3 Scintillation Mechanisms
in Inorganic Scintillators

Abstract. Details of energy transfer phenomena and scintillation mechanisms in
luminescent media excited by ionizing radiation are discussed in this chapter. The
sequence of relaxation of electronic excitations is described: creation of electron-
hole pairs, energy transfer to emitting centers of interest and quantum efficiency of
these luminescent centers. The theoretical limit of the light yield is usually much
higher than the experimental one. The limiting factors at each step of relaxation
are considered in self-activated, doped and cross-luminescent scintillation materi-
als. The final stage of luminescent center excitation mechanism in scintillators has
a strong influence on the scintillation parameters. It is discussed in detail here.
Finally, different examples are given of charge transfer and non-radiative relaxation
processes of the scintillating centers through their coupling with the crystal lattice.

3.1 Introduction: How to Answer High Light Yield,
Short Decay Time, and Good Energy Resolution

The demand for new and better scintillating materials is very strong for many
kinds of applications. Of course, there is no unique best scintillator. Depend-
ing on the particular requirements of the application considered, different
scintillators would be preferred.

Among the desirable properties of a good scintillator, high efficiency, fast
scintillation, and good energy resolution are of most importance in a number
of cases.

As it will be demonstrated in the next paragraphs, the light yield depends
on many parameters that play a role in the three stages of relaxation of elec-
tronic excitations: creation of electron—hole pairs, energy transfer to emitting
centers of interest, and quantum efficiency of these centers. The theoretical
limit of the light yield is usually much higher than the experimental one. The
optimization of scintillators in terms of light efficiency will consist to play
with these parameters, which strongly influence the scintillation process.

The scintillation kinetics depends essentially on the energy transfer and
the nature of the luminescence centers. In doped materials, the choice for
the dopant ion determines the range of time response of the scintillator. For
nanosecond time scale response, only few ions are of interest, those exhibiting
parity-allowed emission transitions like 5d—4f transitions of rare-earth ions.
Intrinsic fluorescence centers can also exhibit fast fluorescence.
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The energy resolution R is the ability for a scintillator to distinguish
radiations of slightly different energies. It is usually described as a function
of different contributions:

R2 = Rip + Riznh + Rgr + R121m

R, is a factor of nonproportionality, which accounts to the fact that in
some scintillators, the number of emitted photons is not proportional to the
incident energy. Then, secondary electronic excitations of various energies
lead to a distribution of light yields, which increases the energy resolution.
Rinp is related to the inhomogeneity of the crystal, inducing local variations
of the light efficiency. Ry, is related to the efficiency of the light collection by
the detector (usually a photomultiplier PM). Ry, is the intrinsic resolution
of the detector, described by the well-known Poisson law.

14+ v (PM)

Riim = 2.35 )
: Nphe

where v(PM) is the variance of the photomultiplier gain and Nphe is the
number of photoelectrons emitted by the PM.

For an ideal scintillator, the first three contributions are negligible and
Riim gives the energy resolution. The light yield being proportional to Nppe,
a good energy resolution, requires a high light yield.

In many cases, the energy resolution R is actually larger than the theo-
retical limit Rj;,. The inhomogeneity of the crystal can be reduced and often
cancelled by improving the crystal growth conditions and the light collec-
tion can be improved as well. On the other hand, the nonproportionality is a
puzzling problem, much more difficult to solve because its origin is not well
understood yet. For example, while known scintillators such as cerium-doped
orthoaluminates or lanthanum halides compounds exhibit a weak nonpro-
portionality, cerium-doped silicates are strongly “nonproportional.” It seems
that the structure more than the composition of the crystal may influence
the nonproportional behavior.

3.2 Relaxation of Electronic Excitations

Relaxation of electronic excitations involves complex mechanisms. A descrip-
tion of multiplication and thermalization processes has been proposed by dif-
ferent authors using various models (see recent reviews [1-3] and references
therein). The purpose here is not to go into the details of phenomenological
models, nor to discuss their merit but rather to use simple schemes of relax-
ation of electronic excitations deduced from simulations and which account
qualitatively for the energy distribution and space correlation of excitations.
These schemes, first proposed by Vasil’ev, use the band structure of the mate-
rial. They provide a pedagogical description of the various steps of relaxation
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Fig. 3.1. General scheme of relaxation of electronic excitations in an insulator
with two channels of relaxation. e for electrons, h for holes, ph for phonons, hv for
photons, Vi for self-trapped holes, c}' for ionic centers with charge n

from the primary high-energy excitation to final process of light emission by
luminescent centers.

A general scheme is represented in Fig. 3.1. For simplicity, only one core
band is represented with top energy F. and bandwidth AFE.. The valence
band (top energy F, = 0 and bandwidth AE,) and the conduction band
(bottom energy FE,) are separated by the forbidden band of the insulator
(band gap width E,). Five main stages can be considered.

The first one starts with the production of primary excitations by inter-
action of ionizing particles with the material. For very high incident particle
energy, the excitations are essentially deep holes h created in inner-core bands
and hot electrons e in the conduction band. Then, in a very short time scale
(10716 —10~1s), a large number of secondary electronic excitations are pro-
duced through inelastic electron—electron scattering and Auger processes with
creation of electrons in the conduction band and holes in core and valence
bands. At the end of this stage, the multiplication of excitations is stopped.
All electrons in the conduction band have an energy smaller than 2E, (e-e
scattering threshold) and all holes occupy the valence band if there is no core
band lying above the Auger process threshold (general case).

The second stage is thermalization of electronic excitations with produc-
tion of phonons, leading to low kinetic energy electrons in the bottom of the
conduction band and of holes in the top of the valence band.

The next stage is characterized by the localization of the excitations
through their interaction with stable defects and impurities of the mater-
ial. For example, electrons and holes can be captured by different traps or
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self-trapped in the crystal lattice. Excitons, self-trapped excitons, and self-
trapped holes (Vi centers) can be formed with emission of phonons. Lo-
calization of excitations can be sometimes accompanied by displacements of
atoms (defect creation, photostimulated desorption).

The two last steps are related with migration of relaxed excitations and
radiative and/or nonradiative recombination. It is important to consider the
interaction between excitations themselves, which can result in the decrease
of the number of excitations. This point, which will be discussed later in
the next paragraph, is responsible for density effects, nonproportionality of
energy response of scintillator, and nonexponential decay kinetics. The very
last stage describes the luminescence of emitting centers excited by the fi-
nal electronic excitations (correlated electron—hole pairs, excitons, separated
electrons, holes, etc.) through sequential capture of charge carriers or various
energy transfers.

The general scheme of Fig. 3.1 describes the scintillation mechanisms in
the case of ionic crystals with simple energy structure. However, important
groups of scintillators exhibit a more complicated band structure.

It is, in particular, the case of crystals containing rare earth. For example,
in cerium-based or cerium-doped compounds, cerium 4f and 5d levels fall
within the forbidden energy band gap. They must be involved in the scheme of
relaxation of electronic excitations because they may play an important role
in the scintillation processes (Fig. 3.2). Indeed, rare-earth ions (RE) can be
directly excited through impact excitation provided that their concentration
is large (it is particularly true for fully concentrated rare-earth compounds).
But this excitation is efficient only by electrons with kinetic energies above
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Fig. 3.2. Scheme of relaxation of electronic excitations in rare earth containing
crystals



3.2 Relaxation of Electronic Excitations 85

the threshold of e-RE scattering and below the threshold of e—e scattering. In
this case, the production of electron—hole pairs with holes in the valence band
is not possible. When this process occurs, it is strongly dominant since the
density of states in the valence band is much higher than that in rare-earth
bands.

This additional pathway of excitation for rare-earth luminescent ions is
not detrimental to the creation of electron—hole pairs since it involves elec-
trons with kinetic energy lower than the threshold of e-e scattering and which
cannot produce more electronic excitations. Therefore, it would be expected
a high light yield for rare-earth crystal scintillators.

Actually, it is not so simple because other factors must be taken into
account which can limit the scintillation efficiency and which will be analyzed
later.

Cross-luminescent materials belong to another class of scintillators. The
mechanisms will be described in more details in the next paragraph. In the
scheme of the relaxation of electronic excitations of cross-luminescent systems
for which core-valence transition is responsible for a fast subnanosecond lumi-
nescence (archetype: BaFs with 5pBa as outermost core band), the outermost
core band, lying less than 2F, below the bottom of the conduction band,
must be taken into account in the representation of the electronic structure
(Fig. 3.3). In the first stage is represented the threshold of e—e scattering with
production of outermost core band holes ch, at higher energy than that of
e—e scattering with production of valence band holes h and anion excitons.
At the end of this stage coexist two types of holes since ch cannot relax into
the valence band through Auger effect, which is energetically forbidden. Af-
ter thermalization, localization and eventually interaction of excitations, ch
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Fig. 3.3. Scheme of relaxation of electronic excitations in cross-luminescent crystals
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and h, and self-trapped anion exciton STE can coexist during a relatively
long period. In the last stage, only core band holes ch are responsible for
cross-luminescence.

3.3 Limiting Factors at Each Step
of the Energy Relaxation

The formula for light yield Y mentioned in Chap. 2 also may be expressed as
the product of three factors [1,4]:

Y = NanSQ (3.1)

Ny, is the conversion efficiency expressed as a number of electron—hole pairs
or excitons, S is the probability of transfer to emitting centers, and @ is the
luminescence quantum yield.

These three processes can be considered as successive events, which can be
related to the different stages of relaxation of electronic excitations previously
described in Sect. 3.2. Let us consider the factors, which limit the scintillator
light, yield at each of these three processes.

3.3.1 Creation of Electronic Excitations

Electronic excitations, which are potentially available in the scintillator as
donors in the transfer process to luminescence centers, are produced during
the first two stages described in Figs. 3.1-3.3: multiplication and thermaliza-
tion stages.

Nepn is usually expressed via the average energy Eey, required for the cre-
ation of a thermalized e—h pair. Considering Fy,. as the energy deposited by
an ionizing particle, we have

Einc
Eeh

Nep = (3.2)

The first estimations of E, around (2-3)E,, Ey being the forbidden energy
band gap, were made quite some time ago [5,6]. It is therefore obvious that the
parameter, which limits the production of electron—hole pairs and excitons,
is Eg; the larger it is, the lower is Nep.

It should be noted that Ny is a relevant factor only in the case of a sim-
ple insulator such as that described in Fig. 3.1. But in crystals with more
complicated electronic structure, additional types of excitations can be cre-
ated, or/and all the electron—hole pairs and excitons are not useful excitations
leading to scintillation. For these systems, the light yield 5 predicted by for-

mula (3.1) deduced from empirical models is usually much larger than the
experimentally observed scintillation yield.
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Fig. 3.4. Simplified scheme of coexistence of two types of excitons in cerium fluoride

3.3.1.1 Case of Cerium Compounds

CeF3 is a model system for analyzing the scintillation mechanisms in ionic
crystals and many studies have been devoted to this scintillator (see, for
example, [3,7-22]).

In cerium compounds, cerium 4 f levels fall within the forbidden band-gap.
As a result, two types of excitons can be formed: Ce Frenkel excitons and
anion Wannier exciton. A simplified scheme (Fig. 3.4) shows that rare-ecarth
ion excitation is not efficient through energy transfer from anion exciton as
well as through sequential capture of holes and electrons by Ce3* ions as
demonstrated later in Subsect. 3.3.2.1.

“Useful” excitations can be produced only through impact excitation and
only by electrons with kinetic energies in a narrow band between the two
thresholds of e—e scattering and of e-RE scattering (Fig. 3.2). For such sys-
tem, it is clear that the number of scintillation-active excitations cannot be
estimated by expression (3.1). In fact, the number of useful excitations is

reduced by a factor of around 5 in CeFj3. This fact partially explains the
relatively low yield of CeFs.

3.3.1.2 Case of Scintillators with Core-Valence Transitions

Systems with high-lying outermost core bands can give rise to so-called cross-
luminescence involving core-valence transitions [23]. For example, in the case
of BaFs, a Ba?t 5p core hole can decay only radiatively and not via an
Auger process. Cross-luminescence is very sensitive to track effects [24-27].
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Therefore, the scintillation efficiency can be calculated using expression (3.1)
only if the conversion efficiency is expressed as the number of Ba?t 2p core
holes rather than as the total number of excitations [22].

3.3.2 Transfer to Luminescence Centers

This process involves the third and fourth stages of relaxation of electronic
excitations described previously in Figs. 3.1-3.3. It is a very critical part
of the scintillation mechanism since electron—hole pairs or excitons can be
affected by many events during their migration and before they interact with
luminescence centers, and can result in nonradiative recombination. This can
limit the number of effective donors in the energy transfer processes to the
acceptors and substantially change as well as the time dependence of the
scintillation.

3.3.2.1 Limitation in Charge Carriers Capture Probability

When donors are electron—hole pairs, the usual channel of excitation for ac-
ceptors is a charge transfer process with a sequential capture of charge carri-
ers. For scintillators with high light yield, the capture efficiency must be high.
It is, for example, the case of Na- and Tl-doped Csl crystals for which the
scintillation emission originates from perturbed or impurity-trapped exciton
centers, which are efficiently excited because of the enhanced cross section
for electron, capture at TIT and Na® impurities [28,29]. In Ce3*-doped or
based-crystals, the hole is first captured and its capture probability strongly
depends on the position of the Ce 4f level in the forbidden band gap. In
cerium-doped oxides and halides, Ce 4f level is usually lying very low in the
gap close to the top of the valence band [16], and these systems can lead
to very efficient scintillation (LSO, LuAP, LaCls, etc.). On the other hand,
Ce3*-doped fluoride crystals cannot exhibit very high light yield because Ce
4f is lying around 3—4 eV above the valence band [16] and the hole capture
probability is low. It should be noted that in CeFs, the Auger cascade over
Ce core levels is terminated by the transfer of the hole to the fluoride valence
band because the probability of the forbidden Auger transition Ce 4p—Ce 4 f
is very low [3]. It was shown before that the main channel of Ce excitation
is through impact by electrons. Excitons can transfer their energy to lumi-
nescence centers as well. The dominant process is then nonradiative energy
transfer.

3.3.2.2 Specific Killer Tons

The presence of specific ions with active luminescent centers is sometimes
undesirable and incompatible with the emission of intense scintillation. These
ions can exist as impurities or be constituent of the material. In the case of
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impurities, their nature and concentration depend on the purity of starting
materials and/or the techniques used for the crystal elaboration. They can
compete with active ions for the capture of charge carriers and/or interact
with them, and induce severe limitations in scintillation efficiency.

For example, in cerium-doped or cerium-based crystals, in general, the
presence of ions with two or more stable valences is harmful. It is due to
the fact that cerium itself has two stable valence states Ce3T and Ce**
and can exchange electrons through a metal-metal charge resulting to mu-
tual quenching transfer process. Ce-doped tungstates and vanadates do not
exhibit cerium scintillation because of Ce-W and Ce-V interaction of this
type [30].

It is known that simultaneous presence of Yb and Ce leads to their mutual
fluorescence quenching [31,32]. Ce3* is a good hole trap and Yb3* a good
electron trap. It is a consequence of a particular stability of empty Ce** 4f
shell and of totally filled Yb?* 4f shell. In the presence of electron—hole pairs,
the initial state (Ce3T Yb3*), after capture of holes by Ce3* and electrons by
Yb3* pass by an intermediate (Ce*t Yb%+) excited state and after relaxation
and tunnel electron exchange, returns nonradiatively to the initial state.

Quenching of the same type can occur for other couples such as Ce3t +
Eu 3%, Ce3t + nitrate, and Ce3" + carboxylate ( [33] and references therein).

Recently, a new very promising scintillator was discovered: cerium-doped
lutetium pyrosilicate crystal (LPS) LuzSioO7:Ce [34]. This material exhibits a
very high light yield when it is grown by the melting zone technique, while its
scintillation is absent or very weak when it is elaborated by the Czochralski
method. From EPR measurement, it was shown that the quenching of Ce
fluorescence is due to the presence of Ir** impurity ions introduced by the
crucible [35]. The mechanisms of quenching have not been elucidated yet, but
it could be related to a charge transfer process between Ce3* and Ir** ions.

In cerium-doped systems, Ce3t and Ce** centers can coexist. Ce*t has no
electron in the 4f shell, but can be excited through a charge transfer process
after capture of an electron from the valence band. The charge transfer state
(Ce3t + h,) relaxes nonradiatively to the ground state. The presence of Ce**
nonradiative recombination centers must be avoided in Ce-doped scintillators.
In the case of fluorides, crystal growth under vacuum in reducing atmosphere
is a solution to eliminate Ce** ions. In oxides, when it is possible, annealing
in reducing atmosphere can be used. Co-doping with 44 ions can give good
results as well.

3.3.2.3 Self-Trapping, Trapping, Creation of Defects

Self-trapping is a very frequent process in insulating materials. For exam-
ple, self-trapping holes, so-called Vi centers, can be formed, leading to a
decorrelation of electrons and holes. Recombination of electrons with mobile
Vi centers [Vk + e7] close to luminescent centers can excite them. Self-
trapped excitons (STE) can be formed as well directly from electron—hole
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pairs or by trapping electrons in the Vi centers. STE can exhibit lumi-
nescence and transfer its energy to luminescent centers. Self-trapping is an
intrinsic property of materials. It can strongly influence the efficiency and
the time dependence of the scintillation. To interpret the scintillation prop-
erties of cerium-doped LaCls, LuBrs, and LuCls, O. Guillot-Noél et al. [36]
proposed a model involving three different mechanisms which correspond to
three different energy transfer processes and which appear at different time
ranges: very fast energy transfer by direct correlated electron—hole capture
on Ce3T, fast energy transfer by binary electron—hole recombination ([Vk +
e”] on Ce®t) and slower energy transfer by diffusion of STE. They were able
to evaluate the relative contribution of the mechanisms through the analysis
of the scintillation decay profiles and of the X-ray—induced emission spectra.
Their model works well in the case of Ce-doped LaF3. For the other sys-
tems, the temperature dependence of the total yield cannot be explained at
low temperature where it is observed a strong quenching. This quenching is
probably due to trapping effect, which was not taken into account in their
model.

Indeed, some of the electrons and holes can be trapped at more or less
deep trapping levels and cannot excite directly luminescent centers through
sequential capture but eventually indirectly after releasing from the traps.
As a result, a strong luminescent quenching and very long components in the
fluorescence decays can be observed in the temperature region of glow peaks.
It has been demonstrated that this quenching phenomenon occurs for the X-
ray—excited charge transfer luminescence of ytterbium containing aluminum

garnets [37,38].

3.3.2.4 Interaction of Excitations

It was shown through the study of a number of crystals excited by photons of
high energy (VUV and X-excitations) using synchrotron radiation that the
relaxation of primary electron and hole in a crystal leads in general to the
formation of nanometric scale regions containing several electronic excita-
tions separated by short distances. The interaction between closely spaced
electronic excitations may lead to luminescence quenching so-called local
density—induced quenching [12,24,39,40].

Examples of interactions between closely spaced electronic excitations in
an insulator are illustrated in Fig. 3.5. They all produce emission of phonons.
An exciton may disappear after interaction with a close low-energy electron
e or hole h (processes 1 and 2), a core hole ¢ may interact with a low-energy
electron through dipole—dipole or Fano process and low-energy electron and
hole are formed (mechanisms 3 and 4), interaction of a core hole with a
valence band hole may lead to two valence band holes (mechanism 5). If two
excitons interact, one may disappear and the other one may gain energy and
reach a higher excited state or disintegrate into an electron—hole pair. Finally,
the electron—hole pair can be bound into an exciton again or the components
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Fig. 3.5. Possible interactions between closely spaced electronic excitations in an
insulator. Arrows pointing toward each other show recombination processes, in
opposite direction: creation of electronic excitations, in the same direction: increase
in the electronic excitation energy. Thin curves denote the interaction, and dotted
arrows: electronic excitation thermalization

can decay independently. It should be noted that interaction can be not only
of dipole—dipole type, but of other types such as exchange, tunneling, Fano,
etc., which strongly depend on the excitations distance and are controlled by
the overlap of wave functions of the interacting particles. For dipole—dipole
interaction, the interaction radius is 1 to 5 nm; for other types of interaction,
it is less than 1nm.

For electronic excitations created in different events of photon absorp-
tion, the probability to be created at such short distances is very low for
nonlaser densities of excitation. On the contrary, secondary electronic exci-
tations created by inelastic scattering of photoelectrons or Auger decay of
core holes can be quite closely spaced. The process is illustrated in Fig. 3.6.
The hot electron relaxes through inelastic electron—electron scattering with
creation of secondary excitations. The spatial distribution of such excitations
is governed by the diffusion length, which depends on the hot electron energy
according to a nonmonotonous function. It is therefore possible to obtain a
nonuniform spatial distribution of electronic excitations. The core holes re-
lax according to the Auger mechanism, but in this case, the excited regions
are much smaller because the mobility of holes is much smaller in insulat-
ing materials. Figure 3.6 shows regions of different sizes (typically 1-5nm)
containing several (4-7) electronic excitations. In these clusters of high local
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Fig. 3.6. Spatial distribution of electronic excitations created by the absorption
of a high-energy photon. The notations are similar to the ones used in Fig. 3.5.
Solid circles are electrons; open circles are holes after thermalization. Energy, tem-
poral, and spatial scale characteristics for the process are presented, as well as the
composition and dimension of clusters of excitations

e and h density, the interaction between excitations can modify their local-
ization and can even create defects in crystals. In addition, these clusters
can excite close luminescent centers, and their interaction is responsible for
the acceleration of the fluorescence kinetics and total or partial luminescence
quenching. The first evidence of such effect was observed in CeF3 [41].
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Peculiar fast intrinsic luminescence observed in alkali halides, and in par-
ticular in Csl, was shown to be the result of interaction of several electron—
hole pairs at the initial stage of relaxation [42,43]. The probability of the
effects of correlated relaxation of electronic excitations with the creation of
an emission center depends on the crystal and can be quite high. It is clear
that the estimation of the light output of scintillators such as CeF3 or Csl
must take into account the role played by regions of high densities of excita-
tion. For example, in the case of CeF3, interaction of excitations is estimated
to reduce the light output by a factor of 2 to 5.

3.3.3 Emission of Luminescent Centers

This process occurs after excitation of the emitting centers. It is the very last
stage of relaxation of electronic excitations. The emission mechanisms depend
on the electronic structure of both luminescent ions and crystal lattice in
which they are imbedded, and on their mutual interaction.

At this stage, there are many processes, which may limit the luminescence
efficiency. Some are related with nonradiative transitions, others with energy
transfer. Most of them are well known and it is of interest here to list the
main ones, which will be analyzed in more detail in next paragraphs.

3.3.3.1 Electron—Phonon Coupling

Tons in a host lattice interact with the vibrations of the lattice, inducing non-
radiative transitions. Whatever the strength of the coupling, there is always
a competition between radiative and nonradiative transitions. The quantum
efficiency, defined as the ratio of the number of emitted quanta to the number
of absorbed quanta, is 1 in the absence of competing radiation less transi-
tions. It is usually the case for luminescent ions in efficient scintillators. In
case of intermediate and strong coupling strength, the Stokes shift can in-
duce thermal quenching. In case of weak coupling strength, for which the
Stokes shift is absent, nonradiative process can occur through multiphonon
emission. In any case, the presence of intermediate excited states between
the emitting level and the ground state is harmful because it is a source of
nonradiative relaxation. As a matter of fact, T1*, Bi®*, or Ce3* ions, which
exhibit large free gap below their 6p or 5d emitting levels, are much more
efficient luminescence centers than, for example, 5d — 4f luminescence Pr3+
ions where many 4 f levels are lying between 5d and the ground state.

3.3.3.2 Photoionization and Charge Transfer Quenching

When the emitting level of the luminescent centers is degenerated in the
conduction band, autoionization or photoionization usually occurs, resulting
to a delocalization of the electron.
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It may be free in the conduction band and recombine radiatively or
nonradiatively through different processes and/or can be trapped in lattice
defects. This process decreases the quantum efficiency of the luminescent ions
and modifies the fluorescence kinetics giving rise, for example, to afterglow.

But the electron after ionization can be still bounded to the luminescent
center, forming an exciton where the hole is located at the center. This ex-
citon, known as impurity-bound exciton, can recombine radiatively and give
rise to another kind of luminescence. This process can completely quench the
luminescence of interest.

Some luminescent ions, namely rare-earth ions, when embedded in some
crystals, may exhibit charge transfer transitions in the same energy range
as transitions between localized states. After capture of an electron of the
valence band, a charge transfer state can be formed which can partly or
totally quench the luminescence, depending on its energy related to the one
of the emitting level (see the case of Eu®*-doped oxysulfides in Subchap. 3.6).

3.3.3.3 Concentration Quenching

Interaction between luminescent centers increases with their concentration in
materials. Energy migration through nonradiative energy transfer can take
place if the concentration is high enough. The excitation energy can travel
over a long distance in the solid and reach a quenching site where it is lost
nonradiatively. This phenomenon is called concentration quenching, and be-
comes effective for concentrations of few atomic percent of dopant ions. A
very good example is given by CeF3, which has a modest light yield in spite
of a very high concentration of Ce3T ions.

However, fully concentrated crystals can exhibit efficient luminescence. It
is the case of very pure samples, which contain a very low concentration of
killer centers. It is also the case of systems in which the luminescent ions
show an emission with a large Stokes shift. As a result, the relaxed excited
state is out of resonance with the neighboring ions and the energy migration
cannot occur. Concentrated systems, which exhibit efficient scintillation, are,
for example, BigGezO012 (BGO) and CeFs3.

3.3.3.4 Reabsorption

The light emitted by luminescent centers comes out from the solid after a
more or less long path over many lattice constants. It depends on the size
and on the shape of the solid-state scintillator and on the configuration in
which it is placed in the device using integrated techniques.

The luminescence traveling through the scintillator can be reabsorbed
either by an identical or by different luminescent centers.
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In the first case, the reabsorption is also called radiative energy transfer.
This phenomenon leads to a lengthening of the fluorescence decay, but, in
principle, does not affect the emission efficiency.

In the second case, the luminescence can be strongly quenched and the
light yield of the scintillator substantially reduced. In large-size scintillators,
reabsorption can be really an important limiting factor, and much care must
be taken to grow transparent crystals in the wavelength region of lumines-
cence. Many kinds of absorption centers can be present in crystals such as
lattice distortions, point defects, color centers, etc. Using very pure starting
materials, improvement of crystal growth, special annealing, etc., can reduce
their number. It is often a big challenge to maintain a high light yield for
large crystals of several tens of centimeters in length.

3.4 Creation and Quenching of Radiating Centers

In this paragraph, we will address a problem which has not received as much
attention as the relaxation of the hot carriers and their thermalization but
which has a strong impact on the parameters of scintillation; we discuss here
the final stage of luminescent center excitation mechanism in scintillators
under ionizing radiation. The final stages of the different scintillation mech-
anisms in inorganic compounds have been discussed briefly in Sect. 2.2. Here
we focus our attention on oxide crystals doped with Ce?t because the Ce3*
ion interconfiguration luminescence presumes the simultaneous presence of
different excitation mechanisms [44]. The charge transfer excitation mecha-
nism of the doping ion luminescence naturally appears from the fact that het-
erovalent Ce ions have a high cross section for capturing holes. Valbis [45] pro-
posed this mechanism of scintillation for YAlO3:Ce3*. Another mechanism
of scintillation, which we defined as energy transfer excitation mechanism,
arises in oxide crystals where intrinsic luminescence centers exist. The bright
scintillation through sensitizing of the Ce3* luminescence occurs in complex
structure oxide crystals, (1) which, when undoped, have an intrinsic excitonic
luminescence from relaxed excited states; and (2) which, when Ce3* doped,
have a reasonable overlapping of the intrinsic matrix luminescence band and
the activator absorption interconfiguration bands [46]. This mechanism had
been recognized in Gd-based crystals [47,48] and then in many other oxide
compounds. A good evidence of the contribution of this mechanism in the
scintillation of Ce3*-doped Y and Lu-based crystals came up from experi-
mental data. Table 3.1 shows the maxima of the intrinsic luminescence in
several complex structure oxide crystalline compounds. Some of them, espe-
cially Y and Lu-based crystals, the technology of which is being extensively
developed, have two characteristic intrinsic luminescence bands. These bands
with maxima near 40,000 and 32,000 cm~! (5 eV and 4 eV) are the common
features of Al, Si, B, Be complex structure crystalline compounds. The short
wavelength self-trapped exciton (STE) intrinsic luminescence band appears
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Table 3.1. Peak maximum of intrinsic luminescence bands in some complex struc-
ture oxide crystals

High-Energy Band Low-Energy Band

Crystal Maximum (cm ™) Maximum (cm™!) Reference
Y3Al5012 39,200 33,600 13, 14
YAIO3 44,800 33,600 7
Y2SiOs 33,200 15
Lu2Al5012 33,300 16
Lu2SiOs 39,060 31,750 9
LuAlOs3 31,350 1
SC2S105 31,250 17
Y3Ga5012 32,800 18
NayZrSiOs 34,480-31,250 19
K2ZrSiOs 33,300 19
K2ZrSi2 O7 33,300 19
Cs2ZrSi2 O7 33,300-31,250 19
Al2BesSigO1s 33,600 28,000 20
Al2BeOy 34,000 28,400 20
Be2SiOy 33,600 27,600 20
LiB35Os5 32,800 21
LisB4O7 31,000 22

because of an interband transition aig(c) — t1,(7) and the long wavelength
one is caused by radiative recombination of self-trapped holes STH [49]. The
STE and STH luminescence intensity variations with temperature are oppo-
site [50], so the thermodissociation of STE is an additional source of STH.
A detailed examination of complex oxide compounds structure as well as
results of EPR measurements [51] show that hole and excitons self-trapping
occurs in oxygen sites of regular and slightly distorted oxygen polyhedra. The
stabilization of O~ -type centers and excitons near a vacancy in the heaviest
cation site in complex compounds is considered as an alternative interpre-
tation. However, it is inconsistent with the crystal growth peculiarities in
the Y503-Al;03 system. A strong aluminum oxide leakage from the melt is
observed for perovskite crystal growth inducing Al vacancies in the crystal.
The situation is even more dramatic in the case of LuAlO3 where even a
very small deficiency of Lu in the melt favors the growth of the garnet phase
instead of the perovskite.

The combined luminescence of STE and STH gives a high light yield po-
tential at room temperature in many complex structure crystals especially in
oxides. For instance, both undoped YAIO3 and LuAlO3 show a wide lumines-
cence band with maxima near 320 nm at room temperature, which is a super-
position of the STE and STH luminescence. The total light yield of the scintil-
lation exceeds 11,000 ph/MeV, while when the crystals is doped with cerium
with concentration ~10'7cm~3 or more, the STE and STH luminescence is
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completely quenched in perovskites. It is a relatively rare situation when both
intrinsic bands are quenched. In Ce-doped LusAl;O15 and Yo Al5012 garnets,
the quenching of STE luminescence arises only when the STH recombination
and the Ce3T interconfiguration emission have been observed simultaneously
under ionizing radiation. Figure 3.7 shows excitation spectra of the Ce?* lu-
minescence in lutetium perovskite indicating sensitization of the Ce3* lumi-
nescence by STE and STH. Besides Ce3*interconfiguration f — d transitions
in the range 200-320 nm, two peaks near 154 and 162 nm have been observed
in luminescence excitation spectra. These bands are assigned, respectively, to
the direct excitation of STE and STH in the crystal.

Besides STE and STH luminescence quenching, the Ce3t impurity ion
changes the conditions of holes self-trapping in the crystal. It is observed
through excitation spectra in Ce-doped lutetium perovskite that the 162- nm
(STH) excitation band is detected at near liquid helium temperature in in-
tegral excitation spectra, measured as a weak shoulder of the 154- nm band
in low-temperature instantaneous spectra and disappears at room temper-
ature. It is obvious that hole self-trapping in Ce-doped crystals is strongly
suppressed because of the capture of the holes by the trivalent cerium ions.

Moreover, lutetium perovskite shows 75-84 nm excitation bands, which
are due to transition from filled 4f'* shell of Lu®* ion to the conduction
band [53]. They are observed in instantaneous and integral measurement
regimes, indicating that Ce3* ions capture not only trapped but also “hot”
holes from conduction band. Thus, the capture of the holes by Ce?*t plays a
more significant role in the scintillation creation in lutetium than in yttrium-
based crystals. This difference is also seen from the scintillation kinetics.

The scintillation kinetics is a single exponential in YAP:Ce and the decay
constant of scintillation kinetics 7. is about the double of the radiation time
of the luminescence kinetics under intracenter excitation 7. This is due to the
slow STE and STH diffusion in a majority of complex structure oxide crystals
based on light elements similar to Y [44]. On the contrary, Lu perovskite has
a nonexponential scintillation kinetics that is rather well approximated with
three exponents as seen in Fig. 3.8. The longest component is due to specific
trap center in Lu perovskite. The shortest one is close to 7. The difference
between 7. and 74 of the initial part of the scintillation kinetics is a reasonable
parameter to suggest this excitation mechanism of the radiating centers. A
progressive change of the dominating excitation mechanism is observed in the
YAIO3-LuAlOj solid solution system when the Lu fraction is increased in the
crystal. Figure 3.9 shows this variation of the fast scintillation component as
a function of the substitution of Y by Lu in the crystal.

When the energy transfer excitation mechanism dominates [44], the light
yield dependence on activator concentration is maximum. The maximum is
determined by the STE diffusion rate and shifted to the higher concentra-
tion region for a slower diffusion. Such dependence is well recognized for
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YAIO3 and GdsSiOs doped with Ce3*. Figure 3.10 shows the variation of
the YALOj3:Ce light yield with the activator concentration.

In case of charge transfer excitation mechanism, the light yield depen-
dence versus concentration has no maximum and reaches the saturation
at relatively high activator concentration. It indicates that the scintillation
light yield, where excitation charge transfer mechanism is prevailing, can be
increased by an increase in the activator concentration. Figure 3.11 shows
the variation of the (Lug 5—Y¢.5)AlO3:Ce light yield with the absorption co-
efficient of the maximum of the first allowed Ce®* interconfiguration absorp-
tion band, which is proportional to the activator concentration. A similar
dependence was seen in (Y-Lu)AlO3 and LuAlOg crystals [54].

Both mechanisms of excitation show light yield temperature dependence
strongly related to the presence of additional electron traps in the crystal.
Figure 3.12 shows simulation results [44] of light yield temperature depen-
dence for a perfect YAlIO3:Ce crystal (the temperature change of diffusion
coefficient is taken into account) and for a crystal which has a shallow
trap with a thermoactivation energy Ery = 0.2eV and a frequency factor
s ~1-10'2 s71. In fact, shallow traps, at the relaxation stage, are additional
sources of STE. Similar light yield temperature dependence is measured in
different perovskite scintillation crystals [44, 55] (Fig. 3.13). A shift of the
curve slope to the high-temperature region occurs because of an increase of
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the thermoactivation energy of the characteristic electronic center with an
increase of the Lu fraction in the crystal. One can conclude that the varia-
tion of the electron trap centers concentration in YAP-LuAP crystals is an
efficient way to control the crystal LY temperature dependence.

The determination of the radiating centers excitation mechanism is rel-
atively obvious in crystals when the luminescence quantum yield is close to
1. However, in reality, synthetic crystals have specific defects and uncon-
trolled impurities, which very frequently introduce an additional quenching
of the luminescence, and distort or even suppress the effective mechanisms of
the radiating centers excitation. These quenching processes have to be min-
imized to achieve a high scintillation light yield. Not only the quenching of
the intracenter Ce3" luminescence has to be avoided but also the quenching
of the STE by impurities and nonradiative STH relaxation has also to be
suppressed.

3.5 Thermal Quenching

The luminescence thermal quenching phenomenon observed in luminescent
centers embedded in a solid is always related to electron—phonon interaction
and radiationless processes [3,56].

To represent the electronic energy-level diagrams of the active ion by
taking into account its interaction with the vibrating host lattice, the simplest
model is the single-configurational coordinate (SCC) model.

This model considers only one vibration mode, a symmetrical stretching
mode so-called breathing mode, described in the harmonic oscillator approx-
imation. The configuration coordinate ) describes the vibration and repre-
sents the distance between the luminescent ion and the ligands. For more
details, the reader can refer to the early work of Struck and Fonger [57] or to
a review paper by Blasse [30].

This model is very convenient to describe thermostimulated processes
leading to nonradiative recombination and thermal quenching of the lumi-
nescence.

3.5.1 Nonradiative Relaxation to the Ground State

A typical SCC diagram is represented in Fig. 3.14.

The energy E is plotted versus the coordinate (). Potential curves of the
ground state g and of one excited state e are represented by parabolas. The
horizontal lines represent the vibration levels. The vertical lines indicate the
optical transitions for which the probability is maximum (Franck Condon
approximation). The equilibrium distance @)y between the luminescent ion
and the ligands, when the system is in its ground state, does not change
during the absorption transition (Born-Oppenheimer approximation), but
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Fig. 3.14. The configurational coordinate diagram. The energy F is plotted versus
the coordinate . The ground state g and one excited state e only are represented by
potential curves with offset AQ. Absorption and emission transitions are indicated

changes into Q. after relaxation of the excited state. The ion—ligand distance
is, in general, larger in the excited state inducing parabolas offset. As a result,
the emission transition from the relaxed excited state is shifted toward lower
energy than the absorption transition (Stokes shift).

The Stokes shift is a measure of the interaction between the emitting
center and the vibrating lattice. The larger is the Stokes shift the stronger is
the electron—phonon coupling.

For weak coupling, the parabolas are not significantly shifted and the
emission spectra show narrow lines (case of f—f transitions of rare-earth ions).
In the case of intermediate coupling for which the parabolas are weakly
shifted, vibronic spectra of broad emission lines are observed reflecting the
progression in stretching vibration of the luminescent ion (case of uranyl
pseudomolecules in oxides, such as UO%JF). Strong coupling leads to broad
emission bands (case of mercury-like ions T1F, Pb?* Bi**, 5d — 4f tran-
sitions of rare-earth ions, self-trapped excitons, molecular groups such as
(WO4)?, charge transfer transitions, etc.).

In the case of intermediate or strong coupling (Fig. 3.15a), the relaxed ex-
cited state may emit luminescence through radiative transition to the ground
state. It may relax nonradiatively to the ground state if the temperature is
high enough to allow the excitation to reach the crossing of the two parabolas.

This model accounts, therefore, for the thermal quenching of lumines-
cence, and even for the total absence of luminescence at a given temperature
when the Stokes shift is strong enough.
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diate/strong electron—phonon couplings and (b) the case of weak electron—phonon
coupling

Many applications require use of scintillators at room temperature, and
efficient scintillators must obviously contain luminescent centers with a quan-
tum yield as close to 1 as possible without thermal quenching. It is, for
example, the case of most T1* or Ce3t-doped scintillation crystals.

However, a particular case is the well-known BGO (BigGe3z012) scintil-
lator for which the relatively low light output is essentially due to a room
temperature quantum efficiency of only 0.13 because of thermal quenching [4].

There are cases where the thermal quenching may not have a harmful
consequence. For example, PbWQ, is a fast scintillator because of thermal
quenching. Of course, its light yield is very weak as well, but it is nevertheless
a good fast scintillator for some applications in high-energy physics for which
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its interest is more related to the rapidity of the scintillation than to its
efficiency.

Another interesting case is the Ce?* center. Ce?™ is a full shell ion. No 4 f—
4f electronic transitions can occur because of empty 4f level. Nevertheless,
charge transfer absorption transitions can be observed in the UV region but
usually no radiative emission transitions due to a very large Franck Condon
offset and a consequent crossover. Ce*t is not a luminescent center. It of-
ten coexists with Ce®* luminescent centers in cerium containing scintillating
materials, and is a very harmful nonradiative recombination center.

Applications may require scintillators with high light output at temper-
ature greater than room temperature. It is the case of oil well logging in
which scintillation detectors are used to measure the natural or induced
radioactivity of rocks. One of the most important requirements for bore-
hole ~-ray detectors is the temperature response because of variable and
relatively high borehole temperatures. Good candidates for such applica-
tion are cerium-doped lutetium ortho-aluminates such as LuAlOz (LuAP)
or Lu;_xY,AlO3 (LuYAP), and a new inorganic scintillator: cerium-doped
lutetium pyro-silicate Ce3T:LuySia O (LPS) [58] which all display a high light
yield above room temperature.

In the case of very weak coupling (4 levels of rare-earth ions), the parabo-
las are not significantly shifted (Fig. 3.15b). That does not mean that non-
radiative relaxation to the ground state is impossible. It can occur through a
so-called multiphonon nonradiative emission process. This process was first
studied by Weber [59-61] and then by many other authors in a number of
different rare-earth doped crystalline materials. It was demonstrated that
spontaneous multiphonon emission rates strongly depend on the energy gap
to the next-lower level (exponential energy gap dependence) and therefore
on the number of phonons required to conserve energy (host dependence via
phonon frequency spectrum). Nonradiative contribution to relaxation is sig-
nificant even for large transitions corresponding to the simultaneous emission
of 5-6 phonons.

In Fig. 3.16 is shown a schematic energy-level scheme of few rare-earth
ions, where are indicated the emitting levels and which reflects the nonradia-
tive relaxation rules previously described.

Blocks indicate higher energy configuration such as 4f"~! 5d and charge
transfer (CT). The energy of these levels strongly depends on the host lattice
contrary to 4f levels. As a result, the emission from some 4f levels depends
on the energy of lowest 5d or CT levels. For example, in the case of Pr3*, the
high-energy 4f 'So level can emit fluorescence only when the 5d levels are
located at higher energy. Reversely, 5d emission can be obtained only if the
lowest 5d level is below 'So. Indeed, Pr3*-doped crystals may exhibit fast
scintillation when Pr3t ions are in the presence of a strong crystal field, which
lowers the lowest 5d level. A large energy gap exists between the ground state
and the 5d and CT lowest excited states of Ce3* and Yb?*, respectively. In



3.5 Thermal Quenching 107

50 U
B 1
H?* S cr
40 H
6
l 4f'5d
CT °p
5d 312
—_—T12
30
IE - 5D$3
mo 5D—e—3
o 3P
= o
~ 20 - —— ——4
w ; —e—
Dz —e—0
1 2,
10 j"— —o—52
Feey 'F
F 9
e CHT ; s
F . . : :
04 i 7
Ce3+ Pr3+ Eu3+ Gd3+ Tb3+ Yb3+
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principle, an efficient luminescence is expected if the Stokes shift is not too
large.

3.5.2 Thermostimulated Photoionization and Trapping Effects

Photoionization of dopant ions in crystals can occur at relatively low energy
when their localized ground and excited states are close or degenerated to/in
the conduction band. This phenomenon may be of importance in luminescent
and scintillating insulators because it may be the source of significant change
in light efficiency and excited states dynamics. However, their importance was
often underestimated in the past. It will be described in the next subchapter.
We will give here a few examples of thermostimulated photoionization.
Ce-doped LuySiOs5 (LSO) is a well-known efficient scintillator at room
temperature. Photoconductivity spectra obtained through direct photocon-
ductivity measurements [62] and using the resonant microwave cavity tech-
nique [63-65] allow to estimate the energy difference between the bottom of
the conduction band and the localized Ce3t 5d emitting level. It is around a
few tenths of eV, which still enable to observe significant photoconductivity
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Fig. 3.17. Energy-level scheme of Ce®* 4f and 5d levels in an ionic crystal. VB:
valence band; CB: conduction band. The lowest 5d emitting level is lying in the for-
bidden gap close to the bottom of the conduction band, allowing thermostimulated
photoionization

signal at room temperature through thermal activation. Figure 3.17 shows a
simple energy-level scheme describing the process.

Similar results were obtained in the case of Y3Al;012:Ce. For using such
scintillators at room temperature, it is therefore important to carefully con-
trol the temperature, because the light yield and the fluorescence decays are
strongly temperature dependent. The efficiency drops down quickly and af-
terglow appears for temperatures slightly above room temperature.

The thermal quenching of scintillation of Lals:Ce crystal is explained by
thermostimulated photoionization as well [66]. In this case, the lowest 5d
state of Ce®" is still closer (0.1 eV) to the bottom of the conduction band.
As a result, this compound is a poor scintillator at room temperature but
presents good scintillation properties for temperatures below 100°K.

Strong thermal quenching of scintillation may be the result of efficient
trapping. This kind of quenching is observed only under excitation of the host
lattice by ionizing radiations, and not under direct excitation of luminescent
centers. It is due to the fact that high-energy excitation produces charge car-
riers, which may be trapped and cannot therefore excite luminescent centers,
or only after a delay depending on the escape probability of trapped elec-
trons which itself depends on temperature. In the temperature range where
glow peaks are detected, revealing the presence of traps, a quenching of the
scintillation is therefore expected and, as a consequence, a modification of
the scintillation decay profiles.

Such trapping effects have been clearly identified in a number of scintilla-
tors. For example, ytterbium-containing YAG crystals exhibit X-ray—excited
charge transfer luminescence. Its intensity drops drastically and its decay
shows a very strong slow component at temperature below 120 K where ther-
moluminescence peaks are detected (Fig. 3.18) [37,38]. The strong thermal
quenching of X-ray induced emission of LuBr3:Ce and LuCls:Ce observed
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below 250 K is not understood by authors of [36] in the frame of their energy
transfer model. It could be, however, interpreted by trapping effects as well.

3.6 Charge Exchange Processes Photoionization
and Charge Transfer

To fully understand the electronic properties of a luminescent ion-crystal
system, it is of importance to pay attention not only to localized transitions
of the dopant ion, but also to charge exchange processes between the ion and
the host crystal. In semiconductors, these exchange processes are the major
phenomena while they are, in principle, of less importance in wide band-gap
ionic crystals. However, their importance was underestimated too long, and
it was demonstrated that they often occur in many transition metal and rare-
earth ions activated compositions. When it is the case, these phenomena may
lead to luminescence quenching of the dopant ion and may give rise to charge
transfer luminescence. It is, therefore, of most interest to analyze them in
doped scintillator crystals.

Photoionization and charge transfer of impurity ions in crystals are both
dealing with electron transfer. They are, respectively, electron donor and
electron acceptor transitions of the impurity. These processes were described
using very simple phenomenological models. Jorgensen’s formulation [67-69]
later improved by Nakazava [70] was able to elucidate the systematic vari-
ation of the energies of CT transitions through the 4 f"—series of rare-earth
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ions. McClure and C. Pedrini used a simple electrostatic model to interpret
the variation of the photoionization threshold of rare-earth impurity ions
in crystals [71-73]. More recently, Thiel et al. [74] used photoemission spec-
troscopy for locating the energy of localized rare-earth impurity levels relative
to host band structure in optical materials, and proposed an empirical model
to describe the systematic trends of 4f binding energies.

3.6.1 Charge Transfer

Charge transfer can play a role in the luminescence process when the charge
transfer states (CTS) are lying at relatively low energies close to the emitting
levels of dopant ions (UV-visible region).

Energies of lowest charge transfer absorption transitions can be estimated
by the empirical Jorgensen model:

o= [x(X) = x(M)] x 30,000 cm ™!, (3.3)

where x(X) is the optical electron-negativity of the ligand anion and x(M) is
the optical electron-negativity of the central dopant ion. For ligands, x(F') =
3.9 [69], x(O) = 3.2 [75], x(S) = 2.8 [69].

Absorption bands are therefore expected at much higher energy in fluo-
rides than in oxides, oxysulfides, and sulfides where CT transitions are usually
observed in the UV—visible region.

Considering the case of rare-earth dopant ions in oxides, for example, in
YPOy [70], Fig. 3.19 shows that Eu®** (y(Eu) = 1.75 [67]) and Yb3*t (y =
1.6 [67]) are the ions for which the luminescence has the biggest chance to be
perturbed by charge transfer states.

Transition Energy (1000 cm™)

40 4+

0 1 2 3 4 5 6 7 8 8 10 11 12 13 14

Ce Pr Nd Pm S5m Eu Gd Tb Dy He Er Tm ¥Yb
Fig. 3.19. Energy of the lowest charge transfer absorptions of rare-earth doped
YPO,4 crystals. Black squares: experimental data; solid line: calculation; broken
line: host lattice absorption edge
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Fig. 3.20. Configuration coordinate diagram for the 4f and the lowest charge
transfer state (CTS)of Eu®*-doped Y2028, illustrating sequential quenching of °D
emmissions

In Eu?*-doped oxysulfides (Lag02S,Y202S), the minimum of the CTS is
at rather low energy, leading to a strong sequential temperature-dependent
quenching of °D; emissions, as shown in Fig. 3.20 [76,77].

This quenching depends, of course, on the host material. For example,
the ®D emissions quench sequentially in the order ®Ds, 5Dy, 5Dy, 5D with
increasing temperature, and corresponding quenching occurs at lower tem-
peratures in the La compound. For Y,05:Eu?t, for which CTS bands are
lying at much higher energies (about 10,000 cm~! higher than in the oxysul-
fides), no thermally promoted D—CTS transitions occur and no sequential
quenching of the D emissions are observed at temperature below 700°K.

In this case, it is possible to make use of CTS to efficiently absorb UV ra-
diation and obtain strong red °D—"F luminescence after nonradiative decay
to the lower 4f levels. This red phosphor is used in fluorescent tubes.

It should be noted that in Eu®*-doped materials, CTS emission is not
observed because of radiationless relaxation through lower 4f excited states.

CT luminescence of Yb3*t is often observed in oxides and oxysulfides
[78-80]. The electronic structure of Yb3* is very favorable since the only
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4f?F5/5 excited state is located around 10,000cm™' (1.25eV) above the
ground state 2F7/2. Because of the large gap between the CTS and 2F5/2
state, CT luminescence can be observed.

Recently, the observation of UV scintillation in yttrium/ytterbium alu-
minum garnets [81] opened the field of investigation to a new class of scintil-
lating crystals with interesting fast luminescence properties, very attractive
for radiation detection in general, and for neutrino physics, in particular [82],
because of the high neutrino capture cross section by ytterbium. For this
purpose, a detailed study of luminescence properties of ytterbium containing
garnets and perovskites has been undertaken [36-38,83,84].

Localized levels of Yb3T in the gap of the host and lowest CTS are pre-
sented in a single configuration coordinate diagram (Fig. 3.21).
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Fig. 3.21. Absorption and emission charge transfer transitions of Yb*'-doped
crystals using a simple configuration coordinate diagram

After capture of an electron from the ligands, a CTS is formed which
can be described as an Yb?* ion with a hole nearby in the valence band. Its
potential curve has his minimum shifted toward larger () corresponding to a
larger Yb?*-ligand ion equilibrium distance (Yb?* radius > Yb3* radius). If
the shift is not too large, radiative relaxation is possible and then two broad
emission bands separated by roughly 10,000 cm™! (the energy difference be-
tween 2F5/2 and 2F7/2 states = 1.25 eV) are expected to be observed. For
example, in the case of Yb3T:YAG, the emission bands are peaking around
330 (the most intense) and 500 nm, and CT absorption occurs in the range
200-240 nm as predicted by the Jorgensen’s model [37,38].

CT luminescence of Yb3*, because of its short radiative lifetimes (a few
to a few tens of nanoseconds depending on the host lattice and the tem-
perature) due to allowed transitions, is attractive for development of fast
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scintillators capable to discriminate very short events. The fluorescence in-
tensity can be high, but often thermal quenching processes occur below room
temperature either due to cross-over from the CT-excited state to the ground
state, or due to thermally activated photoionization involving the escape of
a hole from the CTS to the valence band [81].

3.6.2 Photoionization

Photoionization of rare-earth ions in crystals has been observed and studied
for 4f™ —4f"~! 5d transitions. Indeed, the 4f"~! 5d states can be close to
the bottom of the conduction band and even degenerated within the contin-
uum. In this case, the 5d electron can be delocalized in the conduction band
resulting in a partly or complete quenching of the 4f"~! 5d—4f lumines-
cence.

It is why the first evidence of photoionization of rare-earth ions has been
observed with divalent rare-earth ions and trivalent cerium ion, which usu-
ally exhibit 5d—4f luminescence [72-75, 85, 86]. Photoionization studies of
impurity-doped crystals were motivated by the fact that their photo-physical
properties were strongly dependent on photoionization process. It is the case
for some potential solid-state laser materials such as CaFg:Eu?t, YAG:Ce3 ™,
crystals exhibiting persistent spectral hole burning like CaF5:Sm?*, and scin-
tillator crystals of special interest here.

Photoionization processes particularly concern cerium-doped crystals,
which are an important class of fast and efficient scintillators.

Let us consider the single configuration coordinate diagrams representing
the localized levels of Ce in the gap of the host (Fig. 3.22).

Photoionization and CT energy thresholds can be calculated from thermo-
dynamic cycles. In the case of Ce*t, as previously mentioned, CT absorption
and radiationless emission occur. In Ce3t, 4f « 5d transitions are usually
observed in UV and visible range. Strong and fast luminescence may occur
from the lowest 5d-excited state providing this state is lying below the bot-
tom of the conduction band, which is the case of the state (Ce?™ + e.) in the
diagram. This state is obtained after photoionization, e. stands for an elec-
tron in the conduction band. Contrary to Ce?*5d excited states, the potential
curve of (Cet + e.) is shifted toward negative @ since the Ce** ion radius
is smaller than Ce3T radius. The potential curve configuration represented
in Fig. 3.22 corresponds to the case where the emitting level is lying well be-
low the conduction band, and photoionization does not play any role in the
luminescence process at room temperature (case of efficient cerium-doped
scintillator crystals such as many Ce®*-doped halides and oxides).

The opposite situation is when the lowest 5d-excited state is degenerated
in the conduction band. Then, the luminescence may be fully quenched even
at low temperature due to autoionization. This is the case of cerium-doped
sesquioxides (LngOs,Ln = La,Y,Lu) or some oxysulfides (LazO02S) [63].
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Fig. 3.22. Photoionization (1) and charge transfer (2) mechanisms of Ce®* and
Ce*" ions embedded in crystal lattice, illustrated through single configuration co-
ordinate diagrams

The intermediate case is when the emitting level is located closely be-
low the bottom of the conduction band. Then, thermally assisted photo—
ionization may occur leading to luminescence quenching at temperature be-
low or above room temperature. The most efficient cerium-doped oxide scin-
tillator at room temperature is LuySiO5:Ce (LSO), but its light yield rapidly
decreases above room temperature. It was shown that the localized 5d level is
located around only some tenths of eV below the conduction band, allowing
photoionization even at room temperature through thermal activation [63].
LaCls:Ce3t [36,87-89] and LaBrs:Ce3t [90,91] are scintillators with very
high light yield, but Lalz:Ce3* exhibits efficient scintillation only at room
temperature. The proximity of the Ce?* lowest 5d-excited state to the host
conduction band leads to efficient autoionization process of Ce3* above 150°K
and therefore prevents any scintillation at room temperature [67].

The three cases are summarized in Fig. 3.23.

3.6.3 Impurity-Trapped Exciton

Electron-transfer transitions, in which an electron on the metal-impurity ion
moves to lattice states, are not often observed. However, such transitions
have been identified [73,92,93]. For example, in divalent rare-earth (Yb*",
Eu?"), doped, highly ionic crystals (such as alkaline earth fluorides), the so-
called “anomalous” emission bands [94-99] were assigned to radiation from an
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Fig. 3.23. Three scenarios for the fluorescence mechanisms of Ce®™ ions in crystals
taking into account the state of the bottom of the conduction band (Ce4+ + €frec)-
(a) Intense fluorescence of Ce3T. (b) Partly quenched fluorescence of cerium. (c)
Total quenching of the Ce* fluorescence

impurity-centered exciton, which is the lowest excited state of the impurity-
crystal system. Excitation of any of the localized levels of the impurity ion
leads either to photoionization or to radiationless relaxation into lower levels.
Normally, the lowest excited state localized level would be the emitting level,
but when this level lies above the exciton energy it may relax into it, and the
delocalized exciton may then emit instead.

For example, in the case of SrF5:Yb?t compound, the trapped exciton
geometry is probably that expected for a trivalent impurity ion, Yb3t, at a
divalent site with an electron delocalized over the 12 next-neighbor metal—-
ion sites about 0.41 nm away. The collapse of the F~ cube around the Yb3+
could displace the F~ ions by about 0.02 nm, and would account for the large
Stokes shift (Fig. 3.24).

It was demonstrated, through a detailed analysis of the fluorescence and
the photoconductivity properties of Yb?* in CaFy, SrFy and BaF, [32], that
all the 5d excited states of Yb?t are degenerated in the conduction band,
and that strong red shifted luminescence of ytterbium-trapped exciton is
observed in CaFy and SrF>. The negative shift of the exciton curve increases
from CaFsy to SrFy and even more for BaF,. In the latter case, the shift is
so large that the exciton relaxes nonradiatively to the ground state and no
fluorescence at all is detected.

Impurity-trapped exciton luminescence has been observed in other sys-
tems such as titanium in sapphire [100] and BaFy:Eu?* [93].

This latter case is very interesting since Eu?* ion in CaF, and SrFj
exhibits typical and intense blue emission due to 5d—4f transitions while in
BaFs, a broad yellow emission band is detected because of europium-trapped
exciton (Fig. 3.25).

The impurity-bound exciton model might be used to describe the fluo-
rescence mechanisms in the well-known efficient CsI:T1 scintillator. A large
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Fig. 3.24. Fluorescence mechanisms of ytterbium-bound exciton in Yb?" doped
SI‘FQ

number of publications deal with the origin of its yellow broad emission band
and of its high light output. It comes out from the more recent studies that
the centers emitting this fluorescence are of exciton type and related with
thallium ions as well [101,102]. These centers could be a host—exciton (the
hole is in the valence band) with a thallium ion nearby, or a thallium-bound
exciton (TI1?>* + epouna) in which the hole is trapped in the thallium ion
and the bound electron is delocalized in the neighboring Cs* ions, as it is
sometimes the case in alkaline earth fluorides doped with divalent rare-earth
ions.

It should be noted that the formation of impurity-bound exciton is
strongly promoted when the impurity ion has two stable valence states such
as Eu, Yb, Ti. It should be the case of Ce as well. However, no cerium-bound
exciton fluorescence has been identified yet. It does not mean that such exci-
ton state does not exist, because it can relax through a radiationless process
to the ground state.

Because the exciton state lies below the bottom of the conduction band,
its presence may induce a thermal quenching of the dopant ion fluorescence at
lower temperature or a total quenching without photoionization depending
on the relative positions of the localized states of the impurity ion, of the
impurity-trapped exciton state, and of the bottom of the conduction band.
But it may emit intense red shifted fluorescence with different properties,
which can be of interest for scintillation.
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Fig. 3.25. Configuration coordinate diagram to explain the luminescence and pho-
toconductivity spectra of SrF o:Eu®t and BaFs:Eu®t. The parabolas for the differ-
ent states are the ground state G, a localized state L, the impurity-trapped exciton
state E, the conduction band state C (Eu®* + free electron). L is displaced outward
by 0.1 A. A and C are displaced inward by 0.2 A. For G and L, W = 0.04 eV and for
C and E, W = 0.05eV. The energy minima are placed according to spectroscopic
data
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