrooster met 
de granaat kristalstructuur en zijn gedoteerd met lanthanide ionen. De lanthanide 
doteringen bezitten bijzonder interessante luminescentie-eigenschappen als 
gevolg van de hun electronische structuur met een gedeeltelijk gevulde 4f orbitaal 
die sterk worden afgeschermd door de meer naar buiten gelegen volle 5s

2
 en 5p

6 

schillen. De luminescentie van lanthanide-ionen wordt bepaald door twee soorten 
optische overgangen: interconfigurationele 4f

n
–4f

n-1
5d overgangen (4f–5d) en 

intraconfigurationele 4f
n
–4f

n
 overgangen (4f–4f). De 4f–4f overgangen vinden 

plaats tussen energieniveaus die gelabeld zijn met termsymbolen op basis van 
Russell-Saunders koppeling. De energieniveuas zijn onafhankelijk van de 
omgeving en zijn weergegeven voor alle driewaardige lanthanide-ionen in het 
Dieke diagram. Er gelden specifieke selectieregels die bepalen dat de 4f–4f 
overgangen pariteitsverboden zijn terwijl de 4f–5d overgangen pariteitstoegestaan 
zijn. Luminescentie-eigenschappen in een materiaal dat gedoteerd is met 
verschillende soorten luminescerende ionen worden medebepaald door energie-
overdracht tussen ionen. Na absorptie van straling door het ene ion (de donor) kan 
de energie worden overgedragen aan een naburig ion (acceptor) die vervolgens 
licht uitzendt. De energie-overdracht is theoretisch beschreven door Förster die liet 
zien dat een kleine afstand tussen de ionen en een goede overlap tussen de 
emissie van de donor en absorptie van de acceptor de overdrachtskans verhogen. 

De bijzondere eigenschappen die granaatroosters geschikt maken als 
grondrooster voor scintillatoren worden aan het eind van de inleiding beschreven. 
Twee granaatroosters worden in meer detail behandeld: Yttrium Aluminium 
Granaat (Y3Al5O12, YAG) en Lutetium Aluminium Granaat (Lu3Al5O12, LuAG) gezien 
de voorstaande rol die deze grondroosters in het proefschrift spelen. 
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In Hoofdstuk 2 wordt onderzoek aan Lu3Al5O12 (LuAG) gedoteerd met Ce
3+ 

beschreven. Dit materiaal is een veelbelovende scintillator met een hoge dichtheid 

en een snelle respons. De lichtopbrengst onder Röntgen- of -bestraling is echter 
laag, ver onder de theoretische limiet. In dit hoofdstuk wordt de invloed van co-
dotering met Tb

3+
 bestudeerd met als doel de lichtopbrengst te verhogen. Hoge 

resolutie spectra voor LuAG gedoteerd met enkel Ce
3+

 of Tb
3+

 geven gedetailleerd 
inzicht in de energieniveaustructuur van beide ionen in LuAG. Voor Ce

3+
 wordt een 

zero-fononlijn (ZFL) en vibratiefijnstructuur waargenomen voor de twee 
laagstenergetische 5d banden. De Stokes‟ shift (2350 cm-1) en Huang–Rhys 
electron-fonon koppelingsparameter (S = 9) kunnen nauwkeurig bepaald worden 
uit de spectra. Voor Tb

3+
 worden overgangen naar de hoge spin (HS) en de lage 

spin (LS) fd toestanden waargenomen (inclusief een zero-fononlijn en 
vibratiefijnstructuur voor de HS toestand). De splitsing tussen de HS en LS 
toestand is met 5400 cm

-1
 kleiner dan voor Tb

3+
 in de meeste andere materialen. 

Dit wordt verklaard door kleine exchange koppelingsparameter J als gevolg van 
een sterk covalente binding.met de omringende zuurstof liganden. Door de 
substitutie van het kleinere Lu

3+
 ion door Tb

3+ 
in het grondrooster neemt de 

kristalveldsplitsing voor Ce
3+

 toe en schuift de laagstenergetische 5d toestand naar 
een energie die onder het 

5
D4 niveau van Tb

3+
 ligt waardoor de energieoverdracht 

van Tb
3+

 naar Ce
3+

 zelfs bij lage temperaturen efficiënt blijft. 
Luminescentielevensduurmetingen bevestigen de efficiënte energie-overdracht van 
Tb

3+
 naar Ce

3+
 en geven meer inzicht in het energieoverdrachtsproces. Ondanks 

de efficiënte energie-overdracht van Tb
3+

 naar Ce
3+

 zorgt co-doteren met Tb
3+

 niet 
voor de gewenste verhoging van de lichtopbrengst. Een verklaring hiervoor kan zijn 
dat het verliesproces veroorzaakt wordt door electronentraps en omdat zowel Ce

3+
 

als Tb
3+

 in eerste instantie alleen gaten invangen, heeft toevoeging van Tb
3+

 geen 
invloed op verliesprocessen als gevolg van het invangen van electronen in 
defecten. 

Hoofdstuk 3 is gericht op dezelfde snelle scintillator Lu3Al5O12:Ce (LuAG:Ce) maar 
nu wordt de invloed van co-dotering met Pr

3+
 onderzocht. Om de energie-

overdracht tussen Pr
3+

 en Ce
3+

 beter te begrijpen worden eerst hoge resolutie, lage 
temperatuur spectra voor Pr

3+
 in LuAG bestudeerd. De positie van de zero-

fononlijnen voor 5d toestanden voor Pr
3+

 in LuAG worden bepaald en de 
temperatuurafhankelijkheid van de energieoverdracht van een Self Trapped 
Exciton (STE) naar Pr

3+
 wordt gemeten. Voor de 4f–5d overgang op Pr

3+
 in LuAG 

ligt de ZFL bij 294.3 nm en er is een sterke koppeling met 130 cm
-1

 vibraties, zowel 
in excitatie als in emissie. Opmerkelijk is het waargenomen verschil in de sterkte 
van de electron-fonon koppeling in de excitatie- en emissiespectra, wat duidt op 
anharmoniciteit. Naast spectra onder excitatie met vacuum ultraviolette straling zijn 
er ook spectra opgenomen voor excitatie met zachte Röntgenstraling. De 
resultaten laten zien dat er energie-overdracht van Pr

3+
 naar Ce

3+
 plaatsvindt. 

Deze overdracht wordt echter gevolgd door terugoverdracht vanuit de 5d toestand 
van Ce

3+
 naar de 

1
D2 intraconfigurationele 4f

2
 toestand van Pr

3+
.
 
Hierdoor neemt de 

lichtopbrengst voor de gewenste d-f emissie van Ce
3+

 af en de resulaten laten zien 
dat co-dotering met Pr

3+
 geen veelbelovende route is om de lichtopbrengst van 

LuAG:Ce te verhogen. 
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De optische eigenschappen Gadolinium Gallium Aluminium Granaat, 
Gd3(Ga,Al)5O12,.gedoteerd met Ce

3+
 worden beschreven in Hoofdstuk 4. Door de 

Ga/Al verhouding te variëren wordt inzicht verkregen in de energie-
overdrachtsprocessen in deze materialen. De posities van de bandkant voor de 
valentie- en geleidingsband verschuiven onder invloed van de Ga/Al verhouding, 
vooral door substitutie van Ga op de tetraeder Al posities. Ook neemt de 
kristalveldsplitsing voor het 5d niveau af met toenemende Ga/Al verhouding, in 
overeenstemming met recente theoretische berekeningen. Temperatuurdoving 
voor de d-f emissie wordt gemeten voor de verschillende Ga/Al verhoudingen 
tussen 100 en 500 K de luminescentievervaltijd te meten als functie van de 
temperatuur. De activeringsenergie voor temperatuurdoving wordt hieruit bepaald 
en deze neemt af voor Ga concentraties boven 40%. De resultaten kunnen 
verklaard worden door een energieniveauschema met de posities van de 
valentieband, geleidingsband en laagste 5d toestand als functie van de Ga-
concentratie. Het energieverschil tussen de laagste 5d toestand en de 
geleidingsband neemt af met toenemende Ga-concentratie en voor Ga-
concentraties boven 40% wordt het energieverschil zo klein dat thermisch 
geactiveerde ionistatie vanuit de laagste 5d toestand naar de geleidingsband 
plaatsvindt en zorgt voor doving van de luminescentie. Voor het materiaal met 
100% Ga ligt de laagste 5d toestand in de geleidingsband en wordt geen d-f 
luminescentie waargenomen, zelfs niet bij 4 K. De hoogste luminescentieopbrengst 
is gemeten voor het materiaal waarin 40% van de Al

3+
 ionen vervangen is door 

Ga
3+

. 

Temperatuurdoving van luminescentie is belangrijk en voor veel toepassingen van 
luminescerende materialen is een hoge dooftemperatuur van de luminescentie 
essentieel. Onderzoek naar het mechanisme voor de temperatuurdoving van de 
luminescentie van Ce

3+
 en Pr

3+
 in YAG en LuAG is het onderwerp van Hoofdstuk 5. 

De dooftemperatuur TQ wordt bepaald door het meten van de 
luminescentievervaltijd als functie van de temperatuur voor de d-f emissie van Ce

3+
 

en Pr
3+

 in YAG en LuAG voor lage doteringspercentages. De resultaten laten zien 
dat TQ sterk verschilt voor de vier systemen. TQ is veel lager voor de Pr

3+
 d-f 

emissie dan de Ce
3+

 d-f emissie en de dooftemepratuur is lager voor de emissie 
van de ionen in YAG dan voor dezelfde ionen in LuAG: Voor YAG:Pr

 
is TQ 340 K, 

terwijl deze in LuAG:Pr 680 K is. Voor de Ce
3+

 emissie is TQ veel hoger en er kan 
alleen een aanzet van de temperatuurdoving worden waargenomen. Deze ligt bij 
600 K voor Ce

3+
 in YAG en bij 700 K voor Ce

3+
 in LuAG. Om de verschillen in 

dooftemperatuur te verklaren zijn de luminescentiespectra geanalyseerd. De 
analyse geeft aan dat het mechanisme voor temperatuurdoving een thermisch 
geactiveerde overgang van de aangeslagen fd toestand naar een lager gelegen 4f 
toestand is zoals beschreven in het configuratie coördinaatdiagram. De 
waarnemingen kunnen niet verklaard worden met doving door thermisch 
geactiveerde foto-ionisatie naar de geleidingsband. De hogere TQ in LuAG is 
consistent met de kleinere Stokes‟ shift voor de d-f emissies in dit rooster (~2300 
cm

-1
 in LuAG vs. ~2850 cm

-1
 in YAG). De lagere TQ voor Pr

3+
 klopt met een 

configuratie coördinaatdiagram waarin het energieverschil met de lager gelegen 4f-
toestand veel kleiner is Pr

3+
 dan voor Ce

3+
. De resultaten laten zien dat YAG en 



Samenvatting 

111

LuAG gedoteerd met Ce
3+

 en Pr
3+

 een modelsysteem zijn voor het meten en 
modelleren van temperatuurdoving.  

Tenslotte wordt in Hoofdstuk 6 de vervalkinetiek voor de d-f emissie van Pr
3+

 in 
Lu3(Al,Ga)5O12 bestudeerd als functie van de Pr-concentratie, temperatuur, 
excitatiegolflengte en de Ga/Al verhouding. De tijdsafhankelijkheid van de emissie-
intensiteit geeft informatie over energie-overdrachtsprocessen van het 
grondrooster naar de emitterende fd toestand van Pr

3+
.
 
Er wordt een sterke invloed 

van de verschillende parameters op zowel de ingroeitijd als het nalichten van de 
Pr

3+
 emissie gemeten. De ingroeitijd varieert van 0.2 tot 0.7 ns. Afhankelijk van de 

Ga/Al verhouding is de ingroeitijd sneller of langzamer bij 300 K. Voor een Ga-
percentage van 40% wordt de kortste ingroeitijd bij 300 K gemeten. Nalichten met 
tijdscomponenten van μs zijn eveneens het zwaksts bij 300 K in het materiaal met 
40% Ga. Een hogere Pr-concentratie draagt ook bij aan een snellere ingroei en 
een lagere intensiteit van het nalichten. De resultaten worden verklaard door diepe 
en ondiepe traps die, in concurrentie met Pr

3+
, vrije ladingsdragers invangen en 

vertraagd weer laten vrijkomen. Door Al deels te vervangen door Ga schuift de 
geleidingsband naar lagere energie waardoor de diepte van de traps varieert en 
deze is voor 40% Ga optimaal voor een snelle respons bij 300 K. De beste 
tijdsrespons wordt gerealiseerd in Lu3(Ga0.4Al0.6)5O12:Pr 0.5%. 
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