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ABSTRACT

Ce doped Gd3Ga3Al2012 [gadolinium gallium aluminium oxides] is
considered as a promising candidate for the next generation Positron Emission
Tomography material due to its high light yield in theory. This dissertation is
focused on studying the Gd3Ga3Al2012:Ce crystals by codoping, aiming to
improve the light yield and decay time experimentally and understand the
underlying mechanism.

The work starts from prescreening appropriate codopants for
Gd3Ga3Al2012:Ce crystals. A cost-effective method is developed to predict the
performance of the single crystals by characterizing the radioluminescence
intensity and photoluminescence decay of the small polycrystalline pellets. This
method is demonstrated by showing that the results from pellets and crystals are
sufficiently similar. Based on the prescreening, crystals codoped with B, Ba and
Ca are selected for growth and further study on the scintillation properties, optical
properties, and charge traps. B and Ba codoping increase the light yield from
47,000 to ~ 53,000 photons per megaelectron volt, whereas Ca codoping
reduces the scintillation decay time from 51 to 43 nanoseconds, and suppresses
the shallow traps hence improves the afterglow.

The properties of Ca codoped crystals show strong dependence on the
concentration of Ca. The relationship between Ca concentration and the
optical/scintillation properties is explored. The Ce valence state and F+ [F plus]

center are first studied by annealing in the Ca codoped crystals. As Ca



concentration increases, both light yield and decay time decrease, which can be
understood by considering a Ce4+ [tetravalent cerium] emission model. Ca
promotes the transition of Ce valence state from Ce3+ [trivalent cerium] to Ce4+
and introduces an F+ center, both of which can be affected by annealing. A redox
mechanism and a charge compensation process are proposed to explain the
change in Ce valence state and F+ center.

An innovative method was invented to create an intrinsic self-reflective
layer serving as an alternative to the traditional external reflector used in
radiation detectors. The intrinsic self-reflector is a white layer formed on
Gd3Ga3Al2012 crystals after annealing in a reducing atmosphere, and shows
excellent performance in terms of maximizing photon collection thanks to its high

reflectivity (92%).

Vi
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Chapter 1 INTRODUCTION



Scintillator

A scintillator is a material that exhibits luminescence after absorbing
ionizing radiation. It transforms incident ionizing radiation into visible light with
high efficiency [1]. The resulting visible light can be detected by a photomultiplier
tube or photodiode that ultimately results in an electrical signal that is
representative of the incident quanta absorbed in the scintillator [2], as shown in
Figure 1.1. Scintillator was first used by Sir William Crooks in the device screen
in 1903 [3, 4]. The scintillations produced by a ZnS screen were visible to the
naked eye if viewed by a microscope in a darkened room; the device was known
as a spinthariscope. This technique led to a number of important discoveries but
was obviously impractical. Scintillators started to gain additional attention in
1944, when Curran and Baker replaced the naked eye measurement with a
newly developed photomultiplier (PMT). This was the birth of the modern
scintillation detector [5].

Scintillation detectors are widely used in neutron and high energy particle
physics experiments, new energy resource exploration, X-ray security, nuclear
cameras, computed tomography and gas exploration. Additional applications of
scintillators include computer tomography (CT) scanners and positron emission
tomography (PET) in medical diagnostics, and screens in older style cathode ray
tube (CRT) computer monitors and television sets [1]. Scintillators can be
categorized into organic and inorganic scintillators. Among the inorganic

scintillators, they can be further divided into oxide, metal halides, ceramic, glass
2



and gas scintillators [1].

... Light -
Radiation Photomultiplier Tube

|
.‘ ) Measuring
\VAVAVA g* * | Device
Crystal I
Photocathode Anode

Figure 1.1. Basic configuration of a scintillator-based radiation detector.

An ideal scintillator should possess many desired properties, such as high
density, fast operation speed, low cost, radiation hardness, production capability
and durability of operational parameters. Additional properties are also desired
for a good detector scintillator are [1]: 1) a high gamma output (i.e., a high
efficiency for converting the energy of incident radiation into scintillation photons);
2) transparency to its own scintillation light (for good light collection); 3) a high
stopping power; 4) good linearity over a wide range of energy; 5) a short rise time
for fast timing applications (e.g., coincidence measurements); 6) a short decay
time to reduce detector dead-time and accommodate high event rates, 7)
appropriate emission range matching the spectral sensitivity of existing PMTs; 8)
an index of refraction near that of glass (=1.5) (to allow optimum coupling to the

PMT window); 9) capability to operate at room temperature without quenching.

3



However, the practical choice of a scintillator material is usually a compromise
among those properties to best fit a given application. Generally, organic
scintillators have fast decay time but low light yield. The inorganic scintillator
could have high light yield but sometimes slow response time. The inorganic
scintillators with high atomic number and high density are widely used for
gamma-ray spectroscopy, whereas the organics are preferred for beta
spectroscopy and fast neutron detection because of their large cross-section

area for neutron [1].

Scintillation process in inorganic scintillator

A scintillator can be described as an insulator material with band gaps in
the order of few electron volts (eV). The scintillation mechanism starts with the
initial ionizing radiation interacting with the crystal and emitting a primary electron
via photoelectric absorption, Compton scattering and pair production [1]. In the
following stage, the electron-electron relaxation produces numerous secondary
electrons, photons and plasma; subsequently electron-hole pairs form due to the
thermalization of secondary electrons; then the energy transition occurs from
electron-hole pairs to luminescence center [1]. Finally, the emission of detective
photons is produced by the relaxation of luminescence centers, which is the
result of electron-hole recombination in an activator site [1, 6]. Figure 1.2 shows

the scintillation processes in the inorganic crystals [7].
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Figure 1.2. Scintillation processed in inorganic crystals [7].

Most inorganic scintillators are grown using well-known single crystal
growth techniques such as the Bridgman or Czochralski methods. They can be
divided into two categories: intrinsic scintillator and activated scintillator.

The intrinsic scintillators emit light from a constituent related defect. They are
divided into four types [1, 6, 8]: 1) self-trapped: hole and electron combine to
form a self-trapped exciton that radiates (e.g., Nal, Csl, BaF,); 2) self-activated:
luminescence ion is a major constituent of the crystal (e.g., BisGez0O12, CeBrs); 3)
charge exchange: ionization electron on the cation combines with a hole on the
anion (e.g., CaWOQ,, PbWOy); 4) core-valence: valence electron drops into hole

in upper core band (e.g., BaFy).



Activated scintillators emit light from an introduced luminescence center,
usually a rare earth dopant. Such process includes 1) luminescent ion promptly
captures electron/hole, hole/electron diffuses to form an excited state (e.g.,
Csl:Tl, LuySiOs:Ce); 2) hole and electron combine to form a self-trapped exciton
that transfers its energy to a luminescent ion (e.g., LaBrs:Ce) [1, 6, 8].

The work here focuses on the garnet type (A3Bs042) of scintillators, which
utilizes the highly efficient 4f-5d transitions in Ce®" luminescence center, in the

single crystal inorganic family.

ce®* luminescence center

Generally, Ce**, Eu** and Pr** are used as activators in the inorganic
scintillators, based on the specific application of scintillators. The luminescence
transition in Ce®* is 5d (°D)-4f (°F). Its transition energy is the lowest among the
lanthanide ions, but the energy gap from the 5d, states to the nearest 4f state is
so large that the 5d level serves as an efficient light-emitting state [9]. It is well
known that the 4f ground state of Ce®* is split into two energy levels, *Fs; and
%F;5, due to spin—orbit coupling, and lead to a double-peak structure due to the
two terminating levels of the 4f configuration of Ce®* [9]. The decay time of the
Ce** emission is ~ 10-50 ns [10], the shortest one observed in lanthanide ions.

Figure 1.3 shows a typical energy level of the Ce>* luminescence center [9].
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Figure 1.3. Energy level of Ce®*" luminescence center [9].

Properties of common inorganic oxides scintillators

Table 1.1 [11,12] shows the properties of some common inorganic oxides
scintillators. Their density and effective atomic number are relative high. Light
yield and decay time are in the order of several thousand and nanoseconds
respectively. The emission light is in the visible light range. Those properties

result in the wide applications as sicintillation detectors.



Table 1.1 Properties of common inorganic oxides scintillators [11, 12]

Ce

Name Formula Density Zeff Light Primary Emissio
(g/mm?) yield Decay n (nm)
(ph/MeV) time (ns)
LSO:Ce LuoSiOs:Ce 7.40 66 35,000 32 420
GSO:Ce Gd,SiOs:Ce 6.71 59 20,000 60 440
LPS:Ce Lu,Si;O7:Ce 6.2 64 23,000 30 380
GPS:Ce Gd,Si207:Ce 5.5 58 30,000 46 380
BGO BisGesO12 713 74 8,000 300 480
YAP:Ce YAIO3:Ce 5.35 34 20,000 24 365
LUuYAG:Pr Luz2s5Y 75Als012  6.20 60 33,000 20 310
:Ce
GGAG:Ce GdzGazAl,012: 6.5 54 47,000 51 540

A;3Bs501; garnets structure

The garnet crystal structure has been extensively studied after the first

determination of it in 1926. In General, garnet crystals have a cubic structure and

the space group is /a3d. In a unit cell, there are eight molecules with the

stoichiometric formula {A3}[B2](C3)O12, where {}, [] and () denote dodecahedral,

octahedral and tetrahedral coordination respectively, as shown in Figure 1.4

[13,14].
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{A}-site: Dodecahedral
[B]-site: Octahedral

Figure 1.4. Structure of A3sB5012 garnets in /a3d space group [13,14].

Ce doped Y3Als012 (YAG:Ce) is a widely used phosphor. It emits yellow
light when subjected to ultraviolet light, gamma ray or X-ray [15]. So it can be
used in white light-emitting diodes, PET scanners, high-energy gamma radiation
charged particle detectors, and high-resolution imaging screens for gamma, X-
ray, and ultraviolet radiation [15]. YAG is a synthetic crystalline material of the
garnet group. It is also one of the three phases of the yttrium-aluminum
composite, the other two being yttrium aluminum monoclinic (YAM, Y4Al>Og) and
yttrium aluminum perovskite (YAP, YAIO3) [16]. The phase diagram of the Y,03-
Al;O3 garnet is shown in Figure 1.5 [17]. Other garnets with the same structure

show the similar phase diagram.
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Figure 1.5. The garnet phase diagram of the Y,03-Al,O3 system [16].

The current progress of R3(Ga,Al)s012 (R = Gd, Lu, Y or mix of them) single

crystals

Ce activated garnets are excellent scintillation detectors due to their
achievement of combining stopping power, decay time, light yield and non-
hygroscopicity [18]. Ce doped yttrium/lutetium aluminum garnets are particularly
interesting in view of its maximum theoretical light yield (LY) in the order of
60,000 phs/MeV based on Bartram-Lempicki theory [19], a relatively high density
of 6.7 g/cm®, and a fast scintillation response of about 60-80 ns. However, the
measured LY values are much lower (12,000-25,000 phs/MeV) due to the

intrinsic defects such as Lup antisite defects and vacancies [20, 21]. Many
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approaches were undertaken to improve the LY. It has been reported that the
energy trapping effects were diminished and hence the LY was increased by
adding 20 at% Ga into the Luz(AlGa)sO+2:Ce crystals [22]. However, higher Ga
concentration in these crystals will rapidly decreased the LY due to the proximity
of the 5d; excited state of Ce®" to the bottom of the conduction band [22, 23].
Based on a ‘band gap engineering’ strategy (Figure 1.6) for favorable low 5d
ce* level positioning, the most remarkable improvements were achieved by
Kamada et al. [24] via substituting Y/Lu with Gd and admixing Ga with Al in
(Lu,Y)3AlsO42 single crystals. They reported the highest LY value (~ 45,000
ph/MeV) in the Gd3AlzGa,0O+2:Ce crystal and the shortest decay time (~ 53 ns) in

the GdsAl,Gaz012:Ce crystal grown by the micro pulling down method [24].

Shallow
electron trap
cB — ~— l With Ga
- concentration
With Gd With Ga

concentration concentration

4f

VB

Ced*

Figure 1.6. Energy level scheme related to the (RE1.,Gdy)3(GaxAls.x)sO12 material
design [24]. VB and CB are abbreviations of valence and conduction bands,
respectively.
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Purposes and organization of this dissertation

The medical imaging equipment in the last few decades requires inorganic
scintillators with outstanding scintillation performance. In particular, a high light
yield allows a reduced irradiation dose received by the patients during medical
application but a more accurate diagnostic. A fast decay time allows a good
coincidence resolving time, which improves the events statistics [1]. The
scintillator used in PET has seen transition in the early 2000s from BGO to
LSO:Ce and LYSO:Ce single crystals, due to their good LY (~ 35,000 ph/MeV),
fast scintillation decay time (~ 32 ns) and high stopping power resulting from their
high density (7.4 g/cm®) and effective atomic number (66) [26]. As mentioned
above, Ce doped GGAG single crystal has emerged as a strong candidate for
the next generation PET scintillator due to its advantageous LY (~ 46,000
ph/MeV) over LSO, despite the longer decay time (~ 92 ns) [24, 25, 27]. Given
that, improving the decay time and LY of GGAG is clearly of interest.

Prior work by our group has demonstrated that it is possible to modify the
scintillation properties of LSO:Ce, YSO:Ce, GSO:Ce by codoping with other
dopants [25, 28, 29]. Therefore, the work presented in this dissertation is focused
on studying the GGAG:Ce crystals by codoping, aiming to improve the LY and
decay time and understand the underlying mechanism.

The work starts from prescreening the appropriate codopants for
GGAG:Ce. However, it is not practical to test every possible codopant candidate

by growing single crystals, given the cost and time investment required for CZ

12



growth. A cost-effective method was developed to predict the performance of the
single crystals by characterizing the radioluminescence (RL) intensity and
photoluminescence (PL) decay of the small polycrystalline pellets. Chapter 2
demonstrates that the performance of the crystals is as predicted by presenting
the scintillation properties (LY, decay time, etc.) of the crystals, using the
example of Ca, B and Ba codoping, which all results in modified properties of the
pellets.

Besides the scintillation properties studied in Chapter 2, there are several
other important properties. The optical properties (absorbance, PL, RL, etc.) give
information about dopant energy level in the scintillator material host. Good
thermal stability is required for scintillators used in the high temperature
atmosphere. Weak afterglow is desired for medical imaging applications, such as
CT and high-speed imaging in which the existence of afterglow causes the pulse
pileup problem. Afterglow is caused by impurities or defects which create traps or
metastable states with long lifetime. Therefore the traps structure is also
necessary to be investigated in the form of thermoluminescence. All the
aforementioned properties were characterized and discussed in Chapter 3 for
Ca, B and Ba codoped crystals.

The properties of Ca codoped crystals show strong dependence on the
concentration of Ca. Therefore the scintillation properties, optical properties,
afterglow and traps were further investigated as a function of Ca concentration,

which comprises the main subject of Chapter 4.
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During studying the effect of Ca concentration in Chapter 4, there are two
noticeably interesting phenomenon: a) GGAG crystal with the highest Ca
concentration shows different color (rust) from the other samples (yellow), and b)
an additional luminescence center shows up in the Ca codoped sample.
Motivated by a), the change of Ce valence state was investigated as a function of
Ca concentration. The origin of this new center was also fully understood with the
help of a series of annealing experiments. The discoveries for this part are
presented in Chapter 5.

As a byproduct of the codoping work, a technique was invented to create
an intrinsic self-reflective layer serving as an alternative to the traditional external
reflector used in radiation detectors. The intrinsic self-reflector is a white layer
formed after annealing in a reducing atmosphere. In Chapter 6, the detailed
process to form this reflector is introduced, and the composition, reflectivity and

reflector performance are characterized.
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GGAG:CE SINGLE CRYSTALS

18



A version of this chapter by Fang Meng was accepted and published by a peer-
reviewed journal. The full citation is as following: F. Meng, M. Koschan, C. L.
Melcher and P. Cohen, “Sintered pellets: a simple and cost effective method to
predict the performance of GGAG:Ce single crystals", Materials Science and

Enginerring B 193 (2015): 20-26.

This chapter is the reformatted version of the original work submitted to the
referenced journal. No additional changes to the content of the original article

were done other than formatting to conform to the dissertation format.

Abstract

Polycrystalline Gds;GaszAl,012:Ce  (GGAG:Ce) pellets with various
codopants were prepared via solid- state synthesis and characterized by X-ray
diffraction, radioluminescence (RL), photoluminescence (PL), reflectivity and PL
decay measurements. GGAG:Ce pellets codoped with B and Ba were found to
have higher RL intensity than pellets with other codopants, while Ca codoping
improved the decay time but reduced the RL intensity. These results were
strongly correlated with the performance of these codopants in GGAG:Ce single
crystals. The light yield of the single crystals codoped with B or Ba was ~ 15%
higher than the light yield of the GGAG:Ce crystal without codoping, while Ca
codoping in single crystals resulted in lower light yield but shorter scintillation

decay time (43 ns vs. 56 ns). The consistent performance of these codopants in
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both matrix forms indicates that sintering pellets may be used as a simple cost
effective technique to evaluate compositions for likely single crystal scintillator

performance.

Introduction

Inorganic oxide single crystals activated as Ce®" are promising scintillator
candidates which can be used to detect high energy photons and particles in
medical imaging equipment, high-energy and nuclear physics detectors, and X-
ray security systems [1]. For example, Ce doped lutetium oxyorthosilicate (LSO)
has been widely used in medical imaging detectors since the late 1990s due to
its relatively high light yield (~ 30,000 ph/MeV) and fast decay time (~ 40 ns) [2].
Ce3+ doped gadolinium—gallium—aluminum garnet crystals have recently
attracted much attention due to their good mechanical and chemical stability,
high density (6.67 g/cma), high light yield and short decay time [3,4]. It is well
known that the luminescence properties of Ce®* doped garnet materials originate
from the 4f-5d radiative transition [5,6]. At present, Gd;GasAl,042:Ce (GGAG:Ce)
scintillation crystals for research have been mainly grown by the Czochralski
(CZ) and micro-pulling down methods. Kamada [7,8] and his co-workers focused
on the growth of REz-,GdyGasAls-xO12:Ce crystals with higher light yield by
adjusting the ratio of Ga/Al, Gd/RE and the concentration of Ce. They reported
light yield as high as ~ 45,000 ph/MeV and decay time as short as ~ 53 ns in a
series of GGAG crystals grown by the micro- pulling down method when the ratio

of Ga/Al is equal to 2 or 3 [8]. The GGAG crystals grown by the CZ method and
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doped with 1 at% Ce had higher light yield (~ 46,000 ph/MeV) than that of the
crystals doped with 2 at% or 3 at% Ce, while the decay time becomes longer (~
92 ns) [9]. Kang [10] reported the luminescence intensity could be markedly
increased by adding B3+ as the codopant in GGAG:Ce phosphors. Prior work by
our group has demonstrated that it is possible to modify the scintillation
properties of LSO:Ce, YSO:Ce, GSO:Ce and GGAG:Ce by codoping with other
dopants [11-14]. However, it is not practical to test every possible dopant
candidate by growing single crystals, given the cost and time investment required
for CZ growth, and therefore a cost-effective method to select the most promising
dopant candidates based on the radioluminescence (RL) intensity and
photoluminescence (PL) decay of small polycrystalline GGAG:Ce pellets is

presented here.

Materials and methods

GGAG:Ce pellets codoped with B, Ca, Ba Mg, Sr, Zr, Fe, Bi, Zn, Ag, Nb,
Cu, K and Na were prepared by solid-state synthesis and characterized by PL,
RL, reflectivity and PL decay measurements. PL and RL measurements provide
the information regarding the dopant energy level position. Due to the opacity of
the pellets, transmission measurements were not available, and therefore
reflectivity measurements were used to determine the wavelength of the
absorbance bands. RL intensity and PL decay of the pellets were used to predict
the light yield and scintillation decay of single crystals. The codopants B*" and

Ba?* were selected for crystal growth experiments due to their higher RL intensity
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and Ca?* was selected due to its faster PL decay.

Pellets preparation

The raw material used including Gd;03 (99.9995%), Ga03 (99.999%),
Al2O3 (99.997%) and CeO; (99.99%) powders, with codopants provided by
H3BO3;, CaO, BaCOs;, MgO, SrO, ZrO,, Fe;0s, Bi,O3, ZnO, Ag,0, Nb,Os, CuO,
K2CO3, and Na,COs. The cerium dopant and various codopants were mixed
stoichiometrically according to the formula (Gdi-y-.CeyR;)s GazAl,O1 (y=z=
0.5%) where R designates the codopants. Thus, the concentration of the dopant
and all codopants is 0.5 at% with respect to gadolinium. In cases where the
codopant starting material was a carbonate, it was assumed that the carbon was
removed as gaseous CO or CO,. The powders were ball milled for 5 min in a
SPEX 8000M mixer before being pressed into pellets in a Carver 4350.L press.
The pellets were then sintered twice in an air atmosphere in a tube furnace at
1500 "C for 10 h each time in an air atmosphere. The color of the pellets changed

from white to yellow after sintering, as shown in Figure 2.1, indicating that a

reaction has occurred.

Figure 2.1. GGAG pellets before (a) and after (b) sintering at 1500 °C for 10
hours.
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Crystal growth procedure

All GGAG crystals in this study were grown via the CZ method in the
iridium crucible in a Cyberstar Oxypuller 05-03 growth station. All were doped
with 0.2 atomic percent Ce. One set was grown with 0.2 at % of the codopants B,
Ca, Ba; another set was grown with 0.4 at % B and Ba. In all cases the
concentrations given are those of the initial starting melt; the concentration in the
finished crystal will differ due to segregation at the solid-liquid interface during
growth. The Gd,03, Ga,03, Al,O3 and CeO; used as the starting materials were
at least 99.99% pure. In each crystal, an excess of 3% Ga,O3; was added to the
melt to account for the loss of Ga due to the vaporization caused by instability of
this element at the melt temperature [15]. The growth atmosphere was flowing
nitrogen with a small fraction of a percent oxygen. One mm thick polished wafers
and 5 x 5 x 5 mm® cubes were cut from the boules for measurements; these
samples were taken from similar positions in each boule to ensure consistent

cerium concentrations. A representative GGAG:Ce crystal boule and wafer are

shown in Figure 2.2.

Figure 2.2. (a) Photographs of GGAG:Ce crystals grown by CZ method and (b)
~1mm thick polished wafer.
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Characterizations

The X-ray diffraction measurements were performed on finely powdered
single crystal and sintered pellet samples using a Bruker Axs D2 Phaser
instrument. The reflectivity and transmittance (absorbance) spectra were
measured with a Varian Cary 5000 spectrophotometer. The RL spectra were
obtained at room temperature under X-ray radiation at 35 kV and 0.1 mA using
an ACTON SP-2155 monochromator. The PL spectra were acquired with a
Hitachi F-4500 fluorescence spectrophotometer equipped with Xe lamp. The PL
decay time was measured with a HORIBA Jobin Yvon Fluorolog-3
spectrofluorometer using a time-correlated single photon counting module, where
Nano LEDs (pulsed light-emitting diodes) were used as the excitation source.
The scintillation decay time profile was measured using the Bollinger-Thomas
time-correlated single photon technique with a '*’Cs gamma-ray source. The
absolute light output was measured using a 10 uCi "*’Cs gamma-ray source, a
Hamamatsu R2059 PMT with known quantum efficiency, a 3 pys shaping time,

and a hemispherical Spectralon reflector to enhance the light collection.

Results and discussion

The effect of codoping on PL, RL, reflectivity and PL decay of GGAG pellets

PL, RL, reflectivity spectra and PL decay of GGAG:Ce pellets with

different codopants are shown in Figure 2.3, Figure 2.4, Figure 2.5 and Figure
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2.6 respectively. The excitation peaks around 345 nm and 445 nm shown in
Figure 2.3 are due to the Ce 4f-5d; and 4f-5d, transitions and the emission peak
around 540 nm shown in Figure 2.4 is due to the Ce 5d-4f transition [16]. For all
codopants, the excitation peak intensity at 445 nm is much stronger than that of
the peak at 345 nm. Similarly, the reflectivity spectra indicate absorption bands
between 300 and 400 nm and between 400 and 500 nm as shown in Figure 2.5;
the 300 - 400 nm band is less pronounced than the 400 - 500 nm band.
Furthermore, the 300 - 400 nm absorption band for Ca codoping is stronger than
the other codopants, as shown in the inset in Figure 2.5, suggesting that the Ce
4f-5d, transition is suppressed by Ca, which is consistant with the fact that the
lowest intensity of the excitation peak at 345 nm is observed in the pellets with
Ca codoping (Figure 2.3). In Figure 2.4, the highest RL intensity is given by B
and Ba codoping while the lowest RL intensity is found with Ca codoping. This is
consistent with the previous finding that the trivalent B assists the synthesis of
GGAG:Ce powder phosphor, as evidenced by the increased luminescence
intensity for the sample with additional B doping compared to the counterpart
doped with Ce only, under the excitation of 470 nm photons [10]. The increased
RL intensity in GGAG:Ce pellets may be due to the enhancement of crystallinity
of phosphor with more B addition, suggested by XRD spectra [10]. Additionally,
the increased RL intensity by Ba addition are possibly due to the reduced defects
and/or the modified lattice parameters, as suggested by Kang [17] in the Ba

codoped Zn,SiO4:Mn ceramic particles and by Liao [18] in Ba codoped YVO4:Eu
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phosphor. Among all codopants tested, the fastest PL decay was achieved in the
pellets with Ca codoping, as shown in Figure 2.6. The PL decay was measured

under 345 nm excitation and emission at 540 nm.

The effect of concentration of codopants B and Ca in PL, RL, Reflectivity

and PL decay of GGAG pellets

The concentration dependence of the PL, RL, reflectivity spectra and PL
decay of Ca and B codoped GGAG pellets are shown in Figure 2.7, Figure 2.8,
Figure 2.9 and Figure 2.10 respectively. The concentration of codopants B and
Ca varies from 0 to 2.5 at % with respect to the Gd rare earth. The PL results
shown in Figure 2.7 demonstrate that the Ce 4f-5d, transition in terms of the
excitation peak at 345 nm can be further suppressed as the concentration of Ca
increases while it is not affected by the concentration of B. In Figure 2.8b, the RL
intensity increases as the concentration of B increases. In contrast, the trend is
reversed for Ca (Figure 2.8a). The concentration of the codopants has no
significant influence on the reflectivity spectra of both Ca and B codoped pellets,
as shown in Figure 2.9. However, in comparison to B codoped pellets, all of the
Ca codoped pellets show obscure absorption band in the reflectivity spectra
between 300 and 400 nm. The PL decay time (Figure 2.10) is reduced as the
concentration of Ca increases, while no significant dependence on the
concentration of B was observed. Furthermore, the concentration of the

codopants does not affect the reflectivity, excitation or emission peak positions.
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Figure 2.3. PL spectra of GGAG: Ce pellets with different codopants.
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Figure 2.4. RL spectra of GGAG: Ce pellets with different codopants.
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Figure 2.8. Concentration dependence of the RL spectra of Ca and B codoped
GGAG pellets.
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Scintillation properties of GGAG crystals

The pulse height spectra and scintillation decay of the single crystals
grown by the CZ method with different dopants under '*’Cs exposure are shown
in Figure 2.11. Absolute light yield values based on the pulse height spectra of all
samples are calculated and shown in Table 2.1. Compared to Ce only doped
GGAG crystal, 0.2 at % B and Ba codoping increases the light yield by
approximately 14.6% and 13.5%. However, doubling the concentration of B and
Ba (from 0.2 at % to 0.4 at %) only further increases the light yield by 0.2% and
0.5%, respectively. In contrast, 0.2 at % Ca codoping reduces the light yield by
20.4%. The decay time value was also shown in Table 2.1. They were extracted
by fitting Figure 2.11b with a double exponential decay model. The first
component comes from de-excitation of the 5d state to the 4f state of Ce**
center, while the slower second component can be attributed to energy transfer
from Gd*" to Ce®" as reported in other Gd based scintillators [14, 19]. The ratios
for the fast decay and the slow decay are also presented. Ca codoping shortens
the scintillation decay time in the single crystal GGAG, while the light yield is
reduced. The above scintillation properties of the crystals are consistent with the
high RL intensity in the pellets with B and Ba codoping and the fast PL decay and
low RL intensity in the pellets with Ca codoping. The highest light yield (~ 53,300
and 52,800 ph/MeV) is achieved in B and Ba codoped crystals. On the other
hand, the Ca codoped crystal has the shortest scintillation decay time (~ 43 ns)

as a major component in the double exponential decay. Compared to other
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approaches to improve the scintillation properties of GGAG:Ce single crystals,
such as varying Ce concentration [9] and the ratio of Ga/Al [8], we have achieved

the highest light yield and shortest decay time by codoping.
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Figure 2.11. Relative light yield, scintillation decay time of GGAG crystals with
different dopants.

Table 2.1 Light yield and scintillation decay time of GGAG crystals with
different codopants.

Composition LY (ph/MeV)  Fast decay Slow decay
time (ns) time (ns)
GGAG: 0.2% Ce 46,500 51 (73 %) 381 (27 %)
GGAG: 0.2% Ce, 0.2% Ca 37, 000 43 (75 %) 144 (25 %)
GGAG: 0.2% Ce, 0.2% B 53,300 51 (69 %) 388 (31 %)
GGAG: 0.2% Ce, 0.4% B 53,400 56 (66 %) 464 (34 %)
GGAG:0.2% Ce, 0.2% Ba 52,800 57 (59 %) 468 (41 %)
GGAG: 0.2% Ce, 0.4% Ba 53,000 56 (59 %) 438 (41 %)

32



Comparison between GGAG crystals and corresponding pellets

It was found that the pellets and crystals share several similar structural
and optical properties. In Figure 2.12, a comparison of the GGAG single crystal
and pellet XRD spectra show that both the synthesized pellet and the single
crystal have a single cubic garnet phase, which agrees well with the GGAG
reference pattern in Pearson’s Crystal Data (No 1627563) and Kamada’s results
[8]. The XRD data did not show any evidence of any phase other than the major
GGAG garnet phase, and there was no noticeable change in the XRD peak
intensity or position for the pellets and crystals with different codopants. This is
expected since the codopant concentration is very small (0.5 at % in pellets and
0.2 at % in crystals). Similarly, Kang [10] observed no evidence of other phase in
the XRD and only minor peak intensity changes in the GGAG:Ce codoped with
much higher concentration of B. The comparison of the normalized RL and PL
spectra between the single crystals and the pellets with the same dopants are
shown in Figure 2.13 and Figure 2.14 respectively. The peaks in both spectra
appear at nearly the same positions. While it is not possible to measure the
absorbance or transmittance of the opaque pellets, our results demonstrate that
the reflectivity of the pellets is strongly correlated with the absorbance or
transmittance of the single crystals, as seen in Figure 2.15. The peak that
appears at 445 nm in the transmittance spectra of the crystal is consistent with
that in the reflectivity spectra of the pellets. The suppression of the Ce 4f-5d,

transition is also observed in the crystal codoped with Ca as evidenced by the
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less pronounced peak around 345 nm in transmittance spectra (Figure 2.15b).
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Figure 2.12. Powder X-ray diffraction comparison between GGAG pellets and

crystals.
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The RL intensity and PL decay time of the pellets are strongly correlated
with the light yield and scintillation decay time of the crystals. B and Ba codoping
increase the RL intensity in the GGAG:Ce pellets (Figure 2.4), which is
consistent with the higher light yield in B and Ba codoped GGAG:Ce crystals,
while Ca codoping shortens the PL decay time (Figure 2.6) in the pellets and
reduces the scintillation decay time in the corresponding crystals (Table 2.1).
Based on the above similarities between the pellets and the crystals, which are
summarized in Table 2.2, one can use the pellets to assess the probable optical

and scintillation properties of single crystals of the same composition.
Conclusion

We have found that 0.5 at % B and Ba codoping help to increase the RL
intensity in the GGAG:Ce pellets, which is consistent with the improved light yield
(~ 53,000 ph/MeV) in 0.2 at % B and Ba codoped GGAG:Ce crystals, higher than
the ~ 46,500 ph/MeV in Ce-only doped GGAG crystals. On the other hand, 0.2 at
% Ca codoping reduces the scintillation decay time from 51 ns (Ce-only doped
GGAG crystal) to 43 ns, which is in agreement with the shortened PL decay time
in 0.5 at % Ca codoped GGAG:Ce pellets. The results from pellets and crystals
are sufficiently similar for one to use pellets as an inexpensive and quick way to
evaluate compositions prior to undertaking the time and expense involved in
single crystal growth. This idea has been demonstrated in GGAG in this paper,
and may also be extended to other scintillator materials whose scintillation

properties could be improved by codoping.
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Table 2.2 The comparison of the correlated properties between the pellets
and the corresponding crystals. 10 and t0 are taken as the RL intensity and
the PL decay time of the Ce-only doped GGAG pellet.

Pellets (0.5 at % for all dopant and

Crystals (0.2 at % for all dopant and

codopants) codopants)

. Ce, Ce, Ce, . Ce, Ce, Ce,
Properties Ce B Ba Ca Properties Ce B Ba Ca
XRD garnet phase XRD garnet phase
Pés‘i’tfoank excitation: 345, 445 Pés‘i’tfoank excitation: 345, 445
E)nm) emission: 540 E)nm) emission: 540
RL peak RL peak
position 540 position 540
(nm) (nm)

Reflectivit Transmitt

y 345 34 ance

345, 5, 345, 345, 345,

peak 445 44 445 peak 445 445 445

position 445 5 position

(nm) (nm)

RL | > > < Lightyield 46,5 53,3 52,8 37,

intensity 0 o ° (ph/MeV) 00 00 00 000
Scintillatio

PL decay N ~ n

time to to to <tp decay 51 51 57 43
time (ns)
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Chapter 3 EFFECT OF CODOPING ON THE LUMINESCENCE

CENTERS AND CHARGE TRAPS IN GGAG:CE CRYSTALS
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referenced journal. No additional changes to the content of the original article

were done other than formatting to conform to the dissertation format.

Abstract

Single crystals of Gds;GasAl,012 (GGAG) doped with 0.2 at % Ce and
codoped with Ca, B, or Ba (in all cases 0.2 at % with respect to the rare earth in
the melt) were grown by the Czochralski technique. The effect of codoping on Ce
luminescence centers was investigated via photoluminescence (PL),
radioluminescence (RL), and temperature dependent PL decay measurements in
the range of 40K-550K. Excitation bands were observed in PL spectra at 345 and
445 nm due to the 4f-5d transition of Ce>* ions. An emission band in PL spectra
was observed at 550 nm, which was consistent with the RL spectra. Ca codoped
scintillator introduced an additional F* luminescence center with the excitation at
345 nm and emission at 400 nm. In addition, Ca codoping significantly
suppressed the higher energy excitation band at 345 nm, while B and Ba
codoping slightly increased this band relative to the 445 nm band. The RL
spectra were similar for all codopants. The temperature dependence of the PL

decay spectra showed that codopants affected the thermal quenching behavior;
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For the studied codopants, the starting temperature for thermal quenching
ranged from ~300 to 350 K and their thermal activation energy ranged from ~
370 to 580 meV. On the other hand, the effect of codoping on charge traps was
investigated with thermoluminescence (TL) and afterglow measurements. TL
spectra showed that Ca codoping significantly reduced the trapped charge
population around room temperature, which was correlated with the reduced

afterglow.
Introduction

Recently, inorganic scintillation material with high density and high
gamma-ray absorption coefficient combined with photodetectors are attracting a
great deal of attention in the application for medical imaging, homeland security,
high energy and nuclear physics detectors [1-2]. Oxides materials having garnet
structure are promising candidates as scintillator, because of their well-mastered
technology for many applications and easy doping with rare earth elements [3-4].
Cerium (Ce) activated garnets are excellent scintillation detectors due to their
achievement of combining stopping power, decay time, light yield and non-
hygroscopicity [5-6]. Ce doped yttrium/lutetium aluminum garnets are particularly
interesting in view of its maximum theoretical light yield (LY) in the order of
60,000 photons/MeV based on Bartram-Lempicki theory [7]. However, the
measured LY values are much smaller due to the intrinsic defects such as
antisites and vacancies [8]. Many approaches were undertaken to improve its

performance. The most remarkable improvement was achieved by Kamada [9-
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10] via substituting yttrium/lutetium with gadolinium (Gd) and admixing gallium
(Ga) with aluminum in (Lu,Y)3AlsO12 single crystal. They have successfully grown
GdsAl,Gaz012:Ce (GGAG) scintillator with higher LY (~ 45, 000 photons/MeV)
and low decay time (~ 55 ns), thanks to the combination of band gap engineering
for favorable low 5d Ce®* level positioning. In addition, they optimized the
concentration of Ce to improve the energy resolution and LY in the GGAG single
crystals with 2 inches diameter [11-12].

Codoping has been proved to be an effective way to alter various
properties of many scintillators. Koschan [13], Rothfuss [14] and Yang [15]
demonstrated that Ca** codoping in LSO and YSO significantly shortens the
scintillation decay time and improves the LY. B* codoping of GGAG:Ce
phosphors has been shown to result in higher luminescence intensity [16]. These
results motivated our investigations into the effect of codoping in GGAG:Ce
single crystals, aiming to further improve the LY and decay time.

We previously reported on the effect of Ca, B, and Ba co-doping on
energy resolution, scintillation kinetics and optical properties of GGAG:Ce
scintillators [17-18]. Ca codoping shortens the scintillation decay time, while B
and Ba codoping increase the light yield. Here we investigate the effect of
codoping on luminescence center and charge traps in GGAG:Ce crystals. The
former was studied via analyses of emission and excitation spectra, PL decay
and thermal response over a range of temperatures. The latter was investigated

by TL and afterglow spectra. Detailed traps parameters based on TL glow peak
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analysis and the fast component of afterglow decay are presented.
Experimental procedure

The GGAG:Ce boules were grown from the melt via the Czochralski
technique in inductively heated iridium crucibles. The Gd»03, Gaz03, Al,O3, CeO-
and CaO, H3BO3;, BaCO3; used as the starting materials were at least 99.99%
pure. Crystal growth was initialized on seed crystals and was controlled via an
automated system, which used the derivative of the crystal weight as the process
variable. All melts were doped with 0.2 at% Ce and co-doped with 0.2 at% Ca, B,
or Ba respectively with respect to rare earth. All concentrations given are those of
the initial starting melt; the concentration in the finished crystal will differ due to
the segregation at the solid-liquid interface during growth. The flowing
atmosphere was nitrogen mixed with a small amount of oxygen. The boule size
was ~ 80 mm tall and ~ 32 mm in diameter. Table 3.1 lists the compositions of
the crystals that were grown and characterized. The samples for the
measurements were unpolished 5 mm cubes that cut from same point in the
boule in order to get consistent Ce concentration.

The low temperature emission/excitation spectra and the X-ray excited
luminescence were measured with a HORIBA Jobin Yvon Fluorolog-3
Spectrofluorometer. An Advanced Research Systems (ARS) (model DE202AE)
closed cycle helium cryostat system was used to cool the samples down to 40 K.
In the case of emission and excitation spectra, a 450 W continuous Xenon lamp

was used as the excitation source. For X-ray excited luminescence
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measurements, an X-ray tube operated at 35 kV and 0.1 mA was used as the

excitation source.

Table 3.1 List of Samples

Sample Composition At% of Ce At% of codopants
(in the melt) (in the melt)
1 GGAG:Ce 0.2 0
2 GGAG:Ce, Ca 0.2 0.2
3 GGAG:Ce, B 0.2 0.2
4 GGAG:Ce, Ba 0.2 0.2

Photoluminescence decay was measured on the same
Spectrofluorometer using a Time-Correlated-Single-Photon-Counting module
where Nano LEDs (pulsed light emitting diodes) were used as the excitation
source. All data were fit by a single exponential decay model.

The Scintillation decay time profile was measured using the Bollinger-
Thomas time-correlated single photon technique and a *’Cs gamma-ray source.
The relative light output was measured using a 10 uCi "*’Cs gamma-ray source.
5 mm cubes were placed on the Hamamatsu R2059 photomultiplier tube (PMT)
window, and a hemispherical Spectralon reflector was used to enhance the light
collection. BGO as a reference WAS set to 100 channels.

For thermoluminescence glow curve measurements, the sample was
mounted within the same ARS cryostat. The pressure was reduced to 20 m Torr
and the sample was then heated to 600 K to empty traps. The sample was

cooled down to 9K and irradiated with X-rays (35 kV, 0.1 mA) through a beryllium
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window for approximately 15 min. Subsequently, the sample was brought back to
600 K at a rate of 0.15 K/s. A Hamamatsu H3177 PMT was used to measure the
luminescence emitted by the sample as a function of temperature.

For afterglow measurements, crystals were first annealed for 10 min at
600 K. After cooled to room temperature, the crystals were coupled to a
Hamamatsu R3177 PMT with a Dow Corning Q2-3067 optical couplant, and
covered with a Tetratex TX3104 PTFE membrane. The crystals were then
irradiated with X-rays at room temperature for 15 min. A Uniblitz XRS6S2P1-040
shutter was used to cut off the X-ray beam within 3 ms. The luminescence
emitted was then measured as a function of time. All measurements were done

at room temperature.

Results and discussion

Photoluminescence and radioluminescence

Figure 3.1a shows the a comparison of the excitation spectra for the
GGAG:Ce crystals with different codopants. The excitation bands were observed
at 445 and 345 nm due to the 4f-5d; and 4f-5d, transitions of Ce®" ions. Sharp
bands at 310 nm are assigned to the transitions of Gd** ion. Ca codoping
significantly suppress the excitation band of Ce at 345 nm compared to that of
Ce band at 445 nm. The same phenomena was observed in other Ca codoped
silicate scintillators. Figure 3.1b and Figure 3.1c show the comparison of the
emission spectra for the crystals with different codopants when exciting at 345

nm and 445 nm respectively. The transitions from excited 5d1 and 5d, state to
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ground 4f state of Ce®" give rise to the emission bands at 550 nm, which is
typical for the GGAG garnet structure. The intensity of these emission peaks was
slightly increased in both B and Ba codoping, whereas they were reduced in Ca
codping, comparing to the non-codoped GGAG cystals. The same trend was
observed in RL spectra of GGAG crystals with different codopants as shown in
Figure 3.1d. Apparently, when exciting at 345 nm, Ca codoping introduced an
additional emission band around 400 nm (see Figure 3.1b), corresponding to the
emission energy of 3.1 eV. The intensity of this additional emission peak was
higher than that of Ce emission at 550 nm. The complete excitation/emission
spectra of Ca codoping are shown in Figure 3.2a. The excitation band around
345 nm for the additional emission band around 400 nm appeared at the similar
wavelength as the Ce 4f-5d, excitation band. The PL decay time of this new
luminescence center (excitation/emission: 345 nm/400 nm) and the Ce
luminescence center (excitation/emission: 345 nm/550nm) in Ca codoping was
measured and shown in Figure 3.2b. Based on a single exponential decay
model, the calculated PL decay time of the additional luminescence center was
about 3.5 ns, in contrast to 45 ns for the Ce luminescence center. This emission
energy (3.1 eV) and fast PL decay of the additional luminescence center were
possibly due to the F* center, considering the similar emission energy and the PL
decay time in YAG crystal reported by Zorenko [19]. A possible explanation is
that the F* center luminescence may derive from an oxygen vacancy occurring

with the introduction of divalent calcium into a trivalent site.
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Thermal quenching

Here we designate F* emission as the emission peak at 400 nm when
exciting at 345 nm, and F* excitation as the excitation peak at 345 nm when
exciting at 400 nm. The temperature dependence of PL spectra of Ca codoping
scintillator is shown in Figure 3.3, including the Ce 4f-5d; and Ce 4f-5d
excitation (Figure 3. 3a), Ce emission when excited at 445 nm (Figure 3.3b), Ce
emission when excited at 345 nm and F* emission (Figure 3.3c), and F*
excitation (Figure 3.3d) in the range of 40-550 K. In general, the intensities of all
excitation and emission peaks decreased as the temperature increased.
However, the Ce luminescence centers and F* luminescence centers exhibited
distinct thermal response profiles, as indicated by the evolution of the normalized
intensity of Ce and F* excitation/emission upon raising the temperature in Figure
3.4. There is a thermal quenching for the Ce luminescence centers, beginning
around room temperature. In contrast, decrease of the peak intensity for F*
luminescence center was nearly linear. In addition, red shift (~ 10 nm) was
observed for F* excitation band in the temperature region of 40-550 K (see
Figure 3.3d).

Due to the non-availability of 445 nm LED, the decay time was only
measured when exciting at 345 nm. The temperature dependence of the PL
decay time is plotted for different codopants in Figure 3.5. At room temperature,
the PL decay time of Ca codoping (~ 45 ns) was shorter than those of Ce-only, B

and Ba codoping (~ 50-55 ns). Above the room temperature, a strong thermal
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quenching in the PL decay time occurred. For different codopants, the thermal
quenching in the PL decay time started at different temperatures i.e. ~ 300 K,
300 K, 325 K, and 350 K for Ce-only doping, Ca, B, and Ba codoping GAGG
scintillators respectively. On the other hand, the F* luminescence center in Ca
codoped crystal showed no quenching and the PL decay time remained

constantly at ~ 3.5 ns.
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The thermal quenching energy was obtained via fitting the thermal

response profiles using Mott—Seitz equation [20]

To

™(K) =
1+ Aexp (—o0) (1)

where T1(K) is the decay time at temperature T(K), 1o is the decay time
extrapolated to 0 K, A is a constant, k is the Boltzmann constant (8.6173 x 10-5
eV/K) and AE is the thermal activation energy for quenching. The solid lines in
Figure 3.5 are the fitted curves using the above equation. Different activation
energy values were obtained for the Ce-only doping, Ca, B, and Ba codoping
GAGG scintillators, being ~ 470120, 370110, 490+10 and 580120 meV
respectively. Ogiegto [21] reported the activation energy of the similar range (~

400-600 meV) in the Ce doped Gds(Ga,Al)sO+2 scintillators.
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Figure 3.4. The temperature dependence of the normalized integrated intensity of
Ce and F" excitation/emission in the Ca codoped scintillator.
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Figure 3.5. The temperature dependence of the PL decay time for different
codopants. The solid lines are the fitted curves using Mott-Seitz equation.

Thermoluminescence

Our previous study stated Ca codoped GGAG crystal greatly reduced the
charge traps but introduced a new deeper trap dominated at 390 K. On the other
hand, B codoping eliminated the 200 K trap and the deeper traps above room
temperature [18]. In this part, we further extracted the detailed traps parameters
of the GGAG crystals in the temperature range from 100 to 500 K by fitting. The
measured TL spectra with different codopants are shown in Figure 3.6. The TL
curves were fitted by the first-order kinetic model introduced by Randall and
Wilkins, in which a single trap is described by two parameters, the activation

energy E and the frequency factor s [22]. The model is expressed by
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I(T — AT) = n, s exp ( ) exp (= )f exp (kT,)dT’ (2)

where n is the initial concentration of filled traps, and k stands for the Boltzmann
constant. For our measurements, the thermal lag AT between the sample and
the heating element was 2-3 K, and the constant heating rate § was 0.15 KI/s.

The fitted TL spectra are also shown in Figure 3.6.
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Figure 3.6. The fitted TL spectra for GGAG:Ce crystals with different co-dopants.
Solid circle is experimental data, solid line is fitted to data using the equation (2).

The calculated trap parameters given by the curve fitting are listed in

Table 3.2. The error of the thermal depths is approximately 10%. In order to
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know the effect of lifetime of traps on afterglow, the lifetime of the traps was
calculated by Arrhenius formula (eq. 3),

E
=P Gep) (3)
S

where s and E were calculated from the TL fitting curve. The calculated lifetime
of the traps at room temperature (T = 298 K) is also shown in table |l. Between
300 K and 500 K, the TL spectra and the calculated trap parameters of Ce-only
doped GGAG agreed well with results reported by Mihdkova [23]. In our study,

the spectrum below 300 K was also measured.

Table 3.2 Summary of calculated traps parameters of GGAG:Ce crystal with
different co-dopants.

Sample Tmax (K) No E Ins (s t 298K (s)
GGAG:Ce 162 21.66 0.420 28.944 3.60E-06
239 9.721 0.525 26.352 2.90E-03
289 43.06 0.619 24.542 7.00E-01
303 20.67 0.809 26.460 1.71E+02
331 12.21 0.883 27.634 9.52E+02
431 1.583 1.136 25.780 1.19E+07
GGAG:Ce, 389 305.8 0.962 21.341 1.12E+07
Ca
GGAG:Ce, 246 3.900 0.663 25.953 9.46E-01
B
291 26.84 0.788 26.054 1.13E+02
GGAG:Ce, 196 7.432 0.539 28.172 8.17E-04
Ba
274 21.62 0.685 25.443 3.72E+01
334 55.11 0.894 30.039 1.32E+02
383 15.14 1.027 27.090 4 .55E+05
482 4.317 1.173 27.623 8.00E+07
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Afterglow

The traps responsible for TL peaks around room temperature may affect
the afterglow signal of the materials. Here they can be the traps associated with
the TL peaks around 300 K and 330 K in Ce-only doped crystal with the lifetime
around 170 s and 950 s respectively, the traps around 290 K in B codoping with
the lifetime of 113 s and the traps around 330 K in Ba codoping with the lifetime
of 132 s (cf. Table 3.2). However, there was no room temperature traps in the Ca
codoped crystal thus very low afterglow were expected. This was verified by the
afterglow time profiles of different codopants measured at room temperature
shown in Figure 3.7. Before the cut-off of the X-ray, the intensity was the same
for all samples, which is the steady state luminescence intensity. After the cut-off
of the X-ray, significant reduction of afterglow was observed for Ca codoped
GGAG:Ce compared to other samples. About 100 seconds after the cut-off,
afterglow was around 5.8% of the steady state luminescence for the Ca codoped
sample, while the value is reduced to 58%, 18% and 36%, for the Ce-only doped,
the B and Ba codoped samples respectively. The results strongly suggested that
Ca codoping reduced afterglow, which is consistent with the less room

temperature traps observed in TL spectra of Ca sample.
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Figure 3.7. The afterglow time profiles of different codopants measured at room
temperature.

Conclusion

The scintillation and optical properties of GAGG:Ce crystals can be
modified by incorporating different codopant ions. The main results can be
summarized as following.

1) Ca codoping decreases the absorbance intensity at 345 nm and the RL
intensity, while B and Ba codoping increase them.

2) Ca codoping introduces an F* luminescence center with an excitation peak at
350 nm and emission peak at 400 nm. The PL decay time of this luminescence
center is around 3.5 ns, which is independent of temperature, although its
luminescence intensity, including excitation and emission intensity, decreases
linearly as temperature increases.

3) Codoping affects the profile of temperature dependent PL decay time for the
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Ce Iluminescence center, which consequently changes the quenching
temperature and activation energy. The quenching for the Ce center occurs
around RT, and the emission rapidly decreases above RT.

4) TL measurements show that Ca codoping significantly suppresses the charge
trap population in GGAG:Ce crystals under RT. This decrease in traps below RT

accounts for the strong suppression of afterglow.
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Chapter 4 RELATIONSHIP BETWEEN CA?* CONCENTRATION

AND THE PROPERTIES OF GD;GA;AL,0,,:CE SCINTILLATORS
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Abstract

Codoping is a method of current interest for modifying the properties of
scintillators. The study reported here explores the effect of codoping on cerium
doped GdsGaszAl,042 (GGAG:Ce) crystals with various concentrations of Ca.
These single crystals were grown via the Czochralski technique with Ce
concentrations fixed at 0.2 at% and Ca concentrations ranging from 0.1 at% to
0.4 at% in the initial melt. The relationship between dopant concentration and
light yield, rise time, and scintillation and photoluminescence decay times was
determined. In addition, the absorbance, photoluminescence, radioluminescence,
afterglow and thermoluminescence dependence on the dopant concentration are
presented. In some of the Ca codoped crystals, an additional luminescence
center was observed with an excitation wavelength of 350 nm and an emission

wavelength of 400 nm and a photoluminescence decay time of ~ 3.5 ns.
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Introduction

Oxide garnet materials such as Y3AlsO+2 (YAG) and LuzAls012 (LUAG) are
well known materials with good optical transparency that are easily doped and
useful as laser host and scintillators. The light yield of Ce®*" activated YAG and
LUAG has been reported at ~ 25,000 [1] and ~ 20,000 [2] photons/MeV,
respectively, which are far below the theoretical value of ~ 60,000 photons/MeV
calculated by the Bartram-Lempicki equation [3]. Many attempts have been made
to find new potential scintillators with high density, high light yield, fast decay time
and high stopping power via both experimental and theoretical research.
Recently, Kamada, et al. have done extensive combinatorial band gap
engineering for multicomponent garnet compounds and found that Ce doped
Gds;GaszAlbO12 (GGAG) crystals have promising scintillation properties. These
crystals have a high density (6.5 g/cm®), good scintillation light yield (45,000
photons/MeV), and fast decay time (90 ns) [4, 5]. This light yield is higher than
those typically reported for LSO, but the decay time is unfortunately longer.
Given that, improving the scintillation properties of GGAG is clearly of interest.

Over the last decade, it has been found that the performance of several
scintillators could be affected by codoping. In particular, codoping by divalent
alkali earth ions, such as Ca®* and Mg**, embedded at a trivalent cation site, has
been repeatedly employed to improve the scintillation performance of some
inorganic scintillator materials. The introduction of divalent codopants could

change the point defect structure in single crystal materials by changing the
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charge compensation mechanisms and/or affecting the concentration of
vacancies. Improvements of the scintillation performance for LSO:Ce, Ca [7],
YSO:Ce, Ca [8] and LYSO:Ce, Mg [9] have been achieved by codoping with
divalent ions at the trivalent cation sites.

Recently, our group extended the idea of codoping to Ce doped GGAG
crystals, and reported the effect of Ca, B, and Ba codoping on energy resolution,
scintillation kinetics and optical properties of Ce-doped GGAG scintillators [10-
12]. B and Ba codoping increased the light yield and improved the energy
resolution, whereas Ca codoping shortened the scintillation decay time via
eliminating many of the shallow electron traps, and decreased the light yield.
Later, Kamada et al. [13] studied the Ca/Mg codoped GGAG:Ce crystals grown
by micro-pulling down method and reported that both the decay time and light
yield decreased as the increase of Ca/Mg concentration from 0.0 to 0.1 at%.
Here, we investigate Ca codoped GGAG:Ce crystals grown by Czochralski (CZ)
technique with a wide Ca concentration up to 0.4 at%, aiming to explore the

relationship between Ca concentration and the optical/scintillation properties.

Experimental methods

Crystal growth

GGAG:Ce boules were grown from the melt by the Czochralski (CZ)
technique in inductively heated iridium crucibles. The Gd»03, Gaz03, Al,O3, CeO-

and CaO as raw materials were at least 99.99% pure. Crystal growth was
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initialized on seed crystals and was controlled automatically by using the
derivative of the crystal weight as the process variable. All melts were doped with
0.2 atomic % Ce and codoped with 0.0-0.4 atomic % Ca with respect to the rare
earth; the exact compositions are given in Table 4.1. All concentrations given are
those of the initial starting melt; the concentration in the finished crystal would
differ due to segregation at the solid-liquid interface during growth. The flowing
atmosphere was nitrogen mixed with a small amount of oxygen. The boule
dimensions were ~ 80 mm tall and ~ 32 mm diameter. Two sample sizes were
used in these experiments: unpolished 5 mm cubes and polished wafers of
approximately 1 mm thick. The wafers were used for the absorbance
measurement and the cubes were for all other measurements. All samples were
cut from the same point in the boule in order to get consistent Ce concentration.
Color differences accompanied the differences in Ca concentration, as shown in
Figure 4.1. The sample with 0.4% Ca is a rust color, whereas the samples with

lower Ca concentration are yellow-green.

Table 4.1 List of crystal compositions.

Composition At % Ce At % Ca

(in the melt) (in the melt)
GGAG:Ce 0.2 0.0
GGAG:Ce, Ca 0.2 0.1
GGAG:Ce, Ca 0.2 0.2
GGAG:Ce, Ca 0.2 0.4
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Figure 4.1. A GGAG:Ce crystal codoped with (a) 0.1 at % Ca and (b) 0.4 at %
Ca.

Characterization

Absorbance and transmission were measured with a Varian Cary 5000
UV-VIS-NIR spectrophotometer in the 200-800 nm range. Emission and
excitation were acquired with a HORIBA Jobin Yvon Fluorolog-3
Spectrofluorometer with a 450 W continuous Xenon lamp as the excitation
source. The X-ray excited luminescence spectra were obtained at room
temperature under the X-ray radiation at 35 kV and 0.1 mA using an ACTON SP-
2155 monochromator.

Photoluminescence (PL) decay was measured on the same
spectrofluorometer using a time-correlated single photon counting module, where
Nano LEDs were used as the excitation source. The emission monochromator
was set at 1 ns bandpass to select the emission light of a specific wavelength.
The duration of the light pulse from the Nano LEDs was 0.6 ns.

The scintillation decay time and rise time profiles were measured using

the Bollinger-Thomas time-correlated single photon technique and a "*’Cs
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gamma-ray source. The instrumental response was less than 1 ns and was not
deconvolved from the much slower rise and decay profiles. To determine the light
yield, energy spectra were measured with a 10 uCi "*’Cs gamma-ray source.
Cubes of 5 mm sides were placed directly on the window of a Hamamatsu
R2059 PMT with optical couplant, and a hemispherical Spectralon reflector was
used to enhance the light collection. The signal went through a Canberra model
2005 pre-amplifier, an Ortec 672 shaping amplifier (shaping time = 3 ps), a
Tukan 8k multi-channel analyzer, and finally to a personal computer.

For thermoluminescence (TL) glow curve measurements, the sample was
mounted within an Advanced Research Systems cryostat (model DE202AE). The
sample chamber was evacuated to 20 mTorr and the sample was then heated to
600 K in order to empty charge carrier traps. The sample was then cooled to 9 K
and irradiated with X-ray tube (35 keV, 0.1mA) through a beryllium window for
approximately 15 min. Subsequently, the sample was returned to 600 K at a rate
of 9.0 K/min. A Hamamatsu H3177 PMT was used to measure the luminescence
emitted by the sample as a function of temperature.

All afterglow measurements were done at room temperature. The crystals
were coupled to a Hamamatsu R2059 photomultiplier tube with a Dow Corning
Q2-3067 optical couplant, and covered with a Tetratex TX3104 PTFE membrane.
The crystals were then irradiated with X-ray tube (35 keV, 0.1 mA) for 15 min,
after which a Uniblitz XRS6S2P1-040 shutter was used to cut off the X-ray beam

and the luminescence emitted was subsequently recorded as a function of time.

66



Results and discussion

Absorption and photoluminescence

Figure 4.2 shows the absorbance and PL spectra of GGAG:Ce with
various Ca codopant concentrations. Higher Ca concentrations result in greater
absorbance in the 200-350 nm range, as shown in Figure 4.2a. This
phenomenon was previously observed in Ca/Mg codoped GGAG:Ce [13] and Mg
codoped LUAG:Ce scintillators [14-16] and was attributed to the enhancement of
Ce** charge transfer (CT) absorption. The peak at 440 nm due to Ce** 4f-5d,
transition decreases in intensity as Ca concentration decreases, indicating a
reduction in the Ce®* concentration. In particular, the crystal with rust color shows
essentially no Ce®" absorbance around 440 nm in Figure 4.2a. Such significant
changes of absorbance around 440 nm are unique in Ca codoped GGAG, as
suggested by our previous study [12], and are unlikely caused by the minor
variation of Ce concentration from sample to sample. A reasonable explanation is
that replacing the trivalent site by divalent calcium in the GGAG lattice promotes
a change in the charge state of Ce ion from Ce®* to Ce*" in order to achieve
charge neutrality. Therefore, as Ca concentration increases the conversion from
Ce** to Ce* also increases, and the intensity of Ce>* absorbance at 440 nm
decreases. In our case, the absence of the absorption at 440 nm in the sample
with 0.4% Ca indicates that most of Ce** has been converted to Ce**, and hence
the color changes from yellow-green to rust. Detailed mechanism was presented

in our previous work [17]. The PL spectra are shown in Figure 4.2b, in which the
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excitation peaks around 345 nm and 440 nm are due to the Ce 4f-5d, and 4f-5d1
transitions and the emission peak around 550 nm is due to the Ce 5d-4f
transition [18]. The absorbance around 310 nm and 275 nm are ascribed to the
Gd*" 4f-4f absorption transition [19]. The absorbance intensity at 345 nm
decreases as the increase of Ca concentration, which is due to the increase of
Ce** charge transfer. The similar phenomenon about higher energy absorption in

the PL spectra was also reported in some silicates [20,21].

80

Excitation . Emission
Ce'" CT absorption a > L E ) b

w. 60r / ——0.0% Ca @ 08} :
S | 0o1%ca | £ |
8 a0 b —0.2% Ca ces 0.6 :
g \l 0.4% Ca g‘) |

2 = 04} : 0.0% Ca

9 E : 0.1% Ca

2 20 S 0.2 ——0.2% Ca

0.4% Ca
0 AN | 00 r ,

200 300 400 500 600 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.2. (a) Absorbance and (b) PL spectra of GGAG:Ce samples with
different Ca concentrations (excitation was measured for emission at 550 nm and
emission was measured for excitation at 440 nm).

In addition, GGAG:Ce codoped with 0.1% and 0.2% Ca appear to have an
additional luminescence center with an emission wavelength around 400 nm (3.1
eV) for excitation at 345 nm (4f-5d, transfer wavelength), as shown in Figure
4.3a. The corresponding excitation spectra were measured for emission at 400
nm and the excitation peak was located at 350 nm. The PL decay time of the

additional luminescence center is ~ 3.5 ns obtained by fitting with a single
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exponential decay model, shown in Figure 4.3b. This emission energy and fast
PL decay of the additional luminescence center were ascribed to an F* center

related to the oxygen vacancy.
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Figure 4.3. (a) PL spectra showing an ‘additional’ luminescence center in some
Ca-doped GGAG:Ce crystals and (b) PL decay of the ‘additional’ luminescence
in GGAG:Ce with 0.1% Ca and 0.2% Ca. The insert shows the fitting curve of PL
decay using a single exponential model and the PL decay time of ~3.5 ns was
obtained.

The introduction of divalent Ca into a trivalent site leads to a local excess
charge with potential to result in or interact with oxygen vacancies [22], which
may in turn one electron and become F* center, or two electrons and become F
center. An F* center has been previously reported in YAG [23-25] and LUAG [26]
crystals, with an excitation peak around 360 nm and emission peak around 400
nm, whereas an F center was also reported in YAG crystals [23, 25] with an
excitation peak at 240 nm and emission peak at 460 nm. The PL decay time of
the new luminescence center is in the same order of magnitude as that of the F*

center found in YAG [23] and LUAG [26] crystals, further supporting the idea that
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the new center here is primarily an F* center. Since this F* center is related to
oxygen vacancy, a series annealing study at different atmospheres of the F*

center was investigated in our previous work [17].

Radioluminescence, light yield and decay time

Figure 4.4 shows the RL spectra of GGAG:Ce crystals with various Ca
concentrations. The additional PL emission peak at 400 nm appears in both the
0.1% and 0.2% Ca samples, while it does not show up in the RL spectra in
neither of the samples. This may be due to the different excitation source, and
further investigation is in progress to study the difference observed between the
PL and RL spectra. Although the peak position around 550 nm due to Ce*
emission is not affected by the Ca codopant concentration, the addition of more
Ca reduces the intensities of the RL peaks. This is consistent with the energy
spectra results shown in Figure 4.5. In other words, Ca reduces the light yield of
GGAG.

Figure 4.6 shows the scintillation decay of GGAG:Ce crystals with various
Ca concentration as well as the instrumental response. The peak at 370 ns is
believed to be an experimental artifact. The scintillation kinetics can be
characterized by two exponential decay components. The fast component can be
ascribed to the de-excitation of the 5d state to the 4f state. The slower
component can be attributed to energy transfer from Gd** to Ce** as reported in

other Gd based scintillators [27, 28]. The fast component of scintillation decay
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becomes shorter with increasing Ca concentration, as seen in Figure 4.6. The
rise time was fitted by single exponential component. The relationship between
the fast component of decay time, the light yield and rise time for Ca doped
crystals is illustrated in Figure 4.7. The decay constant and light yield both
decreases monotonically with increasing Ca concentration up to 0.4 at%, which
follows the same trend observed by Kamada et al. [13] in the low Ca
concentration range (0.0-0.1 at%). The rise time is also shortened in Ca codoped
samples, as seen in Figure 4.7b, but the highest Ca concentration does not give
the shortest rise time. Figure 4.8 shows the PL decay spectra for various Ca
concentrations measured under the excitation at 345 nm and the emission at 550
nm. Due to the unavailability of a 445 nm LED, we could not measure the decay
time by exciting the 5d; level of Ce® directly. Therefore we used excitation of 5d
level with a 345 nm LED. The PL decay time for 0.2% Ca slightly decreases
compared to those with 0.0% and 0.1% Ca. It is apparent that the PL decay of
the sample with 0.4% Ca is fundamentally different from the samples with lower
Ca concentrations, in terms of a steep decrease at the beginning of decay and
lower signal-to-noise ratio (SNR). This steep initial decay is believed to be the
instrumental response. The lower SNR is probably due to the lack of Ce* in the
0.4% Ca codoped sample, considering Ce*" is the primary valence state whereas

Ce** dominates the samples with lower Ca concentrations [17].
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Figure 4.4. RL spectra of GGAG:Ce crystals with various Ca concentrations
irradiated by a X-ray tube (35 keV, 0.1mA).
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Figure 4.5. Energy spectra of GGAG:Ce crystals with various Ca concentrations,
excited by a '*’Cs source (662 keV).
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Figure 4.6. Scintillation decay of GGAG:Ce crystals with various Ca
concentrations, excited by a '*’Cs source (662 keV).
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Figure 4.7. (a) Decay time vs. absolute light yield and (b) rise time vs. scintillation
decay time for different Ca concentrations.
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Figure 4.8. PL decay spectra of GGAG:Ce crystals with various Ca
concentrations, measured under the excitation at 345 nm and the emission at
550 nm.

Thermoluminescence and afterglow

TL glow curve was measured to study the influence of Ca concentration
on traps. Figure 4.9 shows the TL glow curve corrected by luminescence thermal
quenching. The example of thermal quenching can be found in our previous
study on codoping [11]. The size and weight of the samples for the TL
measurements were made approximately the same in order to compare the TL
intensity directly. For Ce only sample, the glow curve in low temperature (< 350
K) shows similar shape and peak positions to those reported by Brylew [29]. For

the Ca codoped samples, it can be observed that the TL intensity in low
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temperature (< 350 K) region is reduced compared to the Ce only sample. In

particular, no shallow traps were observed in the crystal with 0.4 at% Ca. This is

possibly due to a) the elimination of the shallow traps by Ca codoping, b) the

decrease of Ce*" luminescence intensity by Ca codoping if Ce** luminescence is

involved in this TL signal, or the effect of both. However, a new deeper trap

dominates at high temperature (> 350 K) in the crystals with 0.1 and 0.2 at% Ca.
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Figure 4.9. TL spectra measured for GGAG:Ce with various Ca concentrations.
The TL intensity is magnified by 20 times below 350 K. All curves are corrected

for luminescence thermal quenching.

The X-ray induced afterglow curves for all four compositions are shown in

Figure 4.10. Within a few seconds after X-ray cut off, there is at least one order

of magnitude reduction in the intensity for the Ca codoped samples compared to
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the steady state luminescence, in contrast to less than 10% reduction for the Ca-
free sample. The afterglow level of the Ca-free sample does not drop by one
order of magnitude until 6000 s. For Ca codoped samples, the weakest afterglow
was observed in 0.1% and 0.4% Ca samples. The relative values of afterglow
intensity at 100 s after X-ray cut off are listed in Table 4.2. To conclude, the
afterglow of GGAG was improved by Ca codoping.

The effect of Ca codoping on the light yield and decay time follows the
similar trend as observed in the GGAG:Ce,Ca crystals grown by micro pulling
down method [13]. The shortened decay time had been successfully explained
by a fast radiative de-excitation model related to Ce*" in the Ca doped LYSO [9]
and the Mg codoped LUAG crystals [14]. We applied the similar model to our
recent study [18] and established a correlation between the stable Ce** fraction
and Ca?* codoping concentration. A Ce*" emission model [14,15] was given
through a Ce®" state by capturing an electron from the conduction band, radiative
de-excitation of Ce*, and a return to the initial state by capturing a hole from a
nearby hole trap or the valence band. Therefore, Ce** gives the faster emission
in comparison to Ce**. Since Ca?* in the GGAG lattice promotes the transition
from Ce*" to Ce* [17], the decay time can be reduced by Ca®" codoping. The
deterioration of the light yield after Ca?* codoping in GGAG:Ce is attributed to the
negative consequence of narrowed E.q4 (energy gap between conduction band

and 5d) for Ce** and the formation of deep traps [18].
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Figure 4.10. Afterglow profiles of GGAG:Ce with various Ca concentrations after
continuous X-ray irradiation for 15 min.

Table 4.2. Scintillation properties of GGAG: Ce, Ca crystals.

C (Ca) LY ER S-DT trise Afterglow
(ratio) @100 s
0.0% 45000 7.6% 51 (49%) 8 ~ 56.3%
0.1% 40000 8.3% 45 (75%) 6 ~0.71%
0.2% 32000 9.3% 41 (74%) 6 ~ 2.66%
0.4% 16000 10.8% 27 (59%) 6.5 ~ 0.45%

C (Ca): Ca concentration

LY: light yield (photons/MeV)

ER: energy resolution

S-DT: fast component of scintillation decay time (ns)
tise: rise time (ns)

Afterglow @ 100 s: relative afterglow intensity at 100 s
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Conclusion

The Ca codoped GGAG:0.2% Ce single crystals were grown by the CZ
method and their optical, luminescence and scintillation properties were
characterized. Ca promotes the transition of Ce valence state from Ce** to Ce**
in GGAG:Ce crystals and hence the absorbance intensity of Ce* at 440 nm
decreases while the Ce** charge transfer absorption increases. Since Ce**is the
primary valence state in the sample with 0.4% Ca, it shows a distinct color from
those at lower codoping levels. Although the light yield and energy resolution are
deteriorated after Ca codoping, the decay time, rise time, shallow traps level and
afterglow are remarkably improved. The sample codoped with 0.1% Ca shows
shorter decay time (~ 45 ns), shorter rise time (~ 6 ns), lower afterglow intensity
(0.71% at 100 s after X-ray cut off) and slightly reduced light yield (~ 40,000
photons/MeV) compared to those of the Ca free sample. Based on the above
results, Ca codoped GGAG is a promising candidate of scintillator for

applications which require fast timing resolution such as PET, even TOF-PET.
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Chapter 5 EFFECT OF ANNEALING ATMOSPHERE ON THE
CERIUM VALENCE STATE AND F* LUMINESCENCE CENTER IN

CA CODOPED GGAG:CE SINGLE CRYSTALS
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Abstract

GGAG:Ce crystals with various Ca concentrations were grown by the
Czochralski technique. The introduction of Ca”" ions into a trivalent site results in
a change in the Ce valence state as well as an additional F* luminescence
center. The changes of Ce valence state could be affected by various annealing
atmospheres and were investigated via measuring the Ce®" absorbance and
observing the color change of the sample. Photoluminescence spectra and
photoluminescence decay were used to reveal the occurrence of F* center
related to the oxygen vacancies during the annealing. A redox mechanism and a
charge compensation process are proposed to explain the change in Ce state

charge and F* center during the annealing.
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Introduction

Cerium doped GdsGaAlsxO12 scintillator crystals have been proposed for
various applications, including radiation monitoring and medical imaging, due to
their favorable crystal structure and scintillation properties [1]. They belong to the
garnet structural family with a cubic unit cell and la3d space group [2]. The
optical and scintillation properties are related to another garnet scintillator
compound Gd3zGazAl,012:Ce (GGAG) crystal derived from the composition
(Lu,Gd)3(Ga,Al)s042 [3]. GGAG:Ce has good light output (46,000 photons/MeV),
fast decay time (~92 ns) and high stopping power, which is due to its high density
(6.5 g/cm®) and effective atomic number (54), [4].

In the past few years, codoping with divalent alkali earth ions such as Ca®*
and MgZ+ has been used to improve the performance of some Ce doped
inorganic scintillators [5-7]. On one hand, the introduction of divalent ions can
change the point defect structure of single crystal materials by lowering the
concentration of the charge traps, and thus enhancing the energy migration in
scintillators such as LSO:Ce, Ca [5], YSO:Ce, Ca [6], LYSO:Ce, Ca and
LYSO:Ce, Mg [7]. On the other hand, the introduction of divalent ions could
change the Ce or Pr valence state by the charge compensation mechanism. For
example, the optical properties of YAG:Pr were affected by introducing Mg2+ into
the host, which led to the conversion of Pr** to Pr** [8], and turned the green
YAG:Pr scintillators into a brown YAG:Pr:Mg. In the case of YAG:Ce, codoping

with a critical amount of Ca®* caused the full conversion of Ce®* to Ce**, but no
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color change was reported [9].

Recently, we reported the scintillation properties of GGAG:Ce codoped
with Ca®* [10-12]. Ca* codoping eliminates many of the shallow electron traps
and shortens the scintillation decay time, possibly improving its suitability for
some applications. The detailed mechanism for the decay time improvement was
discussed later [13]. However, the detailed mechanism that eliminates the traps
has not been identified.

In this work, we investigate the effect of Ca?* codoping on the Ce valence
state as well as point defect structures in GGAG:Ce. The Ce valence state was
explored via optical absorbance measurements and visual observations of color
change. The relationship between Ce valence state and annealing atmosphere
was also studies by the absorbance spectra. In addition, the occurrence of F*/F
centers related to oxygen vacancies was investigated for the first time in the

GGAG:Ce.

Experimental procedure

Crystal growth

Four GGAG boules were grown from the melt by the Czochralski (CZ)
technique in inductively heated iridium crucibles. These boules were nominally
32 mm in diameter and 180 mm long and were grown in a growth atmosphere
composed of a fraction of a percent of oxygen in bulk nitrogen. All melts were
doped with 0.2 at% Ce and codoped with 0.0-0.4 at% Ca with respect to the rare

earth. Composition calculations were based on the assumption that all dopants
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substituted for Gd. All concentrations given are those of the initial starting melt;
the concentrations of Ce and Ga in the grown crystal may differ due to
segregation at the solid-liquid interface during growth. Table 5.1 lists all crystal
compositions. Two sample sizes were used in these experiments, unpolished 5 x
5 x 5 mm? cubes and ~1mm thick polished wafers. All samples were cut from the
same point in the boule in order to get consistent Ce concentration. Figure 5.1

shows the GGAG:Ce cubes with various Ca concentration.

Table 5.1 List of crystal compositions.

Composition At % Ce (in the melt) At % Ca
GGAG:Ce 0.2 0.0
GGAG:Ce, Ca 0.2 0.1
GGAG:Ce, Ca 0.2 0.2
GGAG:Ce, Ca 0.2 0.4

00% 0.1% 0.2% 0.4%
Ca Ca Ca Ca

Figure 5.1. Photos of GGAG:Ce cubes with various Ca concentrations. The
sample with the highest Ca concentration is a rust color, while the samples with
lower Ca concentration are yellow.

Annealing treatment

The samples described in Table 1 were annealed at 1100 °C for 5 h in

both an oxidizing (air) and reducing (2% H2 in bulk Nz) atmosphere. This
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temperature was selected in order to avoid the decomposition of crystals
(evaporation of Ga) that may occur at higher temperatures [14]. A tube furnace
(CM model number: 1730-12-HT) was used with a ramp rate of 200 °C/h. The

gas flow rate of the reducing atmosphere was ~4.5 L/min.

Characterization

Absorbance was measured with a Varian Cary 5000 UV-VIS-NIR
spectrophotometer. Emission and excitation spectra were acquired with a
HORIBA Jobin Yvon Fluorolog-3 Spectrofluorometer using a 450 W continuous
Xenon lamp as the excitation source. The data were corrected for the spectral
response of the instrument.

Photoluminescence (PL) decay time was measured on the same
spectrofluorometer using a Time-Correlated-Single-Photon-Counting module.
HORIBA Jobin Yvon Nano LEDs (pulsed light emitting diodes) were used as the
excitation source. The emission mono-chromator was set at 0.6 nm bandpass to
select the emission light of a specific wavelength. The duration of the light pulse
from the Nano LEDs was 1 ns. All data were fit with a single exponential decay
model.

For thermoluminescence (TL) glow curve measurements, the sample was
mounted within an Advanced Research Systems cryostat (model DE202AE). The
pressure was reduced to 20 mTorr and the sample was then heated to 600 K in
order to empty the traps. The sample was then cooled to 5 K and irradiated via

an X-ray tube (35 kV, 0.1 mA) through a beryllium window for approximately 15
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minutes. Subsequently, the sample was brought back to 600 K at a rate of 0.15
K/s. A Hamamatsu H3177 PMT was used to measure the luminescence emitted

by the sample as a function of temperature.

Results and discussion

Evidence of changes in Ce valence state

Absorption of as-grown samples

Absorbance measurements were used to reveal changes in the Ce®*":Ce**
ratio. Figure 5.2 show the absorbance spectra of GGAG:Ce with various Ca
codopant concentrations. Higher Ca concentrations result in greater absorbance
in the 200-350 nm region. This phenomenon was previously observed in Mg
codoped LUAG ceramics [15] and single crystals [16], and was attributed to the
enhancement of Ce** charge transfer (CT) absorption. It has been reported by
Blahuta [7] and Chewpraditkul [17] that Ce** CT absorption result in a similar
absorbance in some silicates. The peak at 440 nm (the Ce®*" 4f-5d1 transition)
decreases in intensity as Ca concentration increases, indicating a reduction in
the Ce®" concentration. In particular, the rust color crystal with 0.4% Ca shows
essentially no Ce® absorbance at 440 nm. Such significant changes of
absorbance around 440 nm are unique in Ca codoped GGAG, as suggested by
our previous study [12], and are unlikely caused by the minor variation of Ce
concentration from sample to sample. A possible explanation is described in the

following reaction using standard Kroger-Vink notation:
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Mejye+Cele — Caye+Cele (Me=Gd, Ga, Al) (1)

Reaction (1) indicates that occupying Gd**, AP** or Ga®* sites by Ca®" in
the GGAG lattice may lead to a change in the charge state of the Ce ion from
Ce* to Ce* in order to achieve charge neutrality. Therefore, as the Ca
concentration increases the conversion from Ce>* to Ce** also increases, and the
intensity of Ce®* absorbance at 440 nm decreases. When the amount of Ca
arrives at a critical level, i.e. 0.4% Ca in this case, most of the Ce** in the sample
has been converted to Ce**. This explains why no Ce®" absorption at 440 nm is

observed and the color change from yellow to rust in the sample with 0.4% Ca.
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Figure 5.2. Absorbance spectra of GGAG:Ce samples with different Ca
concentrations.

Absorption of annealed samples
The color of the samples may also be changed via annealing, and this

reveals a relationship between the annealing atmosphere and the Ce valence
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state. The samples with lower Ca concentrations were visually unchanged in
color after annealing. However the sample codoped with 0.4% Ca turned yellow,
the same color as the samples with lower Ca concentrations, after annealed in a
reducing atmosphere (2% H- in bulk N2), while it had a strong rust color as-grown
and after annealed in air, as shown in Figure 5.3. This is a reversible change; it
reverted to rust after re-annealing in air and back to yellow after re-annealing in a
reducing atmosphere. The similar reversible color changes have been reported
by Pawlak in Mg codoped YAG:Pr crystals annealed in both oxidizing and

reducing atmospheres due to the Pr¥*:Pr** conversion [8].

0.4% Ca

As-grown Post N,-H, anneal

a b C
Post air-anneal

Figure 5.3. Color changes of GGAG:Ce crystals codoped with 0.4 at% Ca: the
as-grown (sample a), the post air-anneal (sample b), and the post N»-H; anneal
(sample c).

Absorbance measurements reveal a relationship between annealing
atmosphere and Ce* emission that is also correlated with reversible color
changes in highly codoped samples. The Ce valence state change is clearly
revealed in the absorbance spectra of the sample with 0.4 at% Ca, as shown in
Figure 5.4. For these measurements, two similar polished wafers with

approximately equal absorbance were chosen. One sample was only annealed
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once in air while the other was annealed multiple times, in the following
sequence of atmospheres: No-Hz, air and N»-H,. While the as-grown and post air-
annealed samples show no absorbance at the Ce>* 4f-5d, transition, which would
be seen around 440 nm, the sample annealed in a reducing atmosphere clearly
shows Ce®" absorbance at that wavelength. The reason for the intensity
difference of Ce®*" absorbance is not clear.

In the above section we proposed a mechanism whereby Ca* occupancy
of trivalent cation sites results in oxidation of Ce®*" to Ce**. Here we propose an
additional mechanism to explain the relationship between cerium valence state

and annealing atmosphere [15]:

2Ca0+Me,05—2(Ca'ye)+Vs (Me=Gd, Ga, Al) 2)
. « 1 x .
VO +2C€Me+§OZZOO+ZCGMe (3)

Since these crystals were grown in a low oxygen environment, the
likelihood of oxygen vacancies is high. Reaction (2) indicates a possible
mechanism by which locating Ca?* at trivalent sites in the GGAG lattice could
lead to the potential for forming (Ca'e — Vg - Ca've) complexes via Columbic
compensation of oxygen vacancies. Reaction (1), in the above section, shows a
pathway for the creation of some Ce*" with divalent codoping. Here, reaction (3)
shows a possible mechanism for the elimination of oxygen vacancies and
oxidation of more Ce* to Ce** when the sample is annealed in an oxidizing
atmosphere, leading to a condition in which the bulk of the existing Ce** ions are

oxidized to Ce*". This oxidized Ce*" should then reduce to Ce** when annealed
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in the reducing atmosphere, observable by reappearance of the Ce** absorbance
peak. A similar phenomenon has been observed in Ca codoped YAG:Ce crystals.
It was reported that the as-grown and air-annealed samples show no absorbance
peak at 460 nm because most of the Ce was in the Ce** state. After annealing in
a reducing atmosphere (CO with 1% CO,), the absorbance peak at 460 nm

appeared, indicating that the Ce** reverted to Ce** [9].
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Figure 5.4. The absorbance spectra of GGAG:Ce with 0.4% Ca under different
annealing atmospheres. Part b shows an enlargement of the absorbance region
between 385 and 520 nm.

In order to verify that this mechanism works in samples with lower Ca
codoping levels within 0.0%-0.2% region, we selected two polished wafers from
each compo-sition, one annealed in an oxidizing (air) atmosphere and the other
in a reducing (2% H- in bulk N2) atmosphere, and measured the absorbance in
the 390-500 nm range. The crystals with lower Ca concentrations did not visibly

change color after annealing in either atmosphere. The changes in the

92



absorbance (Mafer — Mbefore) With annealing are shown in Figure 5.5. After
annealing in air, the intensity of the Ce®* 4f-5d, transition at 440 nm did not
change in the sample with 0.4% Ca because there was not much Ce®" in the as-
grown sample to convert. However, it decreased significantly for the sample with
0.2% Ca, indicating oxidization of Ce®*" to Ce**. Although no noticeable change
was observed in the sample with 0.1% Ca, it was not clear whether any change
in valence state had occurred. On the other hand, after annealing in a reducing
atmosphere, the conversion from Ce** to Ce** had clearly occurred in all Ca
samples, evidenced by the increase of the 440 nm Ce** absorbance. For the
purpose of comparison, a sample with no Ca was annealed in both atmospheres
and the changes in the absorbance were also plotted in Figure 5.5. There was no
change in intensity at the 440 nm Ce®* absorbance for the Ca-free sample,
indicating the valence state change only occurred as a direct result of Ca®*

codoping.
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Figure 5.5. The change (Uafter — Mbefore) iN the absorption of GAGG:Ce crystals
with different Ca concentrations after annealing in (a) air and (b) N2-H>.

93



Evidence of F* center
Photoluminescence of F* center

GGAG is known to have PL excitation peaks at 345 nm and 440 nm and
an emission peak at 550 nm due to the Ce®" 5d-4f radiative transition. However,
an additional luminescence center with an excitation wavelength of 350 nm and
an emission at 400 nm was found in the as-grown Ca codoped samples. This
center appears to result from an F* center related to the oxygen vacancies
shown in reaction (2). The introduction of divalent Ca into a trivalent site leads to
a local excess charge with the potential to result in or interact with oxygen
vacancies [9], which may in turn trap electrons and become F* or F center, as in

reactions (4) and (5):

Vote—Vo  (FY) (4)
Vote—Vo  (F) ()

An F* center has previously been reported, with an excitation peak at 360
nm and emission peak at 400 nm, in YAG crystals; an F center with an excitation
peak at 240 nm and emission peak at 460 nm was also reported [18-23]. The
location of the F* center in the YAG crystal is similar to that of the new additional
center found in our GGAG, further supporting the idea that this is primarily an F*
center.

Since the F* center is related to oxygen vacancy, we ran a series
annealing tests to understand the relationship be-tween F* center and annealing

atmosphere. Figures 5.6 and 5.7 show the photoluminescence spectra of
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GGAG:Ce crystals with 0.1% and 0.2% Ca after annealing in different
atmospheres. In Figure 5.6a, the excitation spectra were measured at an
emission wavelength of 550 nm (the Ce 5d-4f transition), and the emission
spectra were measured at an excitation wavelength of 350 nm (the Ce 4f-5d,
transition). In particular, an F* center with an excitation peak at 350 nm and
emission peak at 400 nm was observed in the as-grown sample. The enlarged
region of F* emission (circle mark) in Figure 5.6a is shown in Figure 5.6b, in
which the emission spectra were measured at an excitation wavelength of 350
nm. From Figure 5.6b, the F* center disappears after annealing in air, while it still

exists after annealing in a reducing atmosphere.
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Figure 5.6. (a) the photoluminescence spectra of GGAG: 0.2% Ce with 0.1% Ca
both as-grown and annealed in different atmospheres; (b) enlarged region of F+
emission. Dashed line separates the excitation and emission spectra. Note the
additional luminescence located at excitation 350 nm and emission 400 nm.
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The similar phenomenon was observed in the samples with 0.2% Ca, as
shown in Figure 5.7, where the excitation spectra were measured at an emission
wavelength of 400 nm. This is because when Ca samples with F* center are
annealed in an oxidizing atmosphere, oxygen vacancies (Vg ) will be suppressed
as shown in reaction (3). Since an F" center is an oxygen vacancy that has
trapped an electron, eliminating the oxygen vacancy also eliminates the F* center,
and therefore eliminates its accompanying emission. On the other hand,
annealing in a reducing atmosphere has the opposite effect, and may produce an

F* center where one did not previously exist.
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Figure 5.7. The photoluminescence spectra of GGAG: 0.2% Ce with 0.2% Ca
both as-grown and annealed in different atmospheres; Note the additional
luminescence center located at excitation 350 nm and emission 400 nm. Dashed
line separates the excitation and emission spectra.
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The sample with the highest (0.4%) Ca concentration behaved differently
from the samples with lower concen-trations. The PL spectra of this sample
following annealing in different atmospheres are shown in Figure 5.8a. An en-
largement ofthe F+ center excitation and emission region is shown in Figure 5.8b.
The F+ center persists even after an-nealing in an oxidizing atmosphere, while it
is considerably enhanced after annealing in a reducing atmosphere. There is
also a noticeable shift in the location of this F* center in the 0.4% Ca codoped
sample compared to the other samples, from excitation wavelength at 350 nm
and emission wavelength at 400 nm to excitation wavelength at 380 nm and
emission wavelength at 430 nm, in both the as-grown and the air-annealed
samples. When annealed in a reducing atmosphere, this shift disappeared, and
the excitation/emission wavelengths were observed at the same location as in
the other Ca samples. This shift may be the result of the different primary Ce
valence state (Ce**) in the sample with 0.4% Ca. Considering that 1) different
accidental impurities (e.g., Ce, Si, Fe, etc.) may occupy AP’* sites in YAG or
LUAG crystal [24]; 2) the EPR signal from F* center located close to Si**a was
detected in YAG:Si crystal [25]; and 3) GGAG and YAG have the similar garnet
structure; the F* center in GGAG may be possibly located close to Ce**x or
Ce**u site, thus can be easily affected by the Ce valence state. In addition, the
cerium may be nearly completely in Ce** form in the as grown sample with 0.4%
Ca [13] and therefore cannot be further oxidized by air annealing. The Ce*" can

however be partially reduced by annealing in a reducing atmosphere, causing the
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emission of F* center to be similar to the samples with lower Ca concentrations
(primary Ce* form).

TL measurements were done to investigate the relationship between the
annealing atmosphere and the traps related to oxygen vacancies. Figure 5.9
shows the TL spectra of the samples with different Ca concentrations in different
annealing atmospheres. With 0.1% Ca addition (Figure 5.9a), the air-annealed
sample showed low TL intensity with no noticeable peaks around 210 K and 450
K, in contrast to the as-grown sample. For the samples with 0.2% Ca (Figure
5.9b), peaks around 90 K and 520 K were diminished after air annealing. This
was likely due to the decrease of oxygen vacancies. However, after annealing in
a reducing atmosphere, higher TL intensity was observed throughout the
temperature range, especially below 450 K, in the lower Ca samples (0.1% and
0.2%), indicating more oxygen vacancies were created. The similar phenomenon
was also observed in LYSO crystals [26]. By correlating the suppression of the
traps below room temperature in TL spectra with the absence of F* center in PL
spectra for the samples with lower Ca concentrations after air annealing, one can
conclude that the F* center is likely associated with the shallow traps below room
temperature.

The TL measurements for the sample with 0.4% Ca are shown in Figure
5.9c. No shallow traps were observed in the as-grown sample, thus neither in the
air-annealed sample. However, shallow traps appeared after annealing in a

reducing atmosphere, which was consistent with the formation of a noticeable F*
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center in PL spectra as shown in Figure 5.8b. Contrary to the previous
conclusion from the samples with low Ca concentrationss, a faint F* center
(Figure 5.8b) can still be observed in the as-grown and air-annealed samples
with 0.4% Ca, despite the absence of shallow traps (Figure 5.9c). Considering
the different primary Ce valence state (Ce**) in the sample with 0.4% Ca from the
other samples (Ce®"), it is reasonable to think that the F* center can be affected
by Ce valence state. Further investigations are necessary to better understand
the relationship between the F* center and Ce valence state in Ca codoped

GGAG crystals.
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Figure 5.8. (a) The photoluminescence spectra of GGAG: 0.2% Ce with 0.4% Ca
both as-grown and annealed in different atmospheres; (b) enlarged regions of F+
luminescence. Dashed line separates the excitation and emission spectra.
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Figure 5.9. Thermoluminescence spectra of GGAG with (a) 0.1 at%, (b) 0.2 at%
and (c) 0.4 at% Ca under different annealing atmospheres.

Photoluminescence decay of F' center

The PL decay time (measured at 350 nm excitation and 400 nm emission)
of all Ca samples under both annealing atmospheres was measured to confirm
the occurrence of the F* center. Figure 5.10 shows the PL decay spectra of F*
center in the GGAG:Ce crystals with 0.1%, 0.2% and 0.4% Ca after annealing in

different atmospheres, as well as the instrumental response. Considering the
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pulse width of the Nano LEDs is comparable to the decay time of the F* center in
Figure 5.10, especially to those of the as-grown and post air-annealed samples
in Figure 5.10c, it is necessary to eliminate the instrumental response from the
decay profile by deconvolution. The insets show examples of fitting the
deconvolved PL decay curves in the as-grown samples using a single
exponential model. All fitted data are shown in Table 5.2. The PL decay time of
the F* center was ~3.5 ns obtained in the as-grown crystals with 0.1% and 0.2%
Ca. Similar energy levels and PL decay time in the same order of magnitude
were previously reported in F* center found in YAG crystal [18, 23]. No PL decay
signal was detected for the F* center in samples with 0.1% and 0.2% Ca after air
annealing, indicating no F* luminescence center appeared in these samples,
which was consistent with the steady-state PL results. A PL decay time of around
1.2 ns was obtained under excitation at 380 nm and emission at 430 nm for the
as-grown and air-annealed samples with 0.4% Ca, which was slightly faster than
that of the other low Ca samples (~3.5 ns) under excitation at 350 nm and
emission at 400 nm. After annealing in a reducing atmosphere, the PL decay
time became comparable to the other samples. Different energy locations and PL
decay time of the F' center were observed in the Ca codoped samples with
different Ce valence state, which are in different colors. Further studies need to
be done to understand the relationship between the location of the F* center and

the Ce valence state of crystals.
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Table 5.2 Photoluminescence decay (lifetime) of F* center in GGAG:Ce
crystals with various Ca concentrations (a: Ex: 350 nm, Em: 400 nm; b: Ex:
380 nm, Em: 400 nm)

Sample PL decay time (ns)
0.1% Ca 0.2% Ca 0.4% Ca
As_grown 3.5% 3.52 1.2°
Air-annealed n/a n/a 1.2°
N»-H, annealed 3.3% 3.52 3.62
1t a Pl-decay Jpp— 0.1% Ca 1 b PL-decay 1o
F'center post N,-H, anneal
Ex: 350 nm  ——Instrumental response
- Em: 400 nm '° ::»::..,;nm fitting 04 ? 06 =3 8%0xp(-x/3.4)+5.5E 4
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Figure 5.10. PL decay spectra of the ‘additional’ luminescence center (F+ center)
in GGAG:Ce crystals with (a) 0.1% Ca, (b) 0.2% Ca and (c) 0.4% Ca in different
annealing atmospheres. The insert shows the fitting curve of PL decay using a
single exponential model.
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Conclusion

GGAG:Ce crystals with various Ca concentrations were grown by the CZ
technique; the introduction of Ca?* ions into a trivalent site results in a change in
the Ce®*":Ce*" ratio as well as an additional F* luminescence center. The changes
of Ce valence state could be affected in the more highly codoped samples by
various annealing atmospheres and as indicated by changes in the Ce**
absorbance band around 440 nm as well as the color changes. The sample with
the highest Ca concentration and more Ce*" is rust color, while the samples with
lower Ca concentration and more Ce®" are yellow color. A reversible Ce valence
state change correlated with color change was also observed in the GGAG:Ce
crystals with the highest Ca concentration under various annealing atmospheres.
An F* luminescence center was observed at an excitation wavelength of 350 nm
and an emission wavelength 400 nm with PL lifetime at ~3.5 ns in the Ca
codoped samples and was affected by annealing atmospheres. In the samples
with lower Ca concentrations, annealing in an oxidizing atmosphere (air) helped
to reduce or eliminate the oxygen vacancies, diminishing the F* center. In the
crystal with the highest Ca concentration, the F* center appears after annealing
in a reducing atmosphere (2% H: in bulk N2) presumably due to the increase of

oxygen vacancies.
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Chapter 6 A NOVEL METHOD TO CREATE AN INTRINSIC
REFLECTIVE LAYER ON A GD;GA;3;AL;0+,:CE SCINTILLATION

CRYSTAL
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Abstract

An innovative method to produce a reflective layer on a scintillation
detector element was devised in order to provide an alternative approach to the
traditional method of applying extrinsic reflectors. It is known that many inorganic
oxides can decompose into suboxides when heated in an oxygen-deficient
atmosphere. After heat treating a GdszGaszAl.O12 (GGAG) crystal in a reducing
atmosphere for several hours we observed that a white surface layer was
formed, which was found to have good reflective properties. The resulting
reflective layer is robust and firmly attached to the crystal; X-ray diffraction
analysis showed that the white reflective layer is primarily composed of GdAIOs.
The reflectivity of this reflective layer can reach 92% and the thickness increases

with the cumulative soaking time. The performance of the reflective layer in terms
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of maximizing photon collection was compared to the performance of Teflon

tape.

Introduction

Cerium (Ce) doped scintillators are scientifically and economically
important materials used to detect high-energy photons and particles in various
applications, including medical imaging, high-energy physics, geological
exploration, and homeland security. These scintillators are packaged together
with a photosensor, such as a photomultiplier tube, in detector assemblies. A
detector assembly may contain an array composed of many smaller scintillator
elements, often referred to as pixels. In most cases, it is desirable to optically
isolate the pixels from each other in order to maximize the scintillation light that
reaches the photodetector and to prevent the light interference from the adjacent
pixels [1], for example see Figure 6.1. The common solution is to separate the
pixels with a reflective material, such as Teflon [2] or barium sulfate [3]. The
effect of applying reflectors on scintillators as well as the choice of the reflector
materials has been intensively investigated [3-5]. However, they were all
externally applied reflectors.

In this paper, we report a technique to create an intrinsic reflective layer
on a Ce doped Gds;Al,Gaz;0+, (GGAG) [6] single crystal. It is known that many of
inorganic oxides can decompose into suboxides when heated in an oxygen-

deficient atmosphere [7,8]. After heat treating a GGAG crystal in reducing
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atmosphere, we observed that the suboxides of gallium evaporate from the
surface of the crystal and leave a white surface layer behind, which serves well
as an intrinsic reflector [9]. We evaluated the composition and reflectivity of the
white layer, and investigated the effect of soaking time on layer thickness as well
as the reflector performance in terms of maximizing photon collection, namely

maximizing the scintillation light that reaches the photodetector.
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Figure 6.1. Array of scintillator pixels with a white reflective material filling the
spaces between the pixels in order to maximize light collection.

Experimental methods
The GGAG crystals were grown by Czochralski method, as previously
reported [10-11]. Cubic GGAG crystals, approximately 10 mm x 10 mm x 10 mm
were heated at 3.3 °C /min to 1300°C in bulk N2 with 2% H; in a tube furnace and
held at that temperature and atmosphere for 5-10 h before cooling to room
temperature at the same rate. During this high temperature treatment, a stable

white reflective layer formed on the surface of the crystal (see Figure 6.2c). This
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layer was securely bonded to the underlying crystal, although it could be
removed with common polishing techniques.

While heat treating in a reducing atmosphere is useful for forming the
reflective layer, it unfortunately reduces the light yield. Therefore, a subsequent
heat treatment was done for 10 h at the same temperature in an air atmosphere
in order to restore the light yield to the previous value. A detailed explanation of
this process can be found in our previous work [11]. It should be noted that this
additional heat treatment did no harm to the reflective layer.

Light yield (LY) measurements were conducted on a test set using a
Hamamatsu R877 photomultiplier tube (PMT) and a 10 uCi "*'Cs source; no
optical couplant was used. LY value is on a scale where BGO reference crystal is
set to 100. Four crystals of approximately the same size were cut from the same
boule, and an initial LY measurement was done with a hemispherical reflector to
establish that all had equivalent starting LY. One sample was kept in the as-
grown state; three were then subjected to heat treatment in a reducing
atmosphere to form the white layer. The white layer was removed with polishing
paper from all six sides of one sample, as shown in Figure 6.2b, and from one
side of another sample, as shown in 2c. The sample shown in Figure 6.2d has
also had the white layer removed from all 6 sides; it was then wrapped with at
least 5 layers of Teflon tape. A second LY measurement revealed that the heat
treatment in the reducing atmosphere had significantly reduced the LY and a

second anneal was done in an air atmosphere to restore it to the original value
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so that all samples again had equivalent LY. In these measurements with the
reflective dome, the measured LY indicates the total quantity of photons emitted
from the sample.

The performance of the intrinsic reflective layer relative to externally
applied Teflon tape was evaluated by measuring the LY of the crystals without
the previously used reflective dome. In this case, the relative LY is an indicator
of the relative ability of the intrinsic reflector and the Teflon tape to redirect
photons into the PMT.

Pieces of the as-grown GGAG crystals were crushed and ground into
powder with a ball mill for X-ray diffraction (XRD) measurements with a Bruker
Axs powder diffractometer Model D2 Phaser. On the other hand, the reflective
layer was measured with a Philips X'Pert diffractometer while the layer was still
attached to the crystal, since the layer was too thin to be removed without
introducing impurities in the cutting and grinding process. Furthermore, A LEO
Gemini 1525 Field Emission Scanning Electron Microscope (SEM) equipped with
Energy-Dispersive Spectrometer (EDS) was used to verify the composition of
reflective layer.

Additional heat cycles were subsequently done in order to study film
thickness vs. time and the effect on detector performance. A crystal cube was
heat treated at 1300 °C in N2 +2% H; in four cycles. The soaking time for each
cycle was 10, 15, 10 and 15 h, thus the cumulative soaking time was 10, 25, 35

and 50 h. After each heating cycle, the reflective layer on the top surface was
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removed with polishing paper (see Figure 6.2c), and the thickness of the layer
was measured by viewing its cross-section with a KEYENCE VHX-1000E Digital
Microscope. In addition, reflectivity measurement of reflective layer was carried
out using an integrating sphere attachment on Shimadzu spectrophotometer

Model 3100.
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Figure 6.2. a) as grown GGAG crystal, b) annealed crystal with intrinsic reflective
layer removed, c) annealed crystal with reflective layer on five surfaces (top
layer was removed), and d) crystal b wrapped with Teflon tape on five surfaces.

Results and discussion

XRD analysis of as-grown GGAG crystal and reflective layer

The phase purity and composition of the as grown crystal as well as the
reflective layer were measured by XRD and EDS, respectively. As shown in
Figure 6.3a, the diffraction pattern of the as-grown GGAG crystal was in good
agreement with GGAG reference pattern in Pearson’s Crystal Data (No.
1627563). The diffraction pattern (Figure 6.3b) of the reflective layer strongly
suggested that the white layer was mostly GdAIOs, because it matched very well

the diffraction pattern of GdAIOs; (No. 1818268). The EDS analysis of the
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reflective layer showed Gd, Al and O peaks but no Ga peaks (Figure 6.4). The
absence of Ga in the reflective layer could be explained by the reaction
described by Brandle [7], namely the decomposition of gallium sesquioxide
(Gaz03) to the suboxide (Gaz0) occurred when heating at high temperature and
a reducing atmosphere. The Gay0O formed by decomposition has a much higher
vapor pressure than the garnet does, causing it to vaporize from the garnet
surface. Due to the lack of O,, the decomposition of the sesquioxide and the
vaporization of the suboxide can proceed continuously, leaving only Gd, Al and O
at the surface of the crystal [9]. We believe the remaining materials at the surface
form mixed oxides of Gd and Al, which was identified as mostly GdAIO3; seen as
the white layer. In our experiment, the self-reflecting layer was not formed before

the temperature reaches 1300 °C in reduced atmosphere.
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Figure 6.3. XRD of (a) as-grown GGAG crystal and (b) self-reflecting film (b)
compared to a GGAG reference (No. 1627563 from Pearson’s Crystal Data) and
a GdAIOg reference file (No. 1818268 from Pearson’s Crystal Data) respectively.
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Figure 6.4. EDS spectra of the self-reflecting film.

Reflectivity of the reflective layer

Figure 6.5 shows reflectivity of a 350 pum reflective layer and the
radioluminescence of GGAG crystals as a function of wavelength. The peak
emission wavelength of Ce doped GGAG crystal due to the 4f-5d transition is
540 nm [6], which is indicated by the dash line in the plot. At 540 nm, the

reflectivity of the reflective layer was 92%, which is enough to be used as

reflector.
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Figure 6.5. Reflectivity (black solid line) of the reflective layer and the

radioluminescence (blue solid line) of GGAG crystals as a function of
wavelength. The dashed line indicates the 540 nm emission of GGAG crystal.
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Thickness of the reflective layer

The thickness dependence of the reflective layer on cumulative soaking
time is plotted in Figure 6.6. The average thickness of the self-reflecting film
increased monotonically with the increase of cumulative soaking time, and was ~

1 mm thick after 50 h of heating treatment, as shown in Figure 6.7.
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Figure 6.6. Change of thickness of the self-reflecting film as the cumulative
soaking time increases.

Reflector performance of the reflective layer

The performance of the reflective layer was studied by measuring the
relative LY as a function of the layer thickness. Different thicknesses of the
reflective layer were obtained by multiple heating cycles. The relative LY of
GGAG crystal covered with reflective layer without dome increased from 184 to
221 channels as the layer thickness increased from 205 to 1048 um (5 to 50 h
cumulative soaking time), as shown in Figure 6.8. As expected, the reflector

performance improved as the film thickness increased up to 1 mm.
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Figure 6.7. From a-d, the average thicknesses of the white self-reflecting film are
313 £ 3,484 £ 5, 724 £ 10 and 1048 + 38 um with respect to cumulative soaking
time of 10, 25, 35 and 50 h. (Note that the horizontal scale of Figure 4.7d is a
factor of twice larger compared to that of Figure 4.7a-c.)
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Figure 6.8. The LY of the GGAG crystal shown in Figure 4.2c as a function of the
thickness of the reflective layer on a scale where a BGO reference crystal is set
to 100. The horizontal line shows the light yield of a comparable crystal wrapped
in several layers of Teflon tape.
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In order to compare the reflector performance of the reflective layer and
the Teflon tape, we measured the relative LY of the four types of samples
described earlier. The results are presented in Table 6.1. The LY measured with
dome are very close for all samples as assumed earlier. Therefore, the LY
measured without the dome indicated directly the performance of the reflective
layer. The LY without dome are very similar for the sample a and b (both are
bare GGAG crystals). This is expected since both samples had no reflector
coating to collect the photons. The LY for sample ¢ and d (both covered with
reflector) without dome increased compared to those of sample a and b. Figure
6.9 shows the energy spectra of LY without the dome for sample a, sample ¢
(covered with the reflective layer of 1048 ym), sample d and the BGO reference.
The reflective layer and external Teflon tape have a similar ability to reflect
photons into a PMT when the reflective layer is sufficiently thick, as indicated by
LY of sample c and d. It should be noted here that the LY achieved by sample c
increased monotonically as the film thickness increased; see Figure 6.8.

Table 6.1 The LY measurements of GGAG crystals under different

conditions as shown in Fig. 2. The value is on a scale where BGO reference
crystal is set to 100.

Relative LY Sample a Sample b Sample ¢ Sample d
With dome 275 273 274 275
Without dome 109 107 182-221 218

a) As-grown GGAG

b) GGAG with intrinsic reflective layer removed

c) GGAG with reflective layer on five surfaces (values include multiple
measurements with increasing cumulative soak times, see Figure 4.8)

d) GGAG wrapped with Teflon tape on five surfaces
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Figure 6.9. LY energy spectra of sample a (as-grown GGAG crystal), sample c

(GGAG crystal covered with thick reflective layer) and sample d (GGAG crystal
wrapped with Teflon tape) using a "*’Cs source.

Conclusion

The essence of this paper is that a reflective layer can be readily formed
on the surface of a crystal, eliminating or minimizing the need for external
reflectors. We have demonstrated the effectiveness of this in GGAG, and have
found that soak times at high temperature can be used to control the thickness of
the reflective layer. This idea may also be extended to other scintillator materials
that exhibit the tendency to decompose, leaving a "white" or otherwise reflective

layer on the surface.
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I. Codopant screening technique for GGAG:Ce

In order to fast screen the proper codopant candidates for GGAG:Ce from
a wide range of materials, a cost-effective method was developed to predict the
performance of codoped crystals before growing the crystals. Specifically, the
radioluminescence (RL) intensity and photoluminescence (PL) decay of the
pellets were used to predict the light yield (LY) and scintillation decay of the
single crystals. This method was applied to GGAG:Ce pellets codoped with B,
Ca, Ba Mg, Sr, Zr, Fe, Bi, Zn, Ag, Nb, Cu, K and Na. B and Ba were selected for
crystal growth due to their increased RL intensity, and Ca was selected due to its
reduced PL decay time, compared to the uncodoped pellets. Chapter 2
demonstrated this method using Ca, B, and Ba codoping as an example, and
reported their improved scintillation properties. In the GGAG:Ce crystals, B and
Ba codoping help to improve the LY from ~ 47,000 to ~ 53,000 ph/MeV, which is
consistent with the increased RL intensity in the pellets. Ca codoping reduces the
scintillation decay time from 51 to 43 ns, which is in agreement with the
shortened PL decay time in Ca codoped pellets. The results from pellets and
crystals are sufficiently similar for one to use pellets as an inexpensive and quick
way to evaluate the compositions prior to undertaking the time and expense
involved in the single crystal growth. This idea may also be extended to other
scintillator materials whose scintillation properties could be improved by

codoping.
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Il. The effect of codoping on the luminescence centers and

charge traps in GGAG:Ce crystals

Besides the scintillation properties (LY and decay time), the optical
properties (luminescence centers) and charge traps were also studied for the
GGAG:Ce crystals codoped with Ca, B and Ba.

Ca codoping decreases the absorbance intensity at 345 nm and the RL
intensity, while B and Ba codoping increase them. An F* luminescence center
was introduced with an excitation peak at 350 nm and emission peak at 400 nm
only by Ca codoping. The PL decay time of this luminescence center is around
3.5 ns, which is independent of temperature. Codoping affects the profile of
temperature dependent PL decay time for the Ce luminescence center, which
consequently changes the quenching temperature and activation energy. The
quenching for the Ce center occurs around RT, and the emission rapidly
decreases above RT.

Ca codoping significantly suppresses the charge trap population in
GGAG:Ce crystals under RT, suggested by the TL measurements. This

decrease in traps below RT accounts for the strong suppression of afterglow.

lll. The effect of Ca codoping concentration on GGAG:Ce

crystals

A series of experiments was designed to explore the effect of Ca codoping

concentration on GGAG. GGAG:0.2 at% Ce crystals codoped 0.0-0.4 at% Ca
123



were grown by CZ technique. The relationship between Ca concentration and the
optical/scintillation properties is explored. The Ce valence state and F* center are
first studied by annealing in the Ca codoped crystals. The findings are
summarized below.

1) Both the LY and decay time of Ca codoped samples decrease as Ca
concentration increases from 0.0 to 0.4% as shown in Figure 7.1 and Figure 7.2.
The detailed LY and decay time values are shown in Figure 7.3 and Table 7.1.
Although the LY and energy resolution are deteriorated by Ca codoping, the
decay time, rise time, shallow traps level and afterglow are remarkably improved.
Therefore, Ca codoped GGAG:Ce crystals are promising candidates of
scintillators for applications requiring fast timing resolution such as PET, even
TOF-PET.

2) Ca promotes the transition of Ce valence state from Ce®* to Ce** in
GGAG:Ce crystals and hence the absorbance intensity of Ce* at 440 nm
decreases while the Ce** charge transfer absorption increases. Since Ce**is the
primary valence state in the sample with 0.4% Ca, it shows a distinct color from
those at lower codoping levels. The sample with the 0.4% Ca and more Ce*" is
rust color, while the samples with 0.0-0.2% Ca and more Ce>* are yellow color. In
the sample with 0.4% Ca, the Ce valence state can be affected by various
annealing atmospheres, as indicated by changes in color and in the Ce*
absorbance band around 440 nm. Moreover, this valence state change can be

reversed by annealing.
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3) An F* center is observed in all Ca codoped samples, and can be

affected by annealing atmospheres. In the samples with lower Ca concentrations

(0.0-0.2 at%), annealing in an oxidizing atmosphere (air) helps to reduce or

eliminate the oxygen vacancies, diminishing the F* center. In the crystal with the

highest Ca concentration (0.4 at%), the F* center appears after annealing in a

reducing atmosphere (2% Hz in bulk Nz), presumably due to the increase of

oxygen vacancies.

4) A Ce** emission model is applied to understand the improvement of the

scintillation decay time. A redox mechanism and a charge compensation process

are proposed to explain the change in Ce valence state and F* center during

annealing.
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Table 7.1 Summary of light yield and decay time of GGAG:Ce scintillators

Composition Light yield (phs/MeV)  Scintillation decay time
(ns)/ ratio
GGAG:0.2% Ce 47,000 51 (73%), 381 (27%)
GGAG:0.2% Ce, 0.1% Ca 39,600 46 (75%), 234 (25%)
GGAG:0.2% Ce, 0.2% Ca 32,000 42 (74%), 144 (26%)
GGAG:0.2% Ce, 0.4% Ca 15,870 27 (59%), 51(41%)
GGAG:0.2% Ce, 0.2% B 53,300 51 (69%), 388 (31%)
GGAG:0.2% Ce, 0.4% B 53,400 56 (66%), 464 (34%)
GGAG:0.2% Ce, 0.2% Ba 52,800 57 (59%), 468 (41%)
GGAG:0.2% Ce, 0.4% Ba 53,000 56 (59%), 438 (41%)

IV. An innovative intrinsic reflective layer for scintillation

detectors

An innovative method to produce a reflective layer on a scintillation
detector element was devised in order to provide an alternative approach to the
traditional method of applying extrinsic reflectors. It is known that many inorganic
oxides can decompose into suboxides when heated in an oxygen-deficient
atmosphere. After heat treating a GGAG crystal in a reducing atmosphere for
several hours, a white surface layer is formed. The resulting reflective layer is
robust and firmly attached to the crystal. X-ray diffraction analysis shows that the
white reflective layer is primarily composed of GdAIOs;. The reflectivity of this
reflective layer can reach 92%. The performance of the reflective layer in terms
of maximizing photon collection is improved as the thickness of layer increases

and comparable to the performance of Teflon tape. This idea may also be
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extended to other scintillator materials that exhibit the tendency to decompose,

leaving a "white" or otherwise reflective layer on the surface.
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Appendix A

General characterization techniques for scintillation materials

X-ray diffraction

X-ray crystallography is a tool to identify the atomic and molecular
structure of a crystal. The crystalline atoms diffract the beam of incident X-ray
into many specific directions [1, 2]. By measuring the angles and intensities of
these diffracted beams, a crystallographer can produce a three-dimensional
picture of the density of electrons within the crystal, from which the arrangement
of the atoms in the crystal can be determined, as well as their chemical bonds,

and various other information [1]. The theory is according to Bragg’s law [2]:
2dsinf = nl (1)

Here d is the spacing between the diffracting planes, 6 is the incident
angle, n is any integer, and A is the wavelength of the beam. These specific
directions appear as spots (peaks) on the diffraction pattern called reflections [2].
In this work, the X-ray diffraction measurements are performed on finely
powdered single crystal and sintered pellet samples using a Bruker Axs D2

Phaser instrument.

Absorbance/transmittance
Absorbance is the fraction of radiation absorbed by a sample at a
specified wavelength [3]. Absorbance spectrum of the scintillator is related to the

activator; typically it indicates the information of the copant (e.g. Ce** ion) in the
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scintillation host. Transmittance is the fraction of incident light (electromagnetic
radiation) at a specified wavelength that passes through a sample [3]. In this
work, absorbance/transmission were measured with a Varian Cary 5000 UV-

VIS— NIR spectrophotometer in the 200-800 nm range.

Photoluminescence and photoluminescence decay

Photoluminescence (PL) is light emission from any form of matter after the
absorption of photons (electromagnetic radiation) [4], typically a much smaller
energy around 3-6 eV. In the Ce doped scintillator, the electrons are stimulated
from the 4f ground state to 5d excited state after absorbing the external energy.
Then the electrons de-excited and emit the photons. PL measurement provides
the information about the dopant energy level positions. The time-resolved single
photon counting is a method that the sample is excited with a light pulse and then
the PL decay is measured with respect to time. PL decay usually reflects the
lifetime of electrons in the emission process. Figure A.1 shows a typical
excitation and emission process [5]. In this work, emission and excitation spectra
are acquired by a HORIBA Jobin Yvon Fluorolog-3 Spectrofluorometer with a
450 W continuous Xenon lamp as the excitation source. PL decay is measured
on the same spectrofluorometer with nano LEDs (pulsed light emitting diodes) as

the excitation source.
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Radioluminescence

Radioluminescence (RL) is the phenomenon by which light is produced in
a material by interacting with x-ray [6]. RL occurs when an incoming radiation
particle collides with an atom or molecule in the scintillator, exciting an orbital
electron to a higher energy level. The electron then returns to its ground energy
level by emitting the extra energy as a photon of light [6]. The RL spectrum
represents the wavelength distribution of the scintillation light arising from
incident ionizing radiation [6]. Ideally, the wavelength of the emitted light will
match well with current photomultiplier technology. In this work, the RL spectra
were obtained at room temperature under the X-ray radiation at 35 kV and 0.1

mA using an ACTON SP-2155 monochromator.
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Light yield

Light yield (LY) affects both the efficiency and the resolution of the
detector. The efficiency is the ratio of the detected particles to the total number of
particles impinging upon the detector; the energy resolution is the ratio of the full
width at half maximum of a given energy peak to the peak position, usually
expressed in % [7]. The LY is a strong function of the type of incident particle or
photon and of its energy [7], which therefore strongly influences the type of
scintillation material to be used for a particular application. Generally, the total LY

of a scintillator can be described using [7, 8]:

10°5Q
Yon = BE, photons/MeV (2)
where Ypnis the number of photons emitted by the scintillator per unit of energy

absorbed (usually photons/MeV). B-Eg is the mean energy necessary for the
formation of one thermalized electron-hole pair in a material with a band gap Eg_
B is a constant that appears approximately 2.5. S describes the efficiency of
energy transfer to the luminescence center, and Q is the quantum yield of the
intracenter luminescence. In ideal situation, the transfer efficiency S and the
quantum efficiency Q of the activator ion are 100%.

In this work, the absolute LY was measured using a 10 uCi "*’Cs gamma-
ray source, a Hamamatsu R2059 PMT with a known quantum efficiency, a 3 ps
shaping time, and a hemispherical Spectralon reflector to enhance the light

collection.
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Scintillation decay

The scintillation decay time is a measure of how quickly scintillation light is
emitted from a scintillator after a radiation interaction. The decay time is defined
as the amount of time it takes for the initial light intensity to reach 1/e of its initial
intensity [7]. A faster decay time will allow for better timing performance and
allow for more radiation interactions to be measured within a given time window
[7]. Generally, Ce** and Pr** are used as dopants because of the fast 5d-4f
transition, allowing a fast decay component of 15-60 ns in both Ce*" and Pr**
doped materials which are approximately twice as fast as Eu®* doped material.

In this dissertation, the scintillation decay time profiles are measured using
the Bollinger-Thomas time-correlated single photon technique [9]. This technique
employs two photomultiplier tubes (PMTs) and a "*’Cs gamma-ray source. The
first PMT is used as a start PMT and it is placed near the test scintillator, allowing
it to create a time stamp for the beginning of the scintillation event. Its signal is
fed into a constant fraction discriminator (CFD) set with a low trigger threshold.
The second PMT is used as a stop PMT and is partially covered by an iris in
order to reduce the number of incident photons from the scintillator. Its signal is
also fed into a CFD with a threshold setting that is optimized in order to trigger on
a single photon. If the number of detected single photoelectrons is small
compared to the number of start triggers (approximately 5% or less), the time
difference between the start and stop triggers is then statistically dependent upon

the scintillation decay time [9].
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Thermoluminescence

Thermoluminescence (TL) measurements can act as a useful tool for
understanding the trap structure of a scintillator. During the charge migration
phase of crystal relaxation, many of the electrons may embed in shallow traps
after an x-ray source was used to excite the scintillator. The charge carriers need
to acquire enough thermal energy to escape the trap and recombine at the
luminescence center [10]. TL measurements use this property by cooling a test
scintillator to temperatures as low as 5 K and then intentionally filling the charge
traps using an x-ray source. At this low temperature, the trapped charge carriers
have a very small probability of escape and will remain trapped indefinitely.
During the measurement, the sample is then slowly heated in order to release
the charge traps, and the resulting light output from the scintillator is monitored

[10]. The TL intensity spectra can be written [11] as:

I(T — AT) = n, s exp ( ) exp (= )f exp ( )dT’ 4)

kT’
where AT is the thermal lag between the sample and the heating element (AT =
2~3 K), E is the energy of traps need to escape from the traps, B is the constant
heating rate, npis the initial concentration of filled traps, s is the frequency factor
and Kk is the Boltzman constant. In our experiment, the sample was mounted
within an Advanced Research Systems cryostat (model DE202AE). The sample
chamber was evacuated to 20 mTorr before the sample was heated to 600 K in
order to empty charge carrier traps. The sample was then cooled to 9 K and

irradiated with x-rays through a beryllium window for approximately 15 min.
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Subsequently, the sample was brought back to 600 K at a rate of 0.15 K/s. A
Hamamatsu H3177 PMT was used to measure the luminescence emitted by the

sample as a function of temperature.

Afterglow

Afterglow is the scintillation light that is given off after several milliseconds
or seconds. It is caused by impurities and defects that create traps or metastable
states with long lifetime [12]. Typically, BGO, GSO(Ce), PbWO,4, and CdWO4
tend to have small afterglow ~0.005% after 3 ms. The doped alkali halides like
Nal(Tl) and CsI(Tl) can be quite high, ~ 0.1-5% after 3 ms [13]. Generally
speaking, those traps shown in TL spectra around room temperature are the
origin of afterglow in a scintillator. The lifetime of the traps at room temperature
was calculated by Arrhenius formula [14]:

E
=P Gep) (4)
S

where s and E were calculated from the TL fitting curve. In our afterglow
measurements process, the charge carrier traps were first emptied by heating
the crystals for 10 min at 600 K. After cooling to room temperature, the crystals
were coupled to a Hamamatsu R3177 photomultiplier tube with a Dow Corning
Q2-3067 optical couplant, and covered with a Tetratex TX3104 PTFE membrane.
The crystals were then irradiated with x-rays for 15 min. The luminescence

emitted was then measured as a function of time.
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