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COMPLEX OXIDE GARNET
Lu,Gd,Ga,Al,0,:Ce,Yb
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ABSTRACT: Light yield, time response, afterglow, and thermoluminescence
of Ce-doped garnet scintillators and persistent luminescent materials are

controlled by a complex interplay between recombination and trapping/ ¥ ST 9 K T e
detrapping processes. Extensive research has contributed to a good qualitative T
understanding of how traps, impurities, and the presence of Ce*" affect the
materials properties. In this work we present a quantitative model that can

explain the thermoluminescence and afterglow behavior of complex garnets.

In particular, the model allows the determination of capture rates and

effective capture radii for electrons by traps and recombination centers in
Lu,Gd,Ga;Al,04,:Ce garnet ceramics. The model relies on solving a set of R =2.7A
coupled rate equations describing charge carrier trapping and recombination

in garnet ceramics doped with Ce and also codoped with a known
concentration of an intentionally added electron trap, Yb**. The model is
supported by analysis of a complete set of experimental data on afterglow, rise-time kinetics, and X-ray excited luminescence
which show that thermoluminescence/afterglow are governed by trapping/detrapping processes following interactive kinetics
with dominant recombination channel. The underlying reason for dominant recombination is the presence of a small fraction of
Ce*" (~2 ppm in the 0.2% Ce-doped sample) which have a very high capture cross section (x2.7 A effective radius) because of
the Coulomb attractive nature of this recombination center. The quantitative insights on capture cross sections and
concentrations of Ce*" help to better understand the optical properties of Ce-doped garnet scintillators and persistent
luminescent materials and serve in optimizing synthesis procedures by tuning the Ce**/Ce*" ratio by codoping with divalent
cations and annealing in an oxygen-containing atmosphere.

- [R,,- € capture effective raduis|

B INTRODUCTION

Complex Ce-doped garnets have received a lot of attention
recently as promising scintillators for medical imaging,'
phosphors for light-emitting diode applications,” and persistent
phosphors.” The research on garnets generally consists of
careful tuning of composition,* stoichiometry,” and impurity
(doping) concentrations.” One of the main goals of these
modifications is to influence the charge migration efliciency
toward recombination or trapping sites, the so-called defect
engineering.7

decay components." On the other hand, efficient trapping of
the carriers is required for persistent luminescence garnets, so
the synthesis procedures involve doping with additional
impurities® or implementation of other methods™'” that can
compete effectively with radiative recombination.

The competition between recombination, trapping, and
retrapping of charge carriers is generally modeled using many-
parameter systems involving rate equations.11 These equations
cannot be solved analytically, and suitable analysis generally

The presence of point defects acting as charge carrier traps
in scintillating garnets leads to an undesired loss of light yield,
high levels of afterglow, and presence of significant secondary

-4 ACS Publications  © 2019 American Chemical Society

Received: May 30, 2019
Revised:  August 14, 2019
Published: September 3, 2019

DOI: 10.1021/acs.jpcc.9b05169
J. Phys. Chem. C 2019, 123, 2272522734


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b05169
http://dx.doi.org/10.1021/acs.jpcc.9b05169

The Journal of Physical Chemistry C

involves a set of simplifying assumptions.'> Some of them, such
as a dominance of a retrapping process or existence of a
distribution of energy levels of the traps, can be deduced from
systematic analysis of the experimental data on thermally
stimulated luminescence (TSL), afterglow, or decay kinetics.
Consequently, one can focus on the specific charge migration
mechanisms, and the number of independent parameters
characterizing the dynamics of the system can be substantially
reduced.

Still, a quantitative and meaningful solution of the rate
equations poses severe challenges.”” Generally, in order to
quantify the capture probabilities obtained from cross sections
and other important trapping parameters, several complement-
ing experiments are put together. Simultaneous measurement
of thermally stimulated conductivity (TSC) and TSL is one of
the common methods of trap parameter evaluation.'*"> In
particular, it can be used for the determination of the
probability coefficients for recombination processes.'® Corre-
lation between the prominent TSL peaks and the derivative of
the temperature dependence of the optical absorption of color
centers is another technique regularly used to study the trap
populations in dosimetry materials."”

In this work we estimate the charge carrier capture rates in
Lu,Gd,Ga;AL,0,,:Ce garnet ceramics, annealed in oxygen
atmosphere. The evaluation procedure consists of solving a
system of rate equations which describe the competition
between Ce** ions and traps for the capture of conduction
band (CB) electrons. The relevant parameters are defined
from experimental data on TSL, afterglow, rise-time kinetics,
and X-ray excited luminescence (XRL).

Additionally, by modification of doping levels for activator
and traps in sintered samples, we have estimated the total trace
concentration of Ce*" and effective radii of electron capture
(from the CB) on Ce* and Yb*' ions. The samples under
study are Lu;Gd,Ga;AL,0,:Ce ceramics with 0.001—1 mol %
Ce doping (variation in recombination center (RC) concen-
tration) and with 0.004 mol % Yb codoping (variation in
specific trap concentrationlg).

B EXPERIMENTAL METHODS

Garnet ceramic samples of Lu;Gd,Ga;Al,0,:Ce composition
with 0.001—1 mol % Ce concentration were prepared at
Philips Research, Eindhoven, by “mix-and-fire” sintering of 4 N
purity oxides in air. An extra sample Lu;Gd,Ga;AlL,0,,:Ce
0.2% was codoped with 40 mol ppm of Yb ions. The ceramics
were sintered either in the form of pills of 14 mm diameter and
2 mm thickness (for afterglow and TSL glow curve
measurements) or as rectangular sticks 20 X 4 X 4 mm (for
rise-time and decay measurements). On the basis of X-ray
diffraction patterns, it was concluded that all samples consist of
a single garnet phase.

Afterglow curves were recorded together with XRL at room
temperature (RT) in two time ranges in integral mode.
Afterglow in the microsecond range was studied after 1.7 us X-
ray pulse (20 kV, 0.7 A, 1 cm distance, tungsten anode) and
monitored with a Philips XQ2020 photomultiplier (PMT) and
a Tektronix DPO2024 oscilloscope. Generally, to study the
decay characteristics of scintillators either very short-term
excitation (picosecond—nanosecond range) or very long
excitations (on the order of seconds) are used. Consequently,
the intermediate interval remains unexplored. In this work, we
used an original setup with the source of rectangular X-ray

pulses,'” which allowed us to cover the microsecond—
millisecond time range of scintillation decay.

XRL and afterglow in the range of seconds were detected
after a 6 s X-ray pulse (120 kV, 100 mA, 20 cm distance,
tungsten anode) with a Hamamatsu silicon photodiode and a
Keithley M6485 picoammeter. All curves were normalized to
the XRL signal intensity at the end of the irradiation pulse
(assigned as t = 0).

Decay kinetics in a single-photon counting mode were
measured under y-quanta irradiation from an encapsulated 3
MBq Na?* source, detected with a XQ2020 PMT on
scintillator sticks covered by a reflector hood.

Measurements of rise (and decay) kinetics under 100 ps X-
ray pulses were performed on scintillator sticks covered by a
reflector hood at Delft University of Technology. Technical
details of the experimental setup can be found in ref 20.

Photoluminescence emission spectra provided in this work
were obtained with an UC-920 Edinburg Instruments
spectrofluorimeter under 450 nm excitation from a Xe arc
lamp. The equipment was calibrated to correct emission
spectra for the sensitivity of the monochromators and PMTs.

XRL spectra were measured under continuous X-ray
excitation (40 kV, 10 mA, 3 cm distance, tungsten anode).
Emission spectra have been registered in a reflection geometry
using a Lomo Photonica MDR-2 monochromator (1 nm
resolution) coupled to a Hamamatsu H8259-01 photon-
counting head. The spectra were corrected for the wave-
length-dependent transmission of the monochromator and the
spectral sensitivity of the PMT.

Afterglow spectra were measured at RT after 10 min of X-
ray excitation in the setup for XRL spectra measurements.

TSL glow curves were measured in 80—550 K temperature
range after irradiation of the samples with X-rays (40 kV, 10
mA, 3 cm distance, tungsten anode) at 80 K for S min. The
detector was a Hamamatsu R6357 PMT, sensitive in the range
of 200—900 nm. The waiting time between irradiation of the
samples and the start of the measurements was 10 min. These
TSL curves were recorded with f = 0.25 K/s heating rate.

Combination of XRL at low temperature with subsequent
TSL measurements, the so-called ItTL measurements, had the
following procedure. The sample was initially cooled down to
10 K and at this temperature was excited by the X-ray tube (45
kV, S mA, 15 cm distance, copper anode). During the
irradiation (varied in the range of 3—40 min), the XRL integral
intensity was measured. After the X-rays pulse the sample was
kept at same 10 K for 60 min. The last step is heating up to
350 K with constant rate # = 0.15 K/s; this signal is measured
as TSL. The detector was a Hamamatsu R928 PMT, sensitive
in the range of 200—800 nm.

B EXPERIMENTAL RESULTS

In this section we present experimental results on decay
kinetics under py-quanta irradiation, XRL under steady
excitation, afterglow measurements, and TSL. Comparison of
the afterglow data obtained in the single-photon and steady-
state excitation regimes justifies the processing of the X-ray
irradiation as a number of independent X-ray photon
absorptions. Afterglow spectra together with photolumines-
cence and XRL spectra allow to recognize Ce>*/*" ions as the
primary radiative RC for direct and delayed luminescence. TSL
and afterglow measurements show the existence of competi-
tion between RC and traps for charge carrier capture. ItTL
measurements indicate that the majority of charge carriers
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3*/4 jons and do not get captured on

directly recombine on Ce
traps.

Comparison of Decay Kinetics in Single-Photon
Counting Mode with Afterglow after an X-ray Pulse.
To investigate if the luminescence response to a large number
of high-energy excitation events can be described by the sum of
individual excitations, the luminescence time response for both
cases has been measured.

The decay kinetics under gamma ray excitation (by a Na** y-
ray source) of Lu;Gd,Ga;Al,0,:Ce 0.2% was measured in
single-photon counting mode, black curve 2, Figure 1.

Experiment (RT)
1) X-ray anode pulse

10°4 Lu,Gd,Ga;Al,0,,:Ce0.2%
2) v-kinetics
(3) —=— XRL + afterglow
Model
5 104 (4) — Convolution of anode pulse and y-kinetics
©
= 2 3
21024
e
£
1073+

Time, us

Figure 1. Green curve (1): profile of the X-ray excitation pulse. Black
curve (2): decay kinetics obtained for Lu,Gd,Ga;AL,O,:Ce 0.2%
ceramics in single-photon counting mode. Red curve (3): XRL/
afterglow signal obtained under rectangular X-ray excitation pulse.
Blue curve (4): convolution of the excitation profile (1) with decay
kinetics (2). Close similarity between curves 3 and 4 indicates a linear
response of the sample to X-rays and allows to consider X-ray
irradiation as absorption of independent X-ray photons.

Individual y rays excite the sample. The black curve 2 shows
an initial fast decay with a ~#60 ns time constant that can be
identified as the radiative decay time of the Ce®" emission. This
is followed by a slower microsecond afterglow. The time
response during and after a 1.7 ps X-ray pulse (pulse shape in
green in Figure 1) is given by the red curve 3 in Figure 1 and
shows a microsecond rise time during the pulse and also a
microsecond afterglow. The decay of both kinetics and
afterglow curve exhibits nonexponential behavior, which is
due to trapping.”

Comparison of XRL and afterglow intensity (curve 3 in
Figure 1) with a decay kinetics curve obtained under Na?** y-
quanta irradiation (curve 2) reveals good alignment of these
two curves. Indeed, performing the convolution of the
rectangular excitation pulse (curve 1) with decay kinetics
(curve 2) we get curve 4, in accordance with the following
formula:

n®) = [ LIt = o)

L (1) = Iy /

t
L(t—1)dr, -, <t <0
to

0
IAfterglow(t) = IExc / IK(t - T)dT) t>0
ho (1)

It (t) denotes the rectangular profile of the excitation pulse of
the amplitude Iy, and duration t, = 1.7 us (curve 1), I(t) is

the decay kinetics (curve 2). I, (t) is the expected
luminescence response (curve 4), which can be divided into
the XRL part Ly (t) for ¢ < 0 and afterglow part Lyge,gion(t) for
t>0.

The good match of the experimental curves obtained in
continuous and single-photon modes indicates a linear
response of the sample to X-rays and allows neglecting a
potential accumulation of charge carriers in the traps and
related memory effect” (refer to the Supporting Information
for details). In the Modeling section we use this argument to
process the continuous X-ray irradiation as absorption of a
number of independent X-ray photons.

Ce3*'** as the Primary Luminescent Center. To identify
the primary recombination center, the XRL, afterglow, and
photoluminescence spectra for the garnet samples have been
measured.

The spectra are shown in Figure 2 and consist of a broad
emission band around 560 nm that is typical of Ce** Sd — 4f

X-ray afterglow spectrum (77 K)

—— Photoluminescence (77 K, A,,=450 nm
10 —— X-ray excited luminescence (RT)
3
@©
2
‘@
& 051
£
010 T T 1
400 500 600 700

Wavelength, nm

Figure 2. Red curve: afterglow emission spectrum (77 K) in the range
of 1—10 min after X-ray irradiation. Black curve: photoluminescence
spectrum (under 450 nm excitation, 77 K). Blue curve: XRL emission
spectrum at RT. All spectra are recorded for the same
Lu,Gd,Ga;AL 0 ,:Ce 0.2% ceramics.

emission in garnets.”> There are subtle differences in the
spectra that may be related to generation of the emission at
different depths in the crystal for the different excitation
mechanisms. Reabsorption on the short-wavelength side where
the emission overlaps with the Ce®" f — d absorption can
slightly change the shape of the emission spectrum.

We suppose that Ce** participates in thermoluminescence
recombination process via the following mechanism:**

Ce** + hole — Ce** (a)
Ce*t + e — Ce (b)
Ce*™ 5 hw + Ce*F (c) (2)

Ce** (present in equilibrium state) can participate in
recombination starting from stage b, thus leading to faster
recombination.”® Moreover, via such mechanism, Ce** ions are
efficient competitors to electron traps for capture of CB
electrons.

Competition between RC and Traps. To study further
the mechanism of the delayed luminescence, we investigated
XRL and afterglow in the microsecond range for samples with
Ce varying concentration in the range of 0.001—1%. The
corresponding data are shown in Figure 3. For all samples the
curves can be fitted by multiexponential decay law (for details

DOI: 10.1021/acs.jpcc.9b05169
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Figure 3. XRL and afterglow signal in the microsecond range for
Lu,Gd,Ga;AlL,0,,:Ce ceramics with Ce concentration varying in the
range of 0.001—1%. The increased intensity of the secondary decay
components with decreased Ce concentration indicates competition
between traps and Ce*" ions for capture of charge carriers.

see the Supporting Information). The shortest decay
component for all samples is about 60 ns, which is the typical
radiative lifetime of the Ce** 5d — 4f transition in garnets.”*”’
The slow-decay components are strongly dependent on Ce
concentration. The systematic trend is that an increased Ce
concentration results in the suppression of the integrated
intensity of the secondary decay components (afterglow),
which is due to competition between Ce ions and electron
traps for capturing CB electrons.””

To obtain further insight into trapping of charge carriers for
the garnet ceramics with different Ce concentrations, TSL
glow curves were recorded after irradiation with X-rays (45 kV,
10 mA, S min). Also the intensity of the TSL signal is
determined by competition between charge carrier trapping by
Ce (giving direct emission) and by traps (giving afterglow/
TSL). In Figure 4 the TSL glow curves are shown for all
doping concentrations. The sample with the lowest Ce
concentration shows the strongest TSL signal.
Lu,Gd,Ga;Al,0,:Ce TSL glow curve has a complex structure
and consists of several TSL peaks: at 55, 250, 300, and 390 K.
The low-temperature peak is a broad TSL structure that
consists of several trap levels.”” Usually the shallow traps are

51.0{ =
3 - -Aftergl
E306 Lu,Gd,Ga;Al,0,,:Ce
T @
10°4 EZo4 . Ce concentration
5 ZE0 A= . [——0.001%

) £ . " 001%
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Figure 4. TSL glow curves for Lu;Gd,Ga;Al,0,,:Ce ceramics with Ce
concentration varying in the range of 0.001—1%. The inset compares
the integral intensities of TSL (200—400 K range) with secondary
decays from Figure 3.

associated with the presence of structural defects,”! e.g., cation
antisites.”” The deeper traps are related to impurities. In ref 31
we have shown that the 300 K TSL peak for Gd;Ga;ALO,,:Ce
composition can be associated with Yb impurity, and the peak
position barely shifts with Gd/Lu variation if Ga content is set
to 60%. It has been repeatedly reported for various oxide
garnets™”” that the two other TSL peaks on both sides of the
Yb-related one are due to Cr (256 K for Lu;Gd,Ga;AL, O ,:Ce)
and Ti or V (390 K) presence.

The main feature of Figure 4 is that the overall TSL intensity
is proportionally lowered with higher Ce concentration.
Moreover, the decreases in TSL (200—400 K) and afterglow
(2—10 us) integral intensities (Figure 3) are proportional to
each other; see inset in Figure 4. From the similarity of the
changes in secondary decay components and TSL intensities,
we can attribute the secondary decay components (Figure 3)
to delayed recombination on RC.

Kinetic Order of the Thermoluminescence Process.
The kinetic order of the thermoluminescence process in
garnets has been determined with TSL measurements
performed with growing absorbed dose.

TSL glow curves for Lu;Gd,Ga;Al,0,:Ce 0.2% ceramics
are presented in Figure S for several values of X-ray irradiation

8-
Lu,Gd,Ga;Al,0,,:Ce 0.2%
X-ray irradiation time (T), s

— 300 1200
——600 — 2400

o]
|
—~,
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Figure 5. TSL glow curves (heating rate 0.15 K/s) for
Lu,Gd,Ga;ALO;,:Ce 0.2% ceramics after X-ray irradiation (40 kV,
S mA, 200—2400 s). The integral intensity of peaks is saturated with
increasing irradiation time, while peak maximum position and its
shape remain the same for all excitation conditions. This is an
unambiguous indicator for dominance of recombination channel in
the samples under study.

duration. The area of the TSL peak at 55 K grows nonlinearly
with increasing irradiation time, while the shape and position
of the peak do not change. The inset in Figure S demonstrates
the saturating behavior of the TSL ?eak integral intensity.
These two observations indicate'”” that recombination
dominates retrapping during the thermoluminescence response
in the samples under study.

Having found the saturation dose for the TSL glow curves,
we have diminished the X-ray irradiation dose in every other
experiment provided in this work by at least 10 times, to
decidedly stay away from saturation processes.

Efficiency of CB Electron Capture by Traps and RC. To
study the efficiency of traps and RC to capture CB electrons,
we used the ItTL measurements.

DOI: 10.1021/acs.jpcc.9b05169
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The competition between RC and traps for capture of CB
electrons is determined by two main factors:'' the capture
probabilities for specific centers (traps or RC) and their
concentrations; the latter can be tuned by doping. Here we use
doping with Yb** to introduce additional electron tre;ps which
can be identified in TSL glow curves. Yb*" is known'® to serve
as electron trap in Ce-doped garnets and gives rise to a peak
around 300 K in garnets of the composition studied here.”*

Figure 6 shows a comparison of the XRL intensity for
nominally pure Lu;Gd,Ga;Al,0,:Ce 0.2% ceramics and the

400
Tam=10 K| [itTL glow curves of T =300 K
5 o, |LuiGdGazAl,0,,: Ce 0.2%
© 5 100% nominally pure !
— 10°7 [ |100% |—— doped with Yb 0.004% 300
_%; X
c Heating profile &
_f’é’ — B=0.15Ks 5
3 200 g
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o
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§ [
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Time, s

Figure 6. ItTL glow curves for Lu;Gd,Ga;Al,0,:Ce 0.2% ceramics
nominally pure (red curve) and codoped with 40 mol ppm Yb (black
curve); see Experimental Methods section for details. The blue curve
indicates the time dependence of the temperature. The rectangular
signal at 200—400 s is the XRL intensity. Peaks at 4000 s (T, = 55 K)
and 5600 s (T, = 300 K) are TSL glow peaks. The labeled % integral
intensities are compared to the area under the XRL integral intensity
(100%) to indicate the competition between traps and Ce ions for
electron capture.

one codoped with 40 ppm Yb. The points marked at 300 s (T
= 10 K), 4000 s (T,, = 55 K), and 5600 s (T,, = 300 K)
correspond to XRL, shallow, and deep traps TSL, respectively.
Since irradiation is performed at a temperature where there is
no thermal release of electrons to the conduction band, these
three points approximately characterize the probabilities for
direct capture of CB electrons by Ce ions or delayed by
shallow and deep traps.

The experimental data in Figure 6 demonstrate that both
samples under study have similar XRL integral intensities,
which are taken as reference points corresponding to 100%.
Very low luminescence intensity during the waiting period
(300—3600 s) allows us to neglect emptying of traps via
tunneling processes in later modeling.

The nominally pure and Yb-codoped samples have almost
equal TSL integral intensity at 5§ K (proportional to capture
probability for shallow traps) of 6% and 9% of XRL,
respectively. The codoped sample exhibits a significant
increase of the 300 K TSL peak (16% compared to 1%) in
Figure 6. The 300 K TSL peak in the Lu,;Gd,Ga;Al,O,,:Ce
0.2% samples is caused by trace amounts of Yb ions which are
a common impurity in the Lu source materials and are known
to serve as deep electron traps.'** By codoping the sample
with 40 mol ppm of Yb®" ions, we enhance this TSL peak
integral intensity by an order of magnitude.

The comparison of integral intensities for XRL and 55 K/
300 K TSL peaks indicates a potential dominance of direct
recombination at Ce**/*" over trapping/retrapping at any of

the electron traps in the sample doped with 0.2% of Ce. Still,
also a significant fraction of the charge carriers is trapped, and
this fraction can be enhanced by adding competing electron
traps in rather low (ppm) concentrations.

Trap Depth Distribution. To determine the energy levels
of the traps responsible for afterglow, we have analyzed the
TSL data obtained with the use of preheating method.'” The
samples were repeatedly irradiated with the same dose,
preheated up to a temperature T, in the range of 15—300
K (only 15—125 K are shown for clarity), and then cooled
down, and afterward TSL curves have been measured. In the
recorded curves the shallowest TSL peak maximum (T,,,,)
gradually shifts to higher temperatures with increase of Ty,
(see inset in Figure 7). Continuous distribution of the trap
depths E, and depletion of progressively deeper traps™ with
increasing T, explains this observed monotonous shift of the
TSL peak maximum.

Pre-heated
until Ty,
15K
—— 25K
—35K
—— 45K
—— 55K
—— 65K
—— 75K
85K
95 K
105 K
— 115K
\ — 125K

0- . ot
0 50 100 150 200 250 300 350
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X 1504 [—A—Lu,Gd,Ga,A},0,,:Ce 0.2%
%
A

5x10%+
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TSL intensity, a.u.

1x10*

Figure 7. TSL glow curves for Lu;Gd,Ga;Al,0,,:Ce 0.2% ceramics
measured with the preheating method for various values of Ty,. The
inset depicts the shift of the position of TSL peak maxima (T ,,,) with
increasing preheating temperature Ty, which signifies the presence
of the trap depth distribution.

Trap distribution in complex garnets has been exyerimen-
tally studied in refs 3 and 9, and several mechanisms*®™** can
explain the underlying mechanism of the distribution. For
more data about trap depth distribution, please refer to refs 34

and 35.
B MODELING

In this section we describe a mathematical model based on a
system of rate equations, which we use to determine the
capture rates and effective radii of the traps and RC. We
discuss first the general simplifying assumptions about
(de)trapping processes occurring in garnets, capitalizing on
the experimental data reported in refs 2, 6, 7, 31, and 40—44.
These simplifications are illustrated in Figure 8. We then
describe the algorithm for the extraction of the model
parameters from experimental afterglow, rise-time, and decay
curves.

Model. In our mathematical model we account for the
processes schematically shown in Figure 8. The corresponding
set of the kinetic equations is given by system 3. The colors of
the arrows in Figure 8 and the terms in eq 3 correspond to
each other. The rate equations describe the simultaneous time
evolution of the populations of the species involved in the
processes giving rise to direct emission and TSL/afterglow:

DOI: 10.1021/acs.jpcc.9b05169
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Figure 8. Band diagram describing the model of charge trapping and
recombination. Free electrons in the CB and holes in the valence
band (VB) are created by the absorption of a single gamma-quantum
(process X) and then become localized on Ce** or on traps. Ce** ion
has to capture VB hole first (becoming Ce*") to be able to participate
in CB electron capture. The capture of electrons by Ce*" leads to
creation of excited Ce*"* ions, which decay radiatively. Initial Ce*
concentration is later restored by leftover VB holes.

L;;f“ = > lein(t) — diney () (N; —

2l — — iy (1) + Ginea (1) (N; — (1))

()] = Ynep(t)nces+ (1)

dngedt) — _ + Y (t)nce (t) ®)

dngyas () .
o = — Chethotes (t)ces+ (L)

W = +CheNnotes (F)nces+ () = Y () neers ()

%,m = —CheNhotes (t)noes+ (t)

where ny, 1, and ny..; (cm™) are concentrations of electrons
in conduction band and on traps and holes in valence band,
respectively; nc 3+, figes Neett (cm™) are concentrations of Ce
ions in the ground, excited, and ionized states, respectively; i is
the index for electron trap with detrapping time (7; = 1/(«,)),
where a; (s™') is the detrapping rate; J,, y, and ;. (cm® s77)
are the capture probability coefficients for electron traps, Ce*"
and Ce®, respectively; N; (cm™) is the total concentration of
trap i; a,« (s7') is the radiative decay rate of the Ce®* 5d — 4f
transition.

Writing eq 3 we have accounted for the following processes,
illustrated in Figure 8. Electrons in the conduction band and
holes in the valence band are generated initially by absorption
of a single X-ray photon (process X). Then free carriers rapidly
thermalize and become captured by specific centers: electrons
localize at various types of traps (blue arrow down) and Ce**
ions (red arrows); holes are captured by Ce®* ions (violet
arrows). The rates of these processes are defined by the
respective capture probability coefficients &, ¥, and ;.. The
electrons captured on traps can be released to the CB with the
rate «; (blue arrow up). Free electrons can again be recaptured
by any traps or Ce*" ions.

Important notion is that we consider Ce*" ions as the only
RC that captures CB electrons.”

The thermal trap depth (E,) in our model is distributed over
a band of varying depths and is characterized by an array of
detrapping rates (a;). The capture of electrons by RCs (Ce*")

leads solely to radiative recombination (thermal ionization of
Ce¥** §d, excited state is neglected). The emission is
schematically shown by the green arrow of XRL (Ixgy),
afterglow (IAﬁerglow), or TSL (Irg.) signal in Figure 8.

Note that we use the system of ordinary, not partial,
differential equations for the description of the kinetics of the
system, thus neglecting the diffusion of the electrons and holes
from the ionization track of an X-ray photon. This
simplification is due to the presence of a large (compared to
the number of holes generated by a single X-ray photon
absorption) equilibrium concentration of Ce*" ions, n¢,++. For
more details on disregard of diffusion and Ce*" concentration
estimations, refer to the Supporting Information.

The feasibility of neglecting diffusion terms is also provided
by the experimental observation that luminescence is
qualitatively the same in single-photon counting mode and
in the regime of spatially homogeneous X-ray irradiation; see
the Experimental Results section.

Simplifications and Initial Conditions. The system of
equations proposed in the previous section can be significantly
simplified if one accounts for the experimental results both in
this work and in refs 2, 6, 7, 31, and 40—44.

The works show that even a trace amount of Ce** ions due
to Mg,"® Ca* codoping or oxygen annealmg of garnets™
significantly reduces thermoluminescence®’ and speeds up the
rise-time kinetics.”> Simple estimations (provided in the
Supporting Information) show that 1—2 ppm concentration
of charge-compensated Ce*" ions creates larger presence of RC
centers compared to Ce®* capturing valence band holes
(generated by single X-ray photon). We write this condition
in the following way:

equilibrium

Mholes < nce‘H' |t=0
equilibrium
Megr =g K g *

These conditions allow to neglect holes transport and carrier
diffusion, and as a consequence we consider the kinetic
equations homogeneous. Neglecting hole transport is equiv-
alent to . — 0.

We can now write charge neutrality (Maecirons = Mholes) Of 2
scintillation volume in the following form:

nCeH(t) = n(e:cgilibrium + nholes(t)

+ 1 (£) + D nt)

equilibrium
= Ao+

©)

Implementing the simplifications to eq 3 we derive the
equations system for modeling as eq 6.

el — S Jaimy(t) — Simen(t) (N; — n,(t))

d"[;t(') = —a;ni(t) + dine(t)(N; — ni(t))

| = yne(t)nce+ ()

dnee® — — + () (T (1) + 30, (1)

Equation 6 is a version of the standard rate equations
describing the trapping dynamics'"*® with an additional term
accounting for the presence of charge-compensated Ce*"
(nce) ions discussed above.

We treat this system of equations numerically as a Cauchy
problem for electron populations n,(t), ny,(t), and nc#(t). In
the presented model we define ; = 1/(z;), i = (1:35), as an
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array of detrapping rates (inverse values to distribution of
detrapping times 7; in the range from 1077 to 10° s).

Initially all traps and (Ce**)* ions are assumed to be empty,
fcex(t = 0) = 0 and n,(t = 0) = O for all i. The only nonzero
initial value is given to the electron population in the
conduction band (X,,, ~ 10" cm™) appearing due to the
absorption of a single 50 keV gamma-quantum which triggers
luminescence. As luminescence in our system is provided by
the Sd — 4f transition of Ce*"* ions, the luminescence decay
curve corresponding to the black curve in Figure 1 is given by

1
Ilum(t) = aCe*nCe*(t) = nCe*(t)
TCe*

7)

where the transition rate a,« corresponds to ~1/60 ns™". The
shape of the afterglow and XRL curves can be then computed
according to the eq 1.

Model Calibration and Fitting Procedure. The fitting
procedure includes three steps which are performed in a self-
consistent manner. The initial values of the parameters are
approximated from general considerations. For example, the
starting value for y-nc,++ (Ce* capture rate) is adopted as 10°
(s7) (an inverse value to typical rise-time constant observed
for Ce-doped garnets™). The initial concentration of Ce*" is
put as 0.1% of total Ce concentration (2 ppm of Ce*" in the
Lu,Gd,Ga;AL,0,,:Ce 0.2% reference sample).

The relative values 0;N; and y-n¢ ++ are determined by an
iterative procedure of the simultaneous convergence of
modeled and experimentally measured decay kinetics, XRL,
and afterglow curves in the whole range of experimentally
observed time interval. The process is stopped when a
proportional variation of all the 6;N; and y-ng.++ coeflicients
does not significantly influence the modeled XRL and
afterglow/decay curves shape (see the Supporting Informa-
tion). In the second step we define the absolute values of ;N
and y-nc 4+ coefficients simultaneously, converging the
computed and experimentally measured rise kinetics, which
reflects the rate of electron capturing on recombination centers
and traps. The modeling of rise-time kinetics is very sensitive
to the values of §;N; and y-n¢,++ coeflicients. In Figure 9 the
rise-part of the kinetics for Lu;Gd,Ga;Al,0,,:Ce 0.2% is
shown compared to three different fits. The rising edge of the

‘»

Underestimated (x0.1) capture rates
- Fitting combination of y, § capture rates
Overestimated (x10) capture rates
Experiment

3x10'°

2x10"0

1x10"°

e-h recombination intensity on Ce*

10
Time, ns

-5

Figure 9. Experimental and modeled rising edge of
Lu,Gd,Ga;A1,0,,:Ce 0.2% kinetics. The modeled kinetics is obtained
with the final (X1) and X0.1; X10 coefficients for charge capture.
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scintillation flash is significantly over- or underestimated when
inadequate 0;N; and y-ng++ absolute values are used.

The third step is the separation of &, and y (cm® s7')
probability coeflicients from concentrations of the traps N; and
Ce*" ions ng,+, respectively. For this we use the afterglow data
obtained for the samples with varying concentrations of Ce
(RC) and specific impurities (Yb-related traps).

The traps capture probability coeflicients J; can be estimated
only for the cases of impurity-related traps. Assuming that the
total concentration of Yb-related traps Ny, is equal to the
total amount of Yb ions (Ny, = 40 mol ppm of Yb ions), we
directly get dy, from 6N, corresponding to the reference
Lu,;Gd,Ga;Al,0,,:Ce 0.2%,Yb 0.004% sample.

To determine the initial concentration of Ce** ions, we
varied the Ce concentration in the samples under study,
assuming that the initial concentration of Ce*" ions is
proportional to the total Ce concentration. We have observed
a proportional decrease of TSL and afterglow intensities
(Figure 3 and Figure 4) with increased Ce doping (section
3.3). The initial concentration of Ce*" can then be determined
from the simultaneous fits of experimental afterglow curves.

Examples of fits are provided in the Supporting Information.

B DISCUSSION

Capture Rates for Traps and Ce*'. The obtained
numerical values of the parameters characterizing the
luminescence kinetics for our samples are summarized in
Table 1. The primary capture centers, which are Ce*', the

Table 1. Capture Rates of Traps and RC (Ce*") in Nominal
Pure and Codoped with 40 mol ppm Yb
Lu,Gd,Ga;Al,0,,:Ce 0.2% Ceramics

nominally pure ceramics  Yb codoped ceramics

concn, concn,
capture center rate, g cm™ rate, s cm™
Ce*" ion Yhgt = o ngt = YAt = gt =
4 % 10 3 x 10 4 % 10 3 x 10

structural defects 8yhy = ny, ~ 108 §,n, = n, &~ 10187

(i=2,7,=03 ps) 1x 10 1x 10
mpurity-related Oyp iy = fyp = Oyphyp = iy =

Yb** 1x 10° 2X 10 25x107 5x10Y7

“Assuming traps Coulomb neutrality.

shallow trap (typical lifetime 7 = 0.3 us), and Yb-related trap
(typical lifetime 1—10° s) have rates of 4 X 10% 1 X 10° and 2
X 107 s7!, respectively. The capture rate of Ce*" is half an order
of magnitude larger than the capture rates for any electron
trap.

More data on electron capture rates for two
Lu,Gd,Ga;AL,0,,:Ce 0.2% ceramics with and without Yb
codoping are presented in Figure 10, in which the x-axis
represents the distribution of traps lifetime 7; = 1/(a;) (s) and
the y-axis corresponds to the distribution of the traps capture
rates 0;N;. The red and black curves correspond to the
nominally pure and Yb-codoped samples, respectively. It can
be clearly seen that 40 mol ppm Yb codoping increases the
values of O;N; for i = 20—30, while other trap capture rates are
nearly the same for both samples.

We have also plotted the ync,+ (s7') capture rate for
recombination centers to show that yn..+ values dominate
over §;N; capture rates of i-traps. Note that the reference value
of the rate ync s+ (s™') capture rate is 4 times higher than 5,N;
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Figure 10. Distribution of electron capture rates §;N; on i-traps for
nominally pure Lu;Gd,Ga;ALO,:Ce 0.2% ceramics (red curve) and
ceramics codoped with 40 ppm Yb (black curve). Capture rate for
Ce** ynca+ (blue line) is added for clarity, to show that it dominates
over the traps capture rates.

capture rates of all i-traps. This result is in agreement with
conclusions drawn from experimental TSL data in the
Experimental Results section, that the thermoluminescence
processes in our ceramics have a dominating character in
recombination channel.""

The underlying reason for the dominance is the presence of
initial Ce*" concentration in ceramics, annealed in oxygen-rich
atmosphere. We estimate (Table 1) that the sample
Lu;Gd,Ga;ALO,,:Ce 0.2% Ce has 2 ppm of Ce** ions (3 x
10" cm™?), which provide a significant number of sites ready
for recombination with CB electrons (n,).

In principle, the knowledge of capture rates and recombi-
nation probability from Figure 10 is enough to simulate not
only afterglow curves but also TSL glow curves. We have
attempted modeling the TSL glow curves with the obtained set
of parameters (not shown) and found out that while the TSL
peak positions and shapes are well predicted, the TSL intensity
can be several times oft. We suppose that the reason is in
temperature dependence for charge carrier distribution over
trapping centers; for details please see the Supporting
Information.

5.2. Effective Radii of Capture Centers. To generalize
the results presented in the previous section we have also
calculated capture cross sections for electrons by Ce*" RC and
Yb** ions (traps), which play a major role in kinetics. These
parameters can be calculated from capture probability
coefficients semiclassically. Assuming that an electron moves
chaotically due to thermal fluctuations in the disorder of the
solid solution, we can consider the capture rates as probability
of the capture center with cross section o to be crossed by an
electron trajectory per time unit, which can be expressed as'’

0, = 07Uy, ¥ = Opcly (8)

where v, is the velocity of the thermalized electron; y and J;
are the capture probability coefficients for Ce** and i-traps,
respectively; opc and o; are the capture cross sections for Ce**
and i-traps, respectively.

From the band structure plot provided in ref 49, we estimate
the effective mass of an electron to be m* ~ 2m, in garnets.
Then the thermal electron velocity at RT is equal to vy =7 X
10° cm-s™". Since the concentration of Ce** ions has been

obtained above, we can immediately calculate the effective
radii of the recombination centers as

fre = L =274
LAl (9)

Ce* jons in a garnet lattice with trivalent cations behave as
Coulomb attractive centers for electrons with effective radius
rrc = 2.7 A (and typical cross section'® 6 = 2 X 107" cm?).

The effective radius for Yb traps can be obtained by
considering a nominal Yb-codoping concentration of 5 X 10"
cm™ (40 mol ppm of Yb ions), assuming that all Yb*" ions are
incorporated in the garnet lattice:

1 .
rey = | —2 =02A
Y, (10)

The calculated value of effective radius (close to Bohr
radius) is fitting well into reasoning that Yb®" ions behave as
neutral traps in garnet lattice.'®

B CONCLUSIONS

Analysis of extensive experimental data on X-ray luminescence,
afterglow, thermoluminescence, and rise and decay kinetics
under pulsed X-ray and gamma-ray excitation of a Ce-doped
ceramic garnet scintillator (Lu;Gd,Ga;ALO1,) has been
performed using a rate equation model describing charge
carrier trapping/detrapping and recombination. To obtain a
better quantitative understanding, the Ce concentration was
varied (0.001—1%), and also a codoped ceramic with 0.2% Ce
and 40 mol ppm of Yb** (a known electron trap) was
investigated. It was demonstrated that the trapping/detrapping
processes are governed by interactive kinetics with high
recombination probability. Calculations based on the model
provide quantitative information on electron-trapping rates
and concentrations of intrinsic trapping centers, Yb** and Ce*".

The calculations show that in the oxygen-annealed garnet
ceramic Lu;Gd,Ga;ALO,:Ce 0.2% the Ce** concentration is 2
ppm. This low Ce*" concentration is sufficient to serve as the
dominant electron recombination center because of its
Coulomb nature. The effective electron capture radius ryc
was determined to be 2.7 A. For the Coulomb neutral Yb*
electron trap, the effective radius was determined to be much
smaller, 0.2 A. The present results are consistent with earlier
observations that small concentrations of divalent cations (e.g.,
10—100 ppm Mg*") are sufficient to lead to charge
compensation by parts per million levels of Ce* that
significantly speed up decay kinetics’”>' and reduce after-
glow>” as a result of efficient electron recombination at Ce**
centers.

The present study provides a consistent model describing
the electron trapping and recombination in Ce-doped garnets
that allows a quantitative description of the time response and
afterglow behavior of this important class of materials. The
numbers obtained for the capture rates, concentration of Ce**
ions, and recombination cross sections make it possible to
simulate the decay kinetics and afterglow of any similar garnet
system. The modeling can be utilized to design and optimize
luminescent materials based on garnets for application as
persistent phosphors, optical converters, or scintillators.
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