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Shallow traps and radiative recombination processes in Lu3Al;0,,: Ce single crystal scintillator
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Thermally stimulated luminescence (TSL) glow curves and emission spectra were studied in undoped and
Ce-doped Lu3Als0,, single crystals by wavelength resolved TSL measurements in the 10-310 K temperature
range. Isothermal phosphorescence measurements in the 10—100 K range were also performed, which point to
the existence of a tunneling-driven radiative recombination process. These processes can explain the presence
and time-dependence of the submicrosecond slow decay component in the scintillation decay. Electron para-
magnetic resonance experiments suggest the presence of Lu,, defects in the vicinity of Ce3* ions, which are the
most probable electron and hole traps participating in the tunneling-driven radiative recombination process.
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I. INTRODUCTION

Y;Al50,, (YAG) single crystals were among the first ox-
ide materials grown by the Czochralski technique in the
1960s.! Their development was stimulated mainly by the ap-
plication for solid state lasers (Nd** doped), but soon the
potential of Ce**-doped YAG as a fast scintillator was rec-
ognized too.”> The first comprehensive description of
YAG:Ce scintillator characteristics was reported by Moszyn-
ski et al.,’> who included this material among the high figure-
of-merit oxide scintillators. Isostructural Lu3AlsO;, (LuAG)
has a higher density (6.67 g/cm®) with respect to YAG
(4.56 g/cm?), which is an advantage in the case of hard x-
and gamma-ray detection. LuAG:Ce scintillator became of
interest relatively recently.*® In both Ce-doped YAG and
LuAG single crystals grown from high temperature melt
(Czochralski, Bridgman, or similar techniques), very slow
decay processes in the scintillation response were detected.”
Their presence explains the fact that their light yield within
1 us time gate is only about 300% and 150% of Bi,Ge;0,
(BGO),® even if their scintillation efficiency (integral of
radio-luminescence spectra) is similar and reaches about
700% of BGO at room temperature.” Such slow components
usually arise due to retrapping of free charge carriers at shal-
low traps, which delay their radiative recombination with
holes trapped at Ce ions. Recent thermally stimulated lumi-
nescence (TSL) measurements revealed the presence of
dominant shallow electron traps both in YAG:Ce (Ref. 9) and
LuAG:Ce (Ref. 10) with thermal depths of about 0.18 and
0.29 eV, respectively. They were ascribed to antisite Y 5; and
Lu,; defects, i.e., Y and Lu ions residing at Al octahedral
sites. Bondings of Y and Lu ions localized at octahedral Al
sites feature a higher degree of covalency with respect to
those in regular dodecahedral sites resulting in a low energy
shift of their energy levels from the very bottom of the con-
duction band (see band structure calculations of YAG in
Refs. 11 and 12) into the forbidden gap. Recent theoretical
calculations'*!'* demonstrated that such defects are those
with the highest occurrence probability in these garnet struc-
tures. Furthermore, “antisite” localization of Nd** and Er’*
rare earth ions at Al (Ga) octahedral sites has been evidenced
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by high resolution spectroscopy in aluminum (gallium)
garnets.'>!® The higher melting temperature and the smaller
difference between Lu** and AI** radii might result in a
higher concentration of antisite defect-related traps in LuAG
host with respect to YAG; so, taking also into account their
increased thermal depth, such defects might have a greater
detrimental effect on the energy transfer to Ce* ions. This
could explain the lower light yield of LuAG:Ce with respect
to that of YAG:Ce.

Electron paramagnetic resonance (EPR) investigations
performed on LuAG:Ce suggested the presence of Luy; an-
tisite defects close to Ce’* ions perturbing Ce’* EPR
signals.!” Such nearby lying hole and electron traps might
enable the tunneling recombination of charge carriers cap-
tured during irradiation. In fact, such process was evidenced
in phosphorescence measurements in the 10—40 K tempera-
ture interval following x-ray irradiation,” as the decays ap-
pear temperature independent and follow a ¢~! time depen-
dence in the time scale from seconds to hours in accordance
with the theoretical expectation.'8

The aim of this paper is to deepen the TSL analysis below
room temperature in undoped and Ce-doped LuAG single
crystals. Based on this investigation, an interpretation of
slower decay components observed in the scintillation re-
sponse of this material is proposed. Supporting arguments
from systematic EPR experiments are also provided.

II. EXPERIMENTAL CONDITIONS

Wavelength-resolved TSL measurements were performed
in the 10-310 K range using a CTI closed-cycle refrigerator
after x-ray irradiation at 10 K (with a Philips 2274 x-ray tube
operated at 20 kV), with a homemade apparatus allowing the
detection of the TSL signal both as a function of temperature
and wavelength in the 280—710 nm interval. A heating rate
of 0.1 K/s was adopted. Phosphorescence decays were mea-
sured by the same setup after x-ray irradiation at fixed tem-
perature in the 10—100 K interval. Scintillation decays were
measured at room temperature (RT) under **Na radioisotope
excitation (511 keV photons) using the time-correlated
single photon counting method by a modified Spectrofluo-
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FIG. 1. Contour plot of a wavelength resolved TSL measure-
ment performed on LuAG:0.07 wt % Ce after x-ray irradiation at
10 K. Heating rate=0.1 K/s.

rometer 199S (Edinburgh Instrument). EPR studies were per-
formed at 9.22 GHz with the standard 3 cm wavelength of
the EPR spectrometer; measurements were performed in the
temperature range 4—300 K using an Oxford Instruments
cryostat.

Single crystals with typical dimensions @20 X 50 mm of
three undoped (unl, un2, and un3) and three Ce-doped lute-
tium aluminum garnets (Ce concentrations in the crystals,
0.03, 0.07, and 0.12 wt %) were grown by the Czochralski
technique from 4N Lu,05, 4N Al,O5 (unl and un2), and 5N
Lu,05 and 4N Al,O; (the rest of samples) raw powders in a
molybdenum crucible under reducing atmosphere by CRY-
TUR, Ltd. (Turnov, Czech Republic). Due to the reducing
atmosphere of the growth, perfect linear dependence of the
Ce’* absorption band amplitude on the total Ce content in the
crystal, and high steady-state scintillation efficiency of the
Ce-doped samples,’ the content of Ce** is supposed to be
negligible, i.e., the concentration of Ce** should approach
the numbers of total Ce concentration given above. Plates of
about 7X7X 1 mm?, cubes of about 1 cm?, and oriented
samples of about 2X2X 6 mm? were cut and polished for
TSL, scintillation decay and EPR experiments, respectively.
In addition, liquid phase epitaxy (LPE) grown LuAG:Ce
films studied in Ref. 10 were also used for EPR experiments.
These single crystalline films were grown on YAG substrates
using the PbO-based flux. Their typical thickness was about
20 um; for other details, see Ref. 10.

III. EXPERIMENTAL RESULTS
A. Thermally stimulated luminescence

An example of a wavelength resolved TSL measurement
is displayed in Fig. 1 in the case of the sample doped with
0.07 wt % of cerium. The reported contour plot shows the
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FIG. 2. (Color online) TSL glow curves after x-ray irradiation at
10 K for (a) undoped LuAG samples and (b) Ce-doped ones. X-ray
dose=dose 10 Gy. All curves are mutually comparable in an abso-
lute way.

emitted light both as a function of temperature and emission
wavelength. After the integration of wavelength resolved
measurements in the 280-710 and 460-660 nm wavelength
intervals TSL glow curves of the undoped and Ce-doped
samples were obtained, respectively, which are displayed in
Figs. 2(a) and 2(b). A complete change of the TSL pattern
due to Ce** doping can be noticed since peaks characteristic
of undoped crystals in the 40—100 K interval are barely evi-
dent only in the sample with the lowest Ce concentration and
completely disappear by increasing the cerium content. At
variance, Ce-doped samples display the characteristic triple
peak structure ascribed to electron traps associated with Luy,,
antisite defects in the 120-200 K range. Moreover, a broad
structureless signal below 120 K strongly increases with the
Ce concentration, while an opposite trend occurs for the
140 K peak. TSL spectra of the undoped sample prepared
from 4N Lu,05 (un2) and of the Ce0.03 wt % doped one in
four selected temperature regions are reported in Figs. 3(a)
and 3(b), respectively. Below 70 K, the TSL spectrum of un2
is dominated by the Luy, antisite defect (AD)-related emis-
sion band within 3.5-4 eV. AD-related emission is well
known from luminescence spectra of undoped YAG'®-2! and
recently was reported also for the LuAG crystal.?? The sharp
line at about 2.02 eV and its few satellites can be ascribed to
transitions from the 5DO level of Eu** impurities. By increas-
ing the temperature above ~100 K, the AD-related emission
becomes weaker while that of Eu* is noticeably strength-

195121-2



SHALLOW TRAPS AND RADIATIVE RECOMBINATION...

Normalized TSL Amplitude

0.0

2 25 3 3.5 4
Energy (eV)
b T T T T
o 15T
el
2
£ L
£
<
1 10r
%)
'_
el -
(0]
N 220-295 K
<
€ osr 120-175 K
z
- 50-90 K ]
00 1 1 1 1
’ 2 25 3 3.5 4
Energy (eV)

FIG. 3. (Color online) TSL spectra related to the glow curves
reported in Fig. 1: (a) undoped (un2) sample and (b) 0.03 wt %
Ce-doped sample. The spectra have been obtained by the integra-
tion of wavelength resolved measurements in the temperature inter-
vals marked in the figure.

ened. Furthermore, also the emission at 3.56 eV from the
'D2 level of Tm** impurity appears, see the curve labeled
130—-150 K in Fig. 3(a). In the 160—250 K interval, the TSL
spectrum is dominated by the mentioned Eu®* emission. A
complete change is noticed at temperatures above ~280 K
since the TSL spectrum becomes dominated by emissions
from Ce** and Tb** ions. Ce-doped samples show only the
characteristic Ce®* emission doublet peaking at 2.27 and
2.5 eV at any temperature, see Fig. 3(b).

The dose dependence of glow curves was investigated in
Ce-doped samples within more than 2 orders of magnitude in
order to examine the kinetic order of the glow peaks related
to AD. So, this experiment was focused on the group of
peaks in the 140-190 K range. In a first experiment when
TSL measurements were performed up to RT, by increasing
the dose, an anomalous shift of the peaks toward higher tem-
peratures was noticed. Such effect cannot be explained by
any specific kinetic recombination model within a single
trap. Alternatively, one can suppose that it could be related to
the presence of deeper traps (like those indeed observed
above 200 K), which are close in space to those under inves-
tigation and cause carrier transfer by tunneling toward them,
thus accelerating the detrapping rate of more shallow AD
levels. So, we performed an alternative procedure aimed at
investigating the dose dependence of 140-190 K peaks
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FIG. 4. (Color online) TSL glow curves of LuAG:0.07 wt % Ce
at different irradiation doses marked in the legend. Curves are
shifted on the ordinate scale for better clarity.

while keeping deep traps inactive by previous complete fill-
ing. Namely, x-ray irradiation was followed by a TSL run
limited only to 200 K; moreover, the measurement sequence
started with the highest dose (Fig. 4). In this case, the peak
positions remained constant with increasing dose, which
demonstrates that all the dominant peaks marked in Fig. 4
obey first order kinetics. The same experiment, performed up
to 310 K, confirmed first order recombination kinetics also
for the glow curve peaks at 237 and 280 K.

A deeper investigation of the TSL glow curve structure
was performed by partial cleaning treatments and trap depth
evaluation by the “initial rise” method as in our previous
work on LuAG:Ce,Zr above RT.2> This method consists of
an x-ray irradiation of the sample, at 10 K in this case, fol-
lowed by heating up to a partial cleaning temperature T,
and a further cooling afterward; finally, the glow curve is
recorded. In this way, the initial portion of each peak com-
posing the glow curve is measured without any contribution
of the lower temperature peaks, and one can analyze it using
a simple exponential function,?*

I(T) = I, exp[— E/kT], (1)

where I(T) is the TSL amplitude, E is the thermal depth, and
k is the Boltzmann constant. Application of this method to
TSL glow curve peaks within 120—200 K of the 0.03 wt %
Ce sample yielded trap depth values of 0.31, 0.38, and
0.47 eV for the peaks at 142, 166, and 187 K, respectively.
By applying the same procedure to the 237 and 280 K peaks,
trap depth values of 0.57 and 0.48 eV were obtained, respec-
tively. In Fig. 5, the glow curves after partial cleaning treat-
ments are reported together with an example of exponential
fit. Once the trap depth is known, according to the first order
TSL process, the frequency factor s can be calculated using
the simple equation

s = (BEIKT, )exp[EIKT,,], (2)

while the detrapping times 7 at any temperature 7 can be
calculated as
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FIG. 5. (Color online) TSL glow curves of LuAG:0.03 wt % Ce
after different partial cleaning steps at 7, temperatures as marked
in the figure. The inset displays an example of data exponential fit.

=5 exp[E/kT], (3)

where E(eV) is the temperature of the peak, k is the Boltz-

mann constant, and B(K/s) is the temperature heating rate.
Trap depth, frequency factor, and detrapping time at RT

are reported in Table I for all the investigated TSL peaks.

B. Phosphorescence decay

To clarify the origin of the broad structureless TSL signal
below the edge of the 140 K peak, phosphorescence decays
after x-ray irradiation at a constant temperature were mea-
sured in the 10—100 K range and in time intervals up to 1 h,
as an extension of experiments reported by us recently.!”
Within all this temperature range, the decays are of closely
similar shape (Fig. 6) and follow the formula

1(1) = At +10)7", 4)

where (1) is the phosphorescence amplitude and A and #, are
constants. The parameter p converges at any temperature to a
value close to 1 and shows a slight temperature dependence
(Fig. 7). Thus, the presence of a tunneling recombination
mechanism as proposed in Ref. 17 and based on the model in
Ref. 18 is firmly confirmed up to 100 K. Recent theoretical
studies dealing with the explanation of power-decay law in

TABLE I. Parameters of TSL glow curve peaks evaluated in the
case of LuAG:0.03 wt % Ce. The errors of trap depth values and
detrapping times are approximately 3% and 10%, respectively. Ap-
proximate values of frequency factors are also reported.

TSL peak Detrapping time at
temperature  Trap depth Frequency factor RT

(X) (eV) (s7) (s)

142 0.31 ~10° 1.2x 107
166 0.38 ~5x%10° 6.3%x 10
187 0.47 ~5x%10'0 1.7%x1073
237 0.57 ~101° 4.0x107!
280 0.49 ~5x10° 5.6 % 10!

PHYSICAL REVIEW B 76, 195121 (2007)

10 k __I(t)=4.5 x 10° (t+47) "
3---..,"\100

A ___._‘\ 90
.__._:’\ 80
---.-.\ 70

1012

|I’|,| I,I I,I’I,I’
bobe
//
a1 o
o o

Phosphorescence Amplitude (arb. units)

10 : : 4
10 10 10° 10
Time (s)

FIG. 6. (Color online) Phosphorescence decay at different tem-
peratures marked in the figure after x-ray irradiation (irradiation
dose=12 Gy). The decay obeys precisely the formula I(r)=A (¢
+10)7P. An example of the fit is displayed for 7=100 K by a solid
line. Curves are shifted on the ordinate scale for better clarity.

luminescence justify the variation of such parameter within
0.95-1.5 values in the framework of the considered tunnel-
ing process between trapped electrons and randomly distrib-
uted recombination centers. Moreover, the slight increase of
parameter p with temperature might indicate the presence of
thermally assisted tunneling at higher temperatures.?.

The exact phosphorescence decay form observed within
10—100 K according to Eq. (4) confirms the presence of a
tunneling mechanism and, at the same time, it also confirms
the absence of any shallow trap with respect to that related to
the glow curve peak at 142 K. In this respect, the structure-
less, nevertheless pronounced increase of TSL signal in the
0.12 wt % Ce sample above 50 K is difficult to understand
under the assumption that in the trap, there is only a ground
state level from which the trapped electron tunnels toward a
hole localized at Ce**. A solution to this problem could con-
sist in the existence of an excited state of the electron trap,
from which electron tunneling occurs with higher probability
with respect to ground state. Such situation has been reported
in the TSL of other materials.?® Thermally assisted tunneling
processes were also considered in low temperature dielectric
losses of crystalline quartz.”’ Qualitatively, one can propose
a simple model limited to a single couple of electron and
hole trapping sites at a specific distance r, see inset of Fig. 8.
In the electron trap, there is a ground (0) and an excited (1)
state separated by an energy E|, and the probabilities of tun-
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FIG. 7. Temperature dependence of parameter p of Eq. (4).
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FIG. 8. TSL glow curve of LuAG:0.12 wt % Ce after x-ray
irradiation at 10 K. X-ray dose=10 Gy. In the inset, there is a
sketch of thermally stimulated tunneling process between an adja-
cent electron trap and Ce** recombination center.

neling toward the Ce?* excited state from the trap ground and
excited states are P, and P, respectively. If we consider
P> P, accelerated tunneling via excited state 1 will explain
the increasing TSL intensity within 50—120 K and the in-
creasing value of parameter p with temperature as well (Fig.
7). It is also interesting to note that up to 20-25 K, the
dependence of the TSL glow curve amplitude well follows a
7! dependence, i.e., it is similar to that found in the phos-
phorescence decays in Fig. 6 (taking into account that a lin-
ear heating rate of 0.1 K/s is adopted, i.e., that time ¢ and
temperature T are in a linear relation). This can be explained
under the assumption that at low temperatures before a sig-
nificant population of excited state 1 of the trap is achieved,
electrons tunnel only from the ground state level (0) and
macroscopic averaging over the ensemble of all electron-
hole tunneling species brings to a ¢! (i.e., 7' due to the
linear heating rate) dependence, as that observed in isother-
mal phosphorescence decays.

C. Scintillation decay

Scintillation decay of LuAG:Ce is characterized by a two-
stage course consisting of a leading component with decay
time comparable to the photoluminescence one (~54 ns at
RT) and a slower process usually approximated by a second
exponential with several hundreds of nanoseconds decay
time.'” It appears difficult to attribute a physical meaning to
this slower decay process since the detrapping times related
to TSL peaks are of the order of 100 us or longer. Taking
into account the presence of tunneling recombination evi-
denced in phosphorescence decay measurements in Sec.
III B, it is worth to attempt a fit of scintillation decay by the
sum of exponential and power functions, namely,

I(t)=A exp[-t/7] + B(t — 1)) " + C, (5)

where A, B, and f, are constants and C is the experimental
background. The exponential and power function compo-
nents account for the first and second stages of the scintilla-
tion decay, respectively. The result is displayed in Fig. 9,
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FIG. 9. (Color online) Spectrally unresolved scintillation

decay of LuAG:0.12 wt % Ce at RT. Red solid line is the data
reconstruction using an exponential+power function [Eq. (4)];
weighted residuals of the fit are presented in the bottom part of the
graph for both the () fitting function reported in the figure and
for the two-exponential approximation I,(r)=626 exp[—t/59 ns]
+54 exp[—1/958 ns]+43.

where the solid line is the convolution of the instrumental
response and function I(¢) according to Eq. (5). An excellent
fit is obtained, which gives a decay time (7) value even
closer to the photoluminescence one and shows more sym-
metric residuals with respect to the common two-exponential
approximation reported in the caption of Fig. 9. The value of
parameter p converges very close to 1, supporting the pres-
ence of a thermally assisted tunneling mechanism at RT even
in the submicrosecond time scale. It is worth noting that a ¢!
decay law was observed also in other materials down to tens
of nanosecond time scale.?

In scintillation measurements, the presence of very slow
decay processes of the order of tens to hundreds of micro-
seconds can be evidenced also from the increased signal
level before the rising edge of scintillation decay. It can be
quantitatively evaluated by a parameter «, as the percentage
ratio between such superslow component amplitude (I) and
the total decay amplitude [, =100 X I /I, see also Refs.
7 and 17. Such decay times are comparable to RT detrapping
times of TSL peaks in the 140—190 K region. A correlation
between the coefficient a and the amplitude of TSL peaks is
found since they both decrease with increasing cerium con-
centration, as reported in the inset of Fig. 9 (coefficient «)
and in Fig. 2(b) (the 140 K peak).

D. Electron paramagnetic resonance

EPR experiments performed on the same samples re-
vealed several inequivalent Ce?* centers. From the analysis
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FIG. 10. (Color online) Ce** EPR spectra of (a)
LuAG:0.03 wt % Ce bulk crystal and (b) LPE single crystalline
film (~0.5 wt % Ce). Main Ce** spectrum corresponds to Ce* at
Lu lattice sites, while other (Cel, Ce2, and Ce3) spectra correspond
to Ce?* at perturbed Lu and Al sites, respectively. The small split-
ting of the resonance line at B=312 mT in the LPE film is caused
by the small tilting of its plane from the (110) crystal plane.

of the angular dependencies of the EPR spectra, three types
of structurally inequivalent sites for the Ce®" ions in the
LuAG lattice were distinguished, in addition to the regular
Cei: one [Fig. 10, curve (a); for details, see Ref. 28]. The
first one (denoted Cel) is related to Ce®* ions in the normal
Lu position, which is, however, perturbed by a defect located
at one of the neighboring Al sites. At least six such magneti-
cally inequivalent Ce®" sites can be distinguished from the
measured spectra in (110) and (100) planes. Their spectrum
is described by the orthorhombic symmetry g tensor with the
following components: g,=2.030(1), g,=0.780(1), and g;
=2.580(1), where two of the principal axes are tilted from
the (110) directions by the angle of £8.5° [Euler angles: «
=(45+8.5)°, B=0, and y=0]. The relative concentration of
Cel centers is approximately 3%—-6% of the total Ce** con-
tent and does not depend on the Ce concentration (at least up
t0 0.07 wt % Ce doping level) or purity of the crystals. At the
same time, Cel centers are not observed in LPE-grown
single crystalline films [Fig. 10, curve (b)], the preparation
temperature of which is well below 1000 °C that hinders AD
creation.'%?® Thus, the perturbation can hardly be related to
accidental cationic impurities in the crystal, the total amount
of which is less then a few tens of ppm. It is suggested that
the perturbation comes from a Lu ion at the antisite octahe-
dral position. So, Ce>* ions and Luy, antisite defects can be
spatially correlated. Two other Ce* centers (denoted as Ce2
and Ce3) are most probably created by Ce®* ions at distorted
Al octahedral sites. It follows from the fact that the largest
distortion in Ce2 and Ce3 centers occurs at directions close
to the (111) axes that have to be for an impurity placed at
distorted octahedral sites. There are eight such magnetically
inequivalent positions of the Ce** in the centers Ce2 and
Ce3, and spectral parameters of these centers are given in
Ref. 28. The relative concentration of this type of Ce centers
is also around 3%-4% and does not depend on the Ce con-
centration. We should note that the ionic radius of Ce** at the
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octahedral position (1.15 A) (Ref. 29) is markedly larger
than that of AI’* (0.675 A). However, the presence of an
oxygen vacancy near the Ce** ion can reduce the ionic radius
of Ce** to the value comparable to the ionic radius of
Lu**(Al) in regular octahedron due to a decreasing coordi-
nation number. Oxygen vacancy can also provide more space
for Ce location at the octahedral site. Alternatively, the Ce2
and Ce3 centers could be ascribed also to perturbed Lu
dodecahedral sites. However, in our opinion, this ascription
is not well supported by both the principal axis orientation
and g-factor values found from the experiment.

IV. DISCUSSION

TSL spectra reported in Figs. 3(a) and 3(b) provide infor-
mation about the mechanism of charge carrier localization
and thermal detrapping in LuAG host. The ADs were iden-
tified as shallow electron traps both in YAG® and LuAG'%3
hosts. Eu ion is also evidenced both in YAG and LuAG in the
stable 3+ charge state from its photoluminescence
spectra®'32 so that it can act only as an electron trap due to
its easy switch to the 2+ charge state. The same consider-
ation holds for Tm ion too.3? On the contrary, both Ce and Tb
ions are well evidenced in aluminum garnets in stable triva-
lent state but can easily exist also in the 4+ charge state, so
that these ions act as hole traps in LuAG lattice. At 10 K,
during x-ray irradiation, free holes are localized at unknown
sites of the lattice and at accidental impurities such as Ce>*
and Tb* ions, while electrons are trapped at AD Lu,, de-
fects, Eu’* and Tm?* ions, and probably also at other un-
known lattice defects. TSL spectra point to the fact that in
undoped samples below 280 K, holes are thermally freed
from various traps, so hole traps determine TSL peak posi-
tions. They undergo recombination with electrons localized
at AD, Eu and Tm ions, which are responsible for the ob-
served TSL spectra. Remaining electrons trapped at AD de-
fects are gradually thermally freed above 120 K.'0 It results
in their retrapping at Eu and Tm impurity ions, which is
reflected in the strong increase of related emission line am-
plitudes in the 130-250 K range [Fig. 3(a)]. The complete
change of the TSL emission pattern above 280 K points to
the thermal emptying of electron traps and recombination of
free electrons with holes trapped at Ce and Tb ions. In Ce-
doped samples, during x-ray irradiation at 10 K, the major
part of the holes becomes localized at Ce3* ions, so that the
TSL glow curve is entirely determined by the characteristics
of available electron traps dominated by AD defects,'? while
TSL emission spectra show only the Ce** emission band.

To our knowledge, there are no reports in the literature
which evidence trapped or self-trapped holes in YAG or
LuAG crystals by EPR. However, the small concentration of
Ce’* ions (0.07 wt % Ce) sufficient to completely suppress
the undoped sample TSL pattern, the variability of the glow
curve shape in undoped samples, and their much weaker TSL
signal amplitudes with respect to the Ce-doped ones point to
defect-bound hole centers. Consequently, there is no analo-
gous hole self-trapping process as that occurring in alumi-
num perovskites, giving rise to intense TSL peaks within
150-250 K (Refs. 17 and 34).
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SHALLOW TRAPS AND RADIATIVE RECOMBINATION...

The electron traps related to the 237 and 280 K peaks also
deserve some comment. These peaks are commonly found in
LuAG:Ce (Refs. 5 and 23) and their amplitudes increase
with the Ce concentration [Fig. 2(b)]. Their dose dependence
points to a first order process. The frequency factor s of the
280 K peak shows markedly lower values with respect to
those of other TSL peaks (Table I), suggesting a tight space
correlation between the responsible electron trap and Ce**
ion.

Detrapping times at RT calculated for all the TSL peaks
(see Table I) are longer than 100 us, so that thermal empty-
ing of these traps and conduction-band-mediated recombina-
tion mechanism cannot explain the submicrosecond slower
decay component in the scintillation response. Instead, it
seems that correlation between the 140 K TSL peak (detrap-
ping time ~0.1 ms) and the coefficient « value in the scin-
tillation decay can be well explained considering thermally
induced electron detrapping into conduction band followed
by the delayed electron-hole recombination at Ce** centers.

The broad and structureless TSL signal well evident be-
low ~120 K in Ce-doped samples is due to a tunneling pro-
cess between electrons captured at antisite Lu,; defects and
holes localized at Ce ions. As the Ce concentration increases,
the mean distance in the Ce-Luy,; pairs is shortened and this
favors the tunneling mechanism with respect to the thermally
induced conduction-band-mediated recombination process.
This is well reflected in the Ce-concentration dependence of
the TSL glow curve pattern below 200 K. Thermally assisted
tunneling from an excited state in the trap can explain the
TSL amplitude gradual increase within 50—120 K in the
highest Ce-concentration sample. Moreover, EPR experi-
ments suggest the presence of a Luy; AD in the vicinity of
Ce’* ions. Based on these results, we propose that the slow
submicrosecond component in the scintillation decay at RT
arises due to the mentioned thermally assisted tunneling pro-
cess. Supporting arguments are obtained from numerical
analysis of the scintillation decay, where the fit using a com-
bination of exponential and inverse power function appears
to be slightly more accurate with respect to the classical two-
exponential approximation. It is also worth noting that in
single crystalline LuAG:Ce layers prepared by LPE, no per-
turbation of Ce** EPR-active centers was found and the am-
plitude of a slow submicrosecond decay component under
above-band-gap excitation is also lower with respect to bulk
single crystals.* Unfortunately, EPR experiments did not re-
veal any hole centers related to the LuAG lattice itself so far,
so that the nature of hole traps responsible for TSL glow
curve peaks below 280 K in undoped samples remains an
open question. However, suggested spatial correlation be-
tween Ce** ions and Luy, antisite defects is of crucial impor-
tance to explain both the TSL and scintillation decay charac-
teristics discussed above.
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V. CONCLUSIONS

This study, involving TSL, phosphorescence, scintillation,
and EPR measurements, reveals the presence of tunneling
phenomena in radiative recombination processes of Lu-
AG:Ce single crystals. They involve shallow electron traps
and Ce* ions as the recombination centers. The former are
due to antisite Lu,,; centers, which should be typical defects
in the high temperature melt-grown bulk single crystals.

TSL spectra of undoped samples suggest that up to
280 K, holes are freed from several different host lattice-
related traps and they are responsible for the observed glow
curve pattern. On the contrary, in the Ce-doped material, the
majority of the holes is trapped at Ce>* ions and the glow
curve pattern is dominated by the electron release from Luy,
defect-related traps. In Ce-doped samples, the first order pro-
cess in the TSL mechanism has been verified by the dose
dependence of the TSL signals over more than 2 orders of
magnitude. From partial cleaning treatments, the trap depths
related to five characteristic TSL peaks were calculated using
the initial rise method.

In the 10-100 K range, the phosphorescence decays at
constant temperature following x-ray irradiation obey the ¢!
law in perfect agreement with theoretical models describing
the tunneling-driven radiative carrier recombination. At RT,
the slow submicrosecond component in the scintillation de-
cay follows a ' form as well and can be interpreted as due
to the thermally assisted tunneling-driven radiative recombi-
nation, too. This interpretation provides a physical ground
for the submicrosecond-scale recombination decay processes
in LuAG:Ce scintillator contrary to the common multiexpo-
nential analysis, which cannot be justified using calculated
detrapping times at RT from the identified shallow electron
traps.

EPR experiments verified the existence of Ce** centers
featuring a perturbation at one of the nearest aluminum sites.
The relatively high concentration of perturbers and the el-
evated purity of the crystals point to the Lu,; defects as the
most probable perturber. The occurrence of Luy; defects in
the vicinity of Ce** ions provides strong support to the exis-
tence of tunneling phenomena in radiative recombination
processes.
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