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Uvodni slovo

Tato préace je komentovanym souborem publikaci, které vznikaly ptiblizné od r. 2000 v Siroké
narodni 1 mezinarodni spolupraci autora pii vyzkumu a vyvoji krystalickych pevnolatkovych
scintilacnich material na bazi komplexnich kyslikatych sloucenin. Vzhledem k praktické
dilezitosti téchto materiald pfi detekci a monitorovani ionizujicitho zéateni, urychlenych
nabitych c¢astic, ale i neutronli, jmenujme zde piedev§im moderni metody Iékatského
zobrazovani, prumyslové defektoskopie, bezpecnostni techniky ale i nékteré oblasti védy
samotné, predevsim fyziku vysokych energii, je jejich vyzkum ve svétovém meéfitku velmi
rozsahly a intensivni.

Komplexnost vyzkumu plyne ze samotné podstaty scintilatnich materidlt a jejich
funkce, a proto je k GspéSnému vyzkumu a vyvoji nutnd soucinnost vicero experimentalnich
technik, teoretickych studii, ale i cilené optimalizace prakticky dilezitych parametrti, ktera je
v plném rozsahu mozna ptedevsim tehdy, je-li scintilaéni mechanismus dané¢ho materialového
systému do detailu pochopen. Z toho vyplyva potteba vytvaieni rozvétvenych nadnarodnich
spolupraci, které dokazi vytvotit potfebnou experimentalni a teoretickou bazi jako predpoklad
pro uspésny navrh a optimalizaci novych nebo inovovanych materidlovych systémt pro
zminéné aplikace.

Materialova a experimentalni narocnost tohoto vyzkumu vyzadovala rozsahlou finan¢ni
podporu, ktera byla ziskavana v uvedeném obdobi z vice nez deseti udélenych projektl z
nékolika grantovych agentur, v Ceské republice to byla Grantova agentura AV CR, Grantova
agentura CR a MSMT (programy mezinirodni spoluprace), v poslednich letech také
Technologicka agentura CR, v zahraniéi byly ziskany prostfedky z programi NATO, INTAS
NATO-Science for Peace, no. 973510 (2000-2004), INTAS- Position Sensitive Detectors, no.
04-78-7083 (2005-2007) a GA AV CR — Nanotechnologie pro spole¢nost, no. KAN300100802
(2008-2011), ve kterych byl autor hlavnim feSitelem. Jako nejvyznamnéj$i mezindrodni
spolupraci, ktera zasadnim zptisobem obohatila svymi technologickymi vystupy tyto studie,
uvadime kooperaci se skupinou prof. A. Yoshikawy z Institute for Materials Research, Tohoku
university, Sendai, Japonsko, kde jsme od r. 2002 publikovali spole¢né pies 150 originalnich
védeckych praci a presentovali obdobny pocet piispévkl na mezinarodnich konferencich. Na
Geské strand byla tato spoluprace financovéana piedeviim z MSMT, Program KONTAKT a AV
CR, Program podpory mezinarodni spoluprace.

Rad bych na tomto mist¢ podékoval jednak uvedenym grantovym agenturam za finan¢ni
prostiedky, které vyzkumné prace umoznily. Dale pak spolupracovnikim z domovské
laboratofe v odd. Optickych materialt ve Fyzikalnim ustavu AV CR, v. v. i., ktefi odvedli
obrovské mnozstvi kvalitni experimentdlni a teoretické prace pro naprostou vétSinu zde
komentovanych publikaci, a také firm& CRYTUR spol. s r.o. (Dr. J. Houzvicka, Ing. K. BlazZek,
Dr. K. Nejezchleb) za dlouholetou vynikajici primyslovou spolupraci. Dik patii prof. V.
Mugkovi a dalsim kolegim z KJCh a KDAIZ FJFI CVUT, kteii dlouholetou spolupraci a
spoleénym vedenim studentskych a doktorandskych praci sepsani této habilitacni prace
umoznili. Zvlastni podékovani zde vénuji i své manzelce NataSe za pochopeni a neustalou
podporu v moji védecké praci.

V Praze, 5.1. 2015 Martin Nikl
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1. Introduction

Scintillator material works as a spectral and energy transformer: it converts a high energy photon
from X- or gamma-ray range into a bunch of ultraviolet-visible (UV/VIS) ones, i.e. to the flash of
light. Alternatively, the accelerated charged particles (electrons, protons or more heavy ions) or
even neutrons can be detected through their energy deposit in the interaction with scintillator host
which is again converted into the flash of light. In practice, the scintillator detector consists of
two parts, namely (i) scintillating material itself and (ii) photodetector which converts the

mentioned UV/VIS photons into an electrical signal I(t)[1, V1], see Figure 1.
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Figure 1. Principle of scintillator material and set-up of scintillation detector.

Dielectric or semiconductor wide band-gap materials are employed for such a task.
Phenomenological description of the scintillation mechanism and definition of efficiency criteria
have been already developed in the 1970°s [2] and later further refined [3]. Scintillation
mechanism can be divided into three consecutive sub-processes: conversion, transport and
luminescence, see Figure 2.

Depending on the photon/particle energy, its initial multi-step interaction with the
scintillator lattice occurs dominantly through (i) the photoelectric effect (below approx. 100
keV), (i1) Compton scattering effect (within 200 — 8000 keV) and (iii) pair production above the
latter limit. Created hot electrons and deep holes are gradually thermalized in the conduction and
valence band edges, respectively. Thermalization of carriers within the conduction and valence

bands is sometimes considered as a separate stage in scintillation process due to its importance in



the study of nonproportionality issues in scintillation mechanism [4]. All the conversion process
lasts typically few ps, see [4,5,6] for more detailed description. In the transport process the
separated electrons and holes have to reach the emission centers, i.e. migrate through the host
material: they can be repeatedly trapped or even nonradiatively recombined at trapping levels in
forbidden gap arising due to lattice defects. Considerable delay in the charge carrier delivery to
luminescent centers can be introduced due to such trapping processes. This stage is the least
predictable as point defects, flaws, surfaces and interfaces can introduce energy levels into the
forbidden gap and strongly modify/degrade scintillation performance. These phenomena are
strongly dependent upon manufacturing technology [7]. During the final stage, the trapping and
radiative recombination of the electron and hole at the luminescent center give rise to the desired

luminescence light.
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Figure 2. Sketch of scintillator mechanism in a solid state crystalline material.

The research on scintillation materials starts at the moment of X-ray discovery in November 1895
by W. C. Roentgen [8]. In the X-ray registration, simple photographic film was found rather
inefficient and that is why the search for materials able to convert this new invisible radiation into
visible light started immediately in order to efficiently use sensitive photographic film-based

detectors. CaWOa4 powder was employed for this purpose just few months later in early 1896 and



together with ZnS-based powders introduced later on, these powder phosphor materials became
widely used for the detection of X-rays in such combined phosphor&film detectors [9].

The history of bulk single crystal scintillators begins in the late 1940s with the
introduction of Nal: Tl and CsI: Tl scintillators [10,11] which are used in a number of applications
till nowadays. Since that time a number of other material systems have been reported, see [12] for
an historical overview. Nal:Tl and CsI:Tl, first oxide-based CdWOs4 scintillator [13] and
BisGe3O12 (BGO) [14] became widespread scintillators and are often used as “standard samples”
to evaluate new materials under study. Within last two decades there has been a considerable
activity in this field triggered mainly by the need of high energy physics in 1990’s to find new
scintillator for Large Hadron Collider calorimetric detectors which brought the optimized PbWO4
scintillator [15,V2]. The advanced imaging and dosimetric applications in medicine [16]
established scintillation ceramics [17] in computed tomography (CT) and Ce-doped orthosilicates
in positron emission tomography (PET) [18,19]. Various high-tech industrial applications use
aluminum perovskite and garnet scintillators [V2, 20]. Most recently the homeland security
application call for materials of special composition for neutron detection [21,22]. Absolute
majority of new single crystal scintillators, reported in this period, is based on the Ce**-doped and
Pr’*-doped materials, due to the short decay time (typically 10-60 ns) and high quantum
efficiency of the 5d-4f radiative transitions of these centers at room temperature and in some
cases even at much higher ones [23], for a broader recent survey of materials see [V3].

Despite the identical underlying physics, scientific communities working on phosphors
and scintillators have been partially separated, mainly due to the different demands of related
applications and different preparation technologies employed [24, 25]. In general, materials are
called phosphors when applied in the photon integrating (steady-state) detection mode, while
scintillators are employed in the (X- or j~ray) photon counting regime. At present, the separation
between phosphor (powders) and scintillator (bulk) materials is somewhat suppressed as some
materials are used in both detection modes, in powder, bulk or other forms, depending on the
application.

In the case of scintillators, X (y)-ray photon counting consists of accumulating the generated
light arriving soon after the initial conversion stage is accomplished (Figure 2), since the

scintillator works as a high-energy photon counter. Significantly delayed light such as that due to



retrapping processes mentioned above cannot be technically exploited in the counting mode. The

most important characteristics of scintillation materials are following:

(1) Scintillation efficiency

(i)  Lightyield (LY)

(iii)  Linearity of light response with the incident X(»)-ray photon energy — energy
resolution and nonproportionality

(iv)  X(y)-ray stopping power

(v) Scintillation response in time

(vi)  Spectral matching between the scintillator and photo-detector

(vii)  Chemical and mechanical stability

(viii) Radiation resistance

(ix)  Price

The overall scintillation efficiency of X ()-ray-to-light conversion is determined both by intrinsic
and extrinsic material characteristics. The number of UV/visible photons, Nph, produced in the
scintillation conversion per energy E of incoming X (y)-ray photon can be expressed as [2,3]:
Npyp = ——x S 1

ph = 5 X S5Q (H
where Eg represents the forbidden gap of the material, S and Q are quantum efficiencies of the
transport and luminescence stages respectively, and £ is a phenomenological parameter which is

typically found between 2 and 3 for most materials. The relative efficiency can then be obtained

as:

_ Eviszh
= i ph @)

where Euis is the energy of generated UV/vis photons. The most efficient material among the
phosphors and scintillators today is ZnS:Ag with 7 ~ 0.2 and even more efficient materials could

still be found within those with the narrower bandgap below 3 eV.



The LY of a scintillator is always a value inferior to that given by eq. (1) since it
represents only a fraction of generated visible photons, namely those arriving to the photo-
detector within a certain time gate defined by the detection electronics (so called shaping time)
after the high energy photon absorption. The values of shaping time are usually set between 100
ns and 10 us.

More detailed description of other scintillator characteristics can be found in [V3].

2. Scintillators based on complex oxide compounds

The first single crystal oxide scintillator, namely CdWOs4, was reported around the same time as
the above mentioned CsI: Tl halide one at the beginning of 1950’s [13]. This material as well as
all the below mentioned material systems are prepared by the Czochralski method, the principle
of which is sketched in Figure 3. The Czochralski method [26] is one of the very few melt growth
techniques of single crystals that are frequently used in industry due to favourable combination of
quality, dimensions, and cost of the produced crystals. This method belongs to the oldest and most
developed ones: an adequate understanding of the physical phenomena observed during
solidification process has been achieved and enabled its practical expansion into the industrial large
scale production. It allows controllable formation of single-crystalline cylindrical ingots of various
inorganic scintillation materials The review has been recently published summarising the results of
Czochralski growth of a number of scintillation materials [27].

Bulk single crystals of all the below described material systems in Section 2 are grown
from the melt using the Czochralski method, see the sketch in Figure 3. Due to their high melting
temperature above 1700°C, iridium crucible must be used. The crucible is heated by the inductive
radio-frequency (RF) system. The crystal diameter is controlled using an automatic diameter
control system that is operated using a signal received from the weight sensor. Typical growth
atmosphere is Ar or N2 in order to prevent oxidation of iridium crucible. Only in same cases e.g. in
gallium-containing garnets growth, few percent of O is admixed in order to prevent the
decomposition of B-Ga203. Typical growth rate is around 0.1 - Imm per hour.

In the melt growth of crystals using Czochralski or Bridgman methods, the dopant is
distributed inhomogeneously along the crystal growth axis due to segregation phenomenon. For
instance, in the case of Ce-dopant in Gd3GazAl2012 (GGAG) host, the segregation coefficient
K(Ce*") = 0.36 is considerably greater than that in Y3AlsO12 (YAG) host where K(Ce*")=0.082



[28]. These observations demonstrated that GGAG crystals accept the Ce-dopant much more

easily than those of YAG that is very reasonable conclusion considering large size of the Ce*"

cation and greater lattice parameter of GGAG compared to that of YAG.

Figure 3. Phases of typical Czochralski process including (A) approaching the seed towards the
overheated melt surface, (B) immersion of the seed into the melt and their thermal equilibration,
(C) pulling of the seed in upward direction with a continuous increase of the crystal diameter and
shoulder formation, (D) steady state of the pulling the crystal of constant diameter, (E) ending
the growth with continuous diameter decrease, and (F) separation of the crystal form the melt
and its following cooling to room temperature. See also [27].

All the below described material systems in Section 2 belong to fast scintillators where
the radiative transition is based on 5d-4f emission of Ce** or Pr** ion. 5d-4f transition in these
ions is completely allowed and typical photoluminescence lifetimes are within 20-60 ns and 8-20

ns, respectively. Consequently, scintillation response is dominated by similar decay time values.



Due to carrier trapping in the transfer stage of scintillator mechanism slower components are

present as well.

2.1 Aluminum and multicomponent garnet scintillators

Single crystals of Y3AlsO12 (YAG) were grown already in 1960’s [29] and 5d-4f
photoluminescence decay kinetics of the Ce** and Pr** centers in single crystal YAG host was
reported soon after [30] revealing the absence of nonradiative thermal quenching up to about 550
K and 250 K, respectively. The potential of Ce**-doped YAG single crystal for fast scintillators
was revealed several years later [31]. The first comprehensive description of YAG:Ce scintillator
characteristics was reported by Moszynski et al [32], who included this material among the high
figure-of-merit oxide scintillators. Isostructural Lu3zAlsO12 (LuAG) has a higher density and
effective atomic number Zefr (6.67 g/cm?, Zes= 63) than YAG (4.56 g/cm?, Zes= 32.6), which is
critically important in the case of hard X- and y-ray detection. To obtain fast scintillator the Ce
and Pr-doped LuAG grown from the melt became of systematic interest in year 2000 [P1] and
2005 [P2], respectively. Contrary to YAG host, 5d-4f emission of Pr** is not thermally quenched
arond room temperature in LuAG one and radioluminescence spectra indicated the absence of
quenching up to at least 450 K. This characteristics together with short decay time of Pr** center
(20 ns) made the LuAG:Pr R&D immediately hot topic. Recently, more precise temperatures of
the onset of photoluminescence thermal quenching for Ce*" [P3] and Pr** [33] centers in LuAG
host were reported. The temperature at which the decay time obtained from single exponential
approximation has dropped to half of the value at the plateau before the initial drop occurs is
about 790 K and 680 K, respectively, which points to their possible usage at high temperature
applications. Very soon in the research of these modern, highly efficient scintillators the problem
of trapping electrons at shallow traps in the transfer stage was recognized [P4]. Considerable
importance was given to the re-trapping and delayed recombination processes occurring in the
LuAG:Ce scintillator, while the energy transfer from the trapped exciton state to the Ce*" centers
appeared relatively inefficient. Intense slow components in scintillation response due to the
delayed radiative recombination process at emission centers were reported [P5, 34] the relative
intensity of which is higher in LuAG:Ce. Based on the comparison of thermoluminescence (TSL)
glow curves measured below room temperature at melt grown (Tmeic ~ 2000 °C) and flux grown

(Ttux ~1000 °C) crystalline LuAG:Ce, see Figure 4, the nature of these traps was proposed as due



to the antisite Luar defects in the garnet structure. Such defects are due to the natural lattice

disorder strongly arising with preparation temperature [35]. Their concentration can be as high as

several tenths of percent and is influenced also by the host stoichiometry [36].
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Figure 4. TSL glow curves of the LUAG:Ce single crystals SC-1820, SC-1700 and Liquid Phase
Epitaxy grown films LPE-9300 and LPE-18000 samples after X-ray irradiation at 10 K. Similar
X-ray irradiation doses were applied to all the samples. See also [37].
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Figure 5. The Luai (Yal) antisite defect in the LUAG (YAG) structure. Resulting electron trap in
the material forbidden gap is sketched on the left. Emission band within 300-350 nm due to
antisite defect and its competition with that of the Ce®" center can be derived from
radioluminescence spectra at RT - upper left. Emission lines around 312 nm and 615 nm in the
undoped sample are due to Gd** and Eu®* accidental impurities, respectively. See also [P6].



The effect of the antisite Luai and Yai defects in LuAG:Ce and YAG:Ce scintillation mechanism,
respectively, is in fact twofold [P6], see Figure 5, as they give rise to: (i) slower emission centers
in UV region peaking at RT within 300-350 nm, which create an unwanted competitive de-
excitation pathway in addition to Ce** (Pr*"); (ii) shallow electron traps, which effectively delay
the radiative recombination at the fast emission center and strongly degrade scintillator timing
characteristics and LY value.

Furthermore, it was found that agglomeration of these traps and Ce*" (Pr*") centers occurs which
gives rise to tunneling-driven radiative recombination of an electron from the trap and hole
localized at Ce** center. Such a process gives rise to the inverse power time dependence of the
slow component in the scintillation decay of Ce* and Pr*" doped LuAG at room temperature, see
Figure 6. Deeper electron traps around the antisite defect and presumably higher concentration of
these defects in LuAG with respect to YAG [P6] result in a more severe delay in energy delivery
to the Ce** centers in LuAG host and can thus explain the more severe LY degradation in the Lu-
based garnet structure.
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Figure 6. Spectrally unresolved scintillation decay of LUAG:Ce single crystal grown by
Czochralski method. Red line is convolution of instrumental response and function I(t) displayed
in the figure. The experimental decay data of [34] were used.

R&D of these garnet scintillators has been recently reviewed [P7]: as an outcome of a decade
lasting intense research, new ultra-efficient single crystal family of so called multicomponent
garnets (Gd,Ln)3(Ga,Al)sO12, Ln =Y, Lu, doped with cerium has been discovered [P8, P9],
Figure 7. The balanced admixture of Gd and Ga cations into aluminum garnet efficiently

decreased mentioned trapping effects and prevented ionization-induced quenching of the Ce*"

10



excited state around room temperature, see the sketch of energy levels in Figure 8. As a result the
light yield of these materials was increased more than two times with respect to the highest
performance LuAG:Ce [38]. Being currently the most efficient bulk single crystal oxide
scintillators, in the latest optimized material compositions their LY is approaching 60 000

photons/MeV [39] which is a theoretical limit of these garnet scintillators [40].

Figure 7. Photo of GdsGasAl2012:Ce single crystal, diameter 5 cm, length 15 cm. Small optical
elements cut from the crystal are shown in the front (courtesy of A. Yoshikawa).
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Figure 8. Sketch of energy level positioning&trends in dependence on the content of Gd and Ga
concentration in (Ln,Gd)3(Ga,Al)sO12:Ce, Ln = Y,Lu. See also [P8].

The decreased edge of the conduction band in these compounds due to mainly gallium admixture
[P10, 41], however, considerably lowered the onset of thermal quenching in these materials
which limits their usage to room temperature applications. This problem has been studied in
detail and ionization of the Ce** excited state was determined as its main cause [42-44].
Interestingly, another strategy preserving high temperature stability of cerium emission
centers has been recently formulated to approach the problem of electron trapping in transfer

stage of scintillation mechanism in garnet scintillators with an evident positive impact on LY,
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speed of scintillation response and afterglow as well. The above described modification of
chemical composition of garnet scintillators results in the immersion of shallow electron traps in
the bottom edge of the conduction band which diminishes charge trapping. An alternative
strategy consists in creation of an additional fast radiative recombination pathway which would
efficiently compete in electron trapping from the conduction band with the mentioned shallow
electron traps in YAG and LuAG hosts. Such a pathway is realized by the stabilization of
tetravalent Ce*" center in garnet lattice by the divalent rare earth ion codoping [P3, 45-47] and/or
by air annealing [48]. Positive role of Ce*" in scintillation mechanism in orthosilicates have been
recently reported in literature (see Section 2.3 below) and the same mechanism is apparently also

functioning in garnets, Figure 9.
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Figure 9. Sketch of the scintillation mechanism at the stable Ce3* (left) and Ce** (right) emission
centers in aluminum garnet host, see also [P3].

In step 1, in the first picoseconds of scintillation mechanism, the Ce*" center can efficiently
compete with any electron traps for an immediate capture of electrons from the conduction band.
The stable Ce*" center is much less effective in such competition as first it needs to capture the
hole from the valence band in the step no. 1.
In step 2 the Ce*', transformed into an excited Ce*" center, emits scintillation photon and
contributes to the fastest part of scintillation response. In the same step the Ce*" center, converted
into temporary Ce*', captures an electron from the conduction band and becomes excited.
In step 3 the return into initial state (beginning of the cycle) is accomplished by the hole capture
from the valence band (Ce*" in the right part) and by emission of scintillation photon (Ce*" in the
left part).

12



It is worth mentioning that the last step in the Ce*" scintillation mechanism (right part), the hole
capture from the valence band, must always be nonradiative, i.e. not contributing to an afterglow.
Very recently, similar studies have been done for the above mentioned Gd3Al2Gaz0O12:Ce
(GAGG:Ce) multicomponent garnet [47, P11] Given its hight light yield, the Me*" (Me = Ca,
Mg) codoping does not further increase its value, but the scintillation response is apparently
becoming faster, Figure 10, which might be of importance for applications in PET medical
imaging with the time-of-flight option [19]. It is interesting to note that Ca*" codoping decreases
the light yield much more than Mg?* codoping the reason of which has not been yet understood.
Selected optical and scintillation characteristics of aluminum and multicomponent garnet

scintillators are provided in Table 1.
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Figure 10. Scintillation decay curves of the Mg co-doped Ce:GAGG crystals [P11]. Excitation by
137Cs radioisotope (662 keV). Curves are vertically shifted for clarity.

2.2 Aluminum perovskite scintillators

Fast 5d-4f uminescence of Ce*" and Pr’* in YAIOs (YAP) was reported by Weber [49] and
Gumanskaya et al.[50], respectively. Reported lifetimes of about 18 ns and 8 ns, respectively, are
among the shortest within the Ce and Pr-doped oxide-based scintillators which makes these
materials attractive. Favourable properties of YAP:Ce for scintillation applications were
described later by Takeda et al. [51] and Autrata et al. [52]. In the mid 1990’s, similarly to what

was mentioned in Section 2.1 for garnets, several laboratories paid attention to replace yttrium by

13



lutetium in YAP crystal to increase the density and Zesr from 5.35 g/cm?® and 32, respectively, up
to 8.34 g/cm® and 64.9 for LuAP. Due to severe instability of LuAP perovskite phase in the
process of crystal growth from the melt, see recent studies [53, 54] for further details, resulting in
very high price of the crystals grown, the mixed (Lu,Y)AIlOs:Ce scintillators were finally chosen
for industrial scale production [55]. These LuY AP:Ce crystals were used in ClearPET prototype
[56], but did not find further commercial market due to the price and relatively lower light yield
compared to YAP:Ce. The reasons for light yield decrease in Lu-rich aluminum perovskite seem
to be similar as described in Section 2.1 for the garnets [P6], mainly due to the structural and
chemical composition similarities. However, despite several attempts e.g. by codoping [57-59],
no successful strategy has been found up to now to substantially improve it and also no
successful band gap engineering of YAP by compositional variation (similarly as done in garnets
[P8, P9]) has been realized [60,61] so far. Systematic luminescence characterization of Ce**
center in VUV-UV spectral region in YAP and LuYAP hosts was published [P12].
Reassignement of Ce*" 5d energy levels throughout the perovskite family RAIOs (R = Gd,Y,Lu),
where Ce®" resides in a distorted 12-coordinated cubooctahedron, has been made as well [P13]:
Unlike previous intuitive suggestions in literature, calculated energy scheme manifests that two
of the three low-energy levels originate predominantly from the former Eg doublet of an ideal
cuboctahedron while the third level splits off the former T2g triplet. Two upper levels are
predominantly formed by split levels of former T2g. It is worth noting that due to cuboctahedron
distortion some of the resulting energy levels manifest a considerable mixing of contributions
from former Eg and T2g levels. R&D results in the aluminum perovskite family were also few
times reviewed [V1, V2, 62].

Given the speed of scintillation response dominated by the 8 ns decay time [63] additional
effort was devoted to Pr-doped YAP to understand its 2-3 times lower light yield reported earlier
[64]. The scintillation performance of a numerous set of Pr-doped YAP single crystals prepared
by three different technologies including that of Czochralski, Figure 11, was evaluated by
radioluminescence, photoelectron yield and scintillation decay measurements [P14]. The intrinsic
scintillation efficiency (integral of radioluminescence spectrum) of the best Czochralski grown
YAP:Pr reached about 150% of that of YAP:Ce standard sample. However, its photoelectron
yield is only about 80% of that of YAP:Ce standard suggesting the presence of enhanced delayed

radiative recombination processes in YAP:Pr. The discrepancy between scintillation efficiency
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and photoelectron yield was systematically observed in all the Pr-doped samples. TSL
measurements in the 10-350K temperature range manifest that in YAP:Pr the dominant glow
curve peak occurs at a noticeably higher temperature (192 K) with respect to that found in
YAP:Ce (115 K) [P14]. The calculated RT lifetime of the 192 K peak-related trap in YAP:Pr is
about one order of magnitude longer (1 ms) than that related to the 115 K peak in YAP:Ce. It can
be one of the reasons of the decrease of photoelectron yield in YAP:Pr due to an enhanced delay
in the transport stage of scintillation mechanism. However, since the existence of the mentioned
delayed radiative recombination processes in YAP:Pr is due to a defect instead of being an
intrinsic property of this material, the possibilities to further optimize the scintillation

performance of YAP:Pr remain open.

Luo.1Y0.9AP:Pr1% (lower). (courtesy of A. Yoshikawa)

It is also worth mentioning the temperature stability of Pr** center in YAP, with the onset
of thermal quenching above 600 K, see Figure 12. Applying the same criterion for the
temperature of thermal quenching as in the case of Pr-doped LuAG in Section 2.1 we obtain the
temperature of 690 K which is even slightly higher than that in LuAG host (680 K) indicating
comparable or slightly higher thermal stability of Pr and Ce-doped YAP compared to LuAG host.
Consequently, following [33] the Ce and Pr-doped Lu-admixed aluminum perovskites should

show even higher thermal stability compared to simple YAP host.
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Figure 12. Temperature dependence of the photoluminescence decay time of Pr3* 5d-4f emission
in YAP host obtained from a single exponential approximation of the decay.

Finally, an extended correlated electron paramagnetic resonance (EPR) and TSL study of
undoped and several rare earth doped YAP single crystals gave the deep insight into charge
carrier trapping in this material family and its influence on transfer stage of scintillation
mechanism [P15, P16]. In addition to two already known O™ hole centers [65], four other O
centers were identified arising by holes capture from the valence band by oxygen anions. The
centers differ by their thermal stability characterized by thermal activation energy Ea starting
from 0.024 eV (most probably self-trapped hole) up to more than 0.5 eV which makes the most
stable one surviving even at room temperatures for a few days. The holes are most probably
stabilized by an impurity ion at the Y site or a cation vacancy. Electronic-type trapping sites are
assigned to the yttrium antisite ions which become paramagnetic Yar*" centers after trapping an
electron. They are found in four structurally different configurations with a thermal stability
around or higher than 300 K that enables the radiative recombination of thermally liberated holes
with such localized electrons. In two of the centers, the trapped electron is additionally stabilized
by an oxygen vacancy. Yttrium antisite positions in YAP lattice were directly identified by ¥Y

nuclear magnetic-resonance measurements [P16].
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Figure 13. TSL glow curves of Zr-codoped YAP:Ce after X-ray irradiation at room temperature.
Zr concentration in at. ppm is given in the figure.

Agglomeration of a deep electron trap based on oxygen vacancy with Ce*" emission
center and resulting thermally assisted tunneling processes in radiative electron-hole
recombination were also evidenced in YAP and LuYAP hosts by TSL study above room
temperature [66]. Diminished oxygen vacancy and related deep electron trap concentration
evidenced by TSL glow curves above room temperature, see Figure 13, was achieved by the Zr*"
codoping of YAP:Ce single crystals. The mechanism of its functioning is very probably
analogous to that in La** doped PbWOs: the excess positive charge in the cationic sublattice
introduced by the (co)dopant diminishes the anion vacancy creation in the process of crystal
growth, see also [V2, 67]. Though scintillation response could be accelerated up to some extent,
no improvement of light yield was observed [P17].

Selected optical and scintillation characteristics of aluminum perovskite scintillators are provided

in Table 1.

2.3 Ortho and pyrosilicate scintilators
Scintillation characteristics of the Ce**-doped rare earth oxy-orthosilicate, namely Gd2SiOs:Ce
(GSO:Ce) were reported for the first time in 1983 [68] and those of Lu2SiOs:Ce (LSO:Ce) were

introduced in 1992 [69]. Later on they became well known and commercially successful single
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crystal scintillators due to favourable combination of high density, effective atomic number and
fast scintillation response dominated by decay time of several tens of nanoseconds further
completed by mechanical and chemical stability. Their fundamental optical and luminescence
characteristics including Y2Si0s:Ce (YSO:Ce) were provided by Suzuki et al [70] revealing two
Ce’*" emission centres, so called Cel and Ce2, embedded in two sites of the RE*" cation in the
orthosilicate structure, Figure 14, and showing emission bands at about 400-440 nm and 500 nm,
respectively. LSO:Ce crystals, however, identically with LuAG or LuAP-based ones described
above, exhibit an intrinsic background signal of a few hundred Hz/cm® due to the presence of
radioactive isotope '"°Lu, while GSO:Ce or YSO:Ce does not show such a disadvantage.
Consequently, GSO:Ce can be used in low-signal-count-rate applications such as hard
X(gamma)-ray astronomy [71]. Thanks to higher temperature stability of the Cel center in GSO
host, it is widely used in oil well industry and geophysical explorations up to 150 °C at least, even
if its light yield is less than half of that of LSO:Ce due to thermal quenching of Ce2 site above
200 K [70, P18]. On the other hand, optimized LSO:Ce and especially yttrium-admixed
LYSO:Ce (introduced in year 2000 [72]) show the light yield exceeding 30 000 phot/MeV and
are used in the latest generation of scintillation detectors in PET imaging [19]. Large crystals up
to 8 cm in diameter and 20 cm in length have been grown, Figure 15 [73]. Due to an early
excited state ionization of both Cel,2 centers [74, P19], however, they cannot be used in the
applications above room temperature. The Y-admixture, among others, increases the temperature
of the onset of this ionization process for both Cel,2 centers which positively influences
afterglow and day light sensitivity of this Ce-doped orthosilicate scintillators [P20]. Pr**-doped
LSO was also studied [75]: At 80 K the excitation into the lowest 5d1 level around 250 nm results
in the bright and fast structured luminescence band within 260 and 350 nm with 25 ns lifetime.
At room temperature there is a considerable decay time shortening to 6-7 ns accompanied by only
mild emission intensity drop. The effect is explained by an ionization of the relaxed excited 5di
state of Pr’* at room temperature involving an escape of an electron into the conduction band
followed by the delayed radiative recombination with the Pr*" center. Heavy Pr’* center
ionization at room temperature thus excludes the application of LSO:Pr as a fast and efficient
scintillator. Structural, optical, luminescence and scintillation characteristics of these orthosilicate

materials have been recently reviewed [V3].
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Figure 14. The structure of LSO displaying two Lu sites and surrounding SiOas tetrahedra. Three
oxygen ions with cut bonds form OLus tetrahedra and do not participate in Si-O bonds

Figure 15. Crystal of LYSO:Ce, diameter 72 mm, length 155 mm grown in Shanghai Institute of
Ceramics CAS. China. (courtesy of D. Ding)

The solid solution between Ce-doped LSO and GSO hosts, so called LGSO:Ce, was
discovered as an efficient, dense scintillator with the high light yield, fast decay, and weak
afterglow [76-78] In the systematic compositional study the phenomenon of light yield
improvement for intermediate mixed crystal compositions was demonstrated [79] which
frequently appears in scintillator solid solution materials [80]. LGSO may possess monoclinic

P21/c or C2/c structures depending on Lu/Gd ratio in the host. Comparative advantage of
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LGSO:Ce in comparison with LSO:Ce or GSO:Ce in terms of the overall figure-of-merit is most
evident around room temperature [P18].

Recent studies of the LSO:Ce and YSO:Ce scintillators have shown that Ca*" codoping
plays a positive role in their performance [81-83], but the detailed explanation of the underlying
physical mechanism was not proposed. In 2013, a detailed study of the effect of Me?" codoping
in LYSO:Ce was published in which the optical and photoelectron (XANES) spectroscopy
techniques were combined to evidence the presence and explain the role of stable Ce*" center in
the scintillation mechanism [84]. In fact, the charge transfer (CT) absorption characteristics of
Ce*" center in LSO in UV spectral region were revealed already a time ago in LSO:Ce [85] and
found and discussed also as for the Ce*" participation in scintillation mechanism in Ce-doped
silica glass [86]. The absorption fingerprint of stable Ce*" center provides very sensitive tool to
reveal its presence in oxide hosts. In fact, very similar values of the onset of this CT absorption
process in the orthosilicates and above mentioned aluminum garnet structures, see Figure 16,
provide a strong support for such an interpretation. The Me** codoping and annealing in air [87]
stabilize the Ce*" center which positively influences several scintillation characteristics, namely
light yield, speed of scintillation response and afterglow. This center forms new fast radiative
recombination pathway based on the immediate electron capture from the conduction band,
radiative de-excitation of the excited Ce*" center and a hole capture to return to the Ce*" stable
initial state as has been sketched and described for garnet scintillators in Section 2.1 and Figure
9. Such a mechanism works in parallel with the standard one based on the stable Ce*'center.
Consequently, these two centers do not compete with each other when their relative ratio is

optimized which seems to be a critical moment using this tool in material optimization [P3].

1.5 . == LYSO:Ce,Ca
§ —e— LUAG:Ce
L Ce4+ CT
5 '(; \ absorption
_8 \ onset
© \

05
]
=
o
1 1

0 1
200 250 300 350 400
wavelength [nm]

Figure 16. The Ce**-related induced absorption in Ce-doped LYSO and LUAG single crystals,
see also [P3].
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More than a decade ago lutetium pyrosilicate Lu2Si207 (LPS) was also found as potentially
interesting scintillator host [88]. Comparative EPR study of the Ce**-doped LSO and LPS
showed that the Ce ion in LPS structure substitutes for Lu in its single crystallographic site while
in the structure of LSO it is found in both Lu crystallographic sites [89]. The light yield of
LPS:Ce single crystals, which were grown from the melt, can reach the value comparable to that
of LSO:Ce, the dominant scintillation decay time is around 37 ns with no observable afterglow
[88,90]. Furthermore, similarly to LSO:Ce post-growth annealing in air at elevated temperatures
was found efficient in increasing the scintillation efficiency [91]. The lack of afterglow in
LPS:Ce in contrast to its observation in LSO:Ce was correlated with the significantly higher
temperature maxima of TSL glow peaks above room temperature [92].

More recently, Gd2Si207:Ce (GPS:Ce) pyrosilicate has been introduced showing much
higher light output and faster scintillation response compared to GSO:Ce [93]. GPS:Ce shows an
incongruent growth from the melt [94], but heavy Ce-doping (at least 10 mol %) in GPS host
does enable its congruent growth [95]. However, at such a high Ce-concentration, the light output
is significantly reduced because of the self-absorption and concentration quenching. An optimal
cerium concentration in oxide hosts is usually within 0.1 - 1 at. %. The congruent crystal growth
of GPS:Ce is achieved by expansion of average ionic radius in the Gd site resulting from Ce-
doping. At the same coordination number the La*" ion has very similar ionic radius as Ce*" so
that the substitution of La for Ce can also be applied to stabilize the pyrosilicate phase avoiding
unwanted concentration quenching of Ce*" emission. The optical and scintillation properties of
(Ceo.01, Gdo.vo, Lao.0v)2Si207 were reported for the first time by Suzuki et al [96] where these
single crystals were grown by the floating zone method under argon atmosphere. Using Si-
avalanche photodiode detector, excellent values of light output of 41.000 + 1000 photons/MeV
and FWHM energy resolution at 662 keV of 4.4 + 0.1% were achieved [97]. The impact of La
and Sc admixture in GPS:Ce prepared by the top seeded solution growth with SiO: self-flux was

also studied regarding their structure, optical and scintillation properties [98].
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Figure 17. Photo of Ce-doped GPSLa30% single crystal grown by Czochralski technique.
(courtesy of A. Yoshikawa)

In the very recent study [P21] the absorption spectra, photoluminescence spectra as well as
decays, and selected scintillation characteristics were studied for Ce-doped LPS, GPSLa30% and
GPSLa48% single crystals grown by the Czochralski technique, Figure 17. The 4f — 5dx, x =1 —
5, Ce*" absorption bands in GPSLa30% were determined at 338, 320, 294, 242 and 219nm,
respectively. The 5d - 4f emission of Ce** is peaking at 377 nm and 372 nm in LPS and GPSLa
hosts, respectively. The very onset of nanosecond decay times shortening appears around 380 K
(LPS:Ce) and 440 K (both GPSLa30%:Ce and GPSLa48%:Ce) and is due to thermally-induced
excited state ionization. The Ce*" ionization onset favourably occurring well above RT provides
an opportunity to exploit LPS:Ce and particularly GPSLa:Ce in high temperature applications.
Evaluated scintillation efficiency (integral of radioluminescence spectrum) reach about 250 %,
1210 % and 1530 % of that of BGO single crystal standard for LPS:Ce, GPSLa48%:Ce and
GPSLa30%:Ce, respectively. In the latter compound the efficiency is almost doubled with respect
to that of commercial high performance LYSO:Ce,Ca [99]. Afterglow of La admixed gadolinium
pyrosilicates is fairly low and tends to get less intense with increasing La concentration becoming
comparable to that of BGO. Taking further into account about two orders of magnitude lower
intrinsic radioactivity (due to due to '*®La isotope, 0.09% natural abundance, Ti2~10''y)
compared to Lu-based scintillators, the La-admixed GPS:Ce single crystals show a combination
of characteristics highly favourable for medical imaging, oil industry and geophysical
applications.

Selected optical and scintillation characteristics of silicate scintillators are provided in Table 1.

22



Table 1: Optical and scintillation characteristics of selected oxide based scintillators. Dopant
concentration shows a typical value in the crystal. Scintillation decay time of the dominant
component is provided. Shaping times of 1-4 microseconds were used in LY measurements.
Intervals of values reflect those reported in literature and/or measured in the author laboratory
at high quality single crystals available nowadays.

Crystal Density | Band | Ce**(Pr®*) | Ce**(Pr®*)|Ce (Pr)|Scintillation|LY (10°|Energy
(g/cm®) |gap |5d-4f 4f-5d* conc. |decay time|Ph/MeV) res. (%)
(eV) |em. abs./exc | (mol%o) |(ns) @662keV
(nm) (nm)
YAG :Ce 456 |7.5 |550 458 0.2 90-100 28-30  |6-7
LUAG :Ce 6.67 |7.8 |525 448 0.15 |55-65 24-26  |6-7
GGAG:Ce 6.2 6.5- |540 440-450 (0.3 90-170 50-58 4.2-5.2
7.0
LUAG:Pr 6.67 |7.8 |308 284 0.1 20-22 18-20 |4.6-5
LuYAG:Pr |6.2-6.5|7.7 |[310 286 0.1 20-22 27-33  |4.4-6
YAP:Ce 535 |82 365 303 0.2 19-25 22-25  |4.5-5.5
YAP:Pr 5.35 8.2 (247 215 0.1 8-10 6-12 11-13
LYSO:Ce,Ca |7.2 7.2 400 357 0.1 30-35 30-32 |89
(Gd,La)PS:Ce|5.4-5.7 |6.6- |365-370 |338 0.3 45-50 32-36  |5-6
6.8

The defects, their energy level positioning and role in scintillation mechanism of silicate
scintillators have been studied comparatively less compared to garnets and perovskites described
in Sections 2.1 and 2.2, respectively. Shallow trapping states are much less influencing the
scintillation response which follows from absolute comparison of TSL glow curves among Ce-
doped LYSO, YAP and LuAG single crystal samples [P6], see Figure 18, where that of
LYSO:Ce shows 1-2 orders lower intensity compared to others. In fact, no noticeable slower

components were reported in microsecond scale in scintillation decay of LSO:Ce or LYSO:Ce.
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Figure 18. TSL glow curves of YAP:Ce, LUAG:Ce and LYSO:Ce after X-irradiation at 10 K.

Curves can be compared quantitatively. See also [P6].

Instead, the afterglow in LSO:Ce was an issue from the very beginning of its study: Fundamental
studies, aimed at the comprehension of the microscopic physical mechanism governing afterglow
were thus carried out in order to find possible technological solutions. The activation energy of
the process was found to be approximately 1 eV [100]; it is in accordance with the calculated trap
depth of a TSL peak at 375 K so that at room temperature afterglow appears to be due to carrier
detrapping from the trap responsible for this peak followed by radiative recombination at Ce**
luminescent centers. Actually the 375 K peak is the first of a series of as many as 6 peaks
observed in the glow curve above RT, whose spectral emission coincides with Ce*" 5d-4f
transition [100]. Annealing experiments in reducing or oxidizing atmosphere led to the
suggestion that traps could be related to oxygen vacancies [101]. The nature of traps and
mechanism of afterglow phenomena in LSO and LYSO was further addressed by detailed
wavelength resolved TSL measurements above room temperature [P22]. We interpreted the
presence of four glow peaks with the same trap depth, see Figure 19 (upper part), as due to the a
single electron trap located at different distances with respect to recombination centres (Ce*" and
Tb** rare earth dopants); the radiative recombination between electrons and holes occurs through
a thermally stimulated tunnelling mechanism, see Figure 19 (lower part). We identified oxygen
vacancies as the predominant electron trap in LSO and LYSO. The ascription of traps to oxygen
vacancies is based on the very good correlation of O-Lu distances (corresponding to distances

between oxygen vacancies and substitutional rare earth ions) in the monoclinic C2/c structure of
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LSO and LYSO to the frequency factors of the traps which contain the transmission coefficients

of the potential barriers between trap and centres.
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Figure 19 (upper) Trap depths of LSO:Ce and LYSO:Ce evaluated with the initial rise method as
a function of Tsiop temperature. The Tsiwop regions concerning the different glow peaks are marked.
(lower) Schematic diagram illustrating the detrapping-recombination processes in LSO and
LYSO in the case of Ce doping. In blue (continuous lines), thermally assisted tunnelling
recombination; in red (dotted lines), detrapping through the conduction band. See also [P22].
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The nature of trapping centers has been further addressed by the focused EPR experiments
[P23] in the Y2SiOs single crystals x -ray irradiated at different temperatures: The holes created
by irradiation at T < 80 K are firstly self-trapped at Si-unbound oxygen ions forming O
paramagnetic centers. At T > 80 K, the self-trapped holes become thermally delocalized and then
re-trapped at other Si-unbound oxygen ions with perturbing defects (e.g., yttrium vacancies,
accidental impurity ions such as P, Mo ions, substituting for Y** ions, etc.) in their surroundings.
As a result, a variety of O™ centers can be created with the thermal stabilities up to room
temperatures or even higher. Two of such O centers can be ascribed to O" - Vy - Py and O™ - Vy -
Moy complex defects containing an yttrium vacancy Vy near an impurity ion. In particular, the
ESR spectra of all the O™ centers show the hyperfine structure originating from the interaction of
electron spins with the nuclear magnetic moments of neighboring 3°Y nuclei.

Besides the O™ hole centers, x-ray irradiation at T < 60 K creates the electron type center.
From the analysis of the hyperfine structure of its ESR spectrum, we concluded that an electron is
trapped at the Si-unbound O5 vacancy forming thus an F' type center. The trapped electrons are
assumed to be thermally liberated at 75-90 K without an excitation to the conduction band. The
recombination of these electrons with O-type hole centers is accompanied by thermally
stimulated intrinsic visible luminescence.

The identified intrinsic hole and electron centers in YSO structure point to critical
importance of the Si-unbound oxygen site in the process of the hole and electron capture in
oxyorthosilicates. Our EPR results also confirm the presence of the tunneling mechanism in

recombination processes of trapped electrons and holes.

3. General discussion and conclusions

In this thesis a commented review of results from the selected set of papers of the author and his
numerous domestic and foreign collaborators is presented. These results are presented in the
context of R&D activities all over the world in the field of single crystal scintillators based on the
complex oxide compounds, namely the aluminum and multicomponent garnets, aluminum
perovskites and pyro and ortho-silicates. In each material family, presented results provide an
overlook as for the emission properties of the doped fast luminescence centers, namely Ce** and
Pr*" which enable to obtain the dominant part of scintillation response in the time scale of tens-

hundreds of nanoseconds. The problem of trapping charge carriers in the transfer stage of
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scintillator mechanism is also clearly demonstrated which introduces in all the materials delayed
radiative recombination processes responsible for slower components in scintillation decay and
afterglow in time scale of units-tens of microseconds and (longer than) miliseconds, respectively.
Considerable effort has been paid to the study of the defects and traps responsible for these
unwanted phenomena with quite some success in understanding their nature and relation to the
manufacturing technology.

Two modern strategies of the development of novel and/or optimization of existing single
crystal scintillators were demonstrated at a number of examples. So called band gap engineering
approach consists in the essential change of the electronic band structure of the original material,
mostly by alloying it with another component providing a solid solution single crystal material.
This strategy appeared extremely productive in the group of garnet scintillators, where balanced
admixture of Gd and Ga into the structure of classical Y3Als012 or LuzAlsO12 aluminium garnets
gave rise to new ultraefficient multicomponent garnet scintillators with light yield approaching
60 000 phot/MeV though at the expense of their temperature stability due to Ce** excited state
ionization early above room temperature. In orthosilicates the Ce-doped LGSO:Ce scintillator
can be also considered such a case with comparative advantages in scintillator characteristics
around room temperature with respect to both LSO:Ce and GSO:Ce. Also LYSO:Ce is such a
case where admixture of YSO component results in better thermal stability of the Ce** center.
Apart from specific changes in the band structure it seems from already several recent examples
of cation-mixed compound scintillators [80] that atomistically inhomogeneous arrangement of
cations may give rise to local variation of electronic structure of band edges which effectively
limits the out-diffusion of charge carrier from ionization track and consequently increases the
probability of their radiative recombination, i.e. increases the light yield of such a scintillator.
The increase of scintillation efficiency and/or light yield was reported both in the undoped Csl-
CsBr and ZnWO4-MgWOs solid solutions or in the Ce-doped solid solutions of LaBr3-LaCls,
Lu2Si0s5-Y2Si10s, Luz2Si05-Gd2Si0s5 and LuAlO3-Y AlOs. In the most recent case of La-admixed
GPS host, such inhomogenities will arise due to atomistic disorder of La and Gd cations at the
RE3" site of pyrosilicate structure. Due to the fact that La>" energy levels are expected to provide
dominant contribution to the very bottom of conduction band, such an effect is indeed expected.

The second, so called defect engineering strategy has been exploited in a number of cases

throughout all the history of scintillators focusing on optimization of particular parameter(s)
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important in applications by the suppression or creation of specific defect(s). Doping and
codoping by a specific ion often accompanied by post-preparation annealing in a defined (and
often proprietary) atmosphere are used for such a purpose. Within last two decades, e.g. (Ce,F)
codoping in Gd202S:Pr** powder phoshor, La**(Y>") doping of PbWOs4 single crystal and here
described Zr*" codoping of YAP:Ce and especially Me?* codoping (Me = Ca, Mg) in Ce-doped
orthosilicate and garnet single crystals are successful examples of such material optimization. It
is worth noting, however, that these concepts are critically compound-specific and cannot be
simply transferred from one material system to another one. In the commented results, probably
most interesting and unexpected was revealing the role of stable Ce*' center in scintillation
mechanism of Ce-doped garnet single crystal scintilators.

Furthermore, agglomeration of electron traps with Ce’" or Pr’" emission centers was
evidenced in practically all material systems under study and becomes almost a general aspect to
be always considered [102]: space correlation of trap and recombination center enables tunneling
transitions in the radiative electron-hole recombination. It has a significant influence on the
timing characteristics of scintillation response and is therefore of great practical importance.
Theoretical calculations of electronic band structure or defect creation energy can often provide a
guide and indicate possibly promising concepts in such material studies.

It was also the aim of this thesis to demostrate the complexity of R&D of scintillator materials.
In fact, it is typical material science field where close collaboration among experts in technology,
chemistry, physics and further considering the end-user requirements is truly a must. In several
examples above e.g. the correlated use of several experimental techniques from optical and
magnetic spectroscopies enabled deep understanding of atomistic aspects of scintillation
mechanism, the nature of point defects and related traps and their role in the processes of energy
transfer and capture in the host lattice. Such fundamental knowledge is then of great importance

in further development and optimization of a particular material system.
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