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Abstract

Luminescence and scintillation properties of single crystalline films (SCF) of Ce- and Pr-doped Y3Al5O12 (YAG) and Lu3Al5O12 (LuAG)
garnets were analysed and compared with their bulk single crystal (SC) analogues. It was shown that the main peculiarities of luminescent
properties of Ce- and Pr-doped YAG and LuAG SCF are due to the absence of YAl and LuAl antisite defects (AD) and to the extremely low
concentration of vacancy-type defects in SCF with respect to SC. In SCF the absence of the AD-related traps results in faster energy transfer
to the emission centres and accelerated scintillation response.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

R&D of the phosphors based on single crystalline films
(SCF) of Al2O3.Y2O3.Lu2O3 oxide compounds obtained by
liquid phase epitaxy (LPE) was the subject of intensive inves-
tigations during last years (Zorenko et al., 2005a; Nikl, 2006,
and references therein). At present, the fields of applications of
SCF as luminescent detectors of ionising radiation include scin-
tillators for monitoring of �- and �-particles and “phosvich”-
type scintillators/detectors for registration of the components of
mixed ionizing fluxes, screens for visualization of x-ray images
with high spatial resolution and screens for electron-beam tubes
(Zorenko et al., 2005a). Starting oxide compounds for develop-
ment of the SCF phosphors are usually Ce3+- and Pr3+-doped
SCF of Y3Al5O12 (YAG) and Lu3Al5O12 (LuAG) garnets.

The main peculiarities of the luminescent properties of
garnets SCF phosphors with respect to single crystal (SC)
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analogues are the absence of the YAl and LuAl antisite defects
(AD) (Y and Lu cations localized in octahedral sites of the Al
cations) and the extremely low concentration of vacancy-type
defects (Zorenko et al., 2004; Zorenko et al., 2005a, b). Unlike
SCF, in the SC of YAG and LuAG garnets the content of YAl
and LuAl AD is about 0.25–0.5 at% (Ashurov et al., 1977; Lupei
et al., 1995). The presence of AD is an inevitable consequence
of the high melting temperature (about 2000 ◦C) of the bulk
SC grown from the melt by Czochralski or Bridgman methods
(Geller et al., 1972; Kuklja, 2000; Stanek et al., 2006). Due
to the presence of AD, the bulk SC garnets present a specific
type of “self-activated” phosphors where the YAl and LuAl AD
as analogues of isoelectronic impurities create the emission
centres in near-UV region (Zorenko, 2005) and trapping centres
(Nikl et al., 2005; Vedda et al., 2006).

It is worth noting that scintillation decays of bulk SC scintil-
lators usually show a noticeable presence of slow components
originating from delayed radiative e/h recombination at Ce3+
and Pr3+ ions, most probably given by their re-trapping at
defect-related shallow traps during the transport stage of the
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energy transfer (Nikl, 2005). For example, for LuAG:Ce and
LuAG:Pr SC scintillators it was determined (Mares et al., 2007)
that more than 74 and 58%, respectively, of the light yield (LY)
comes from the mentioned delayed recombination processes.

On the contrary, due to the low preparation temperature
(850.1100 ◦C) and the specific crystallization mechanism from
melt-solution (MS), the SCF are free from AD and vacancy-
type defects (Zorenko et al., 2004). Therefore, one can expect
substantially better spectral-kinetic characteristics of scintilla-
tors based on Ce- and Pr-doped YAG and LuAG SCF in com-
parison with their SC analogues.

This work aims in demonstrating the advantages of scintilla-
tors based on YAG:Ce and LuAG:Ce SCF with respect to SC.
We present a comparative investigation of the luminescence
properties of SC and SCF under synchrotron radiation (SR) ex-
citation considering the energy transfer processes from garnet
hosts to Ce3+ or Pr3+ as well. Thermally stimulated lumines-
cence characteristics of Ce-doped Y(Lu)AG SC and SCF are
also reported.

2. Samples and experimental technique

Ce- and Pr-doped YAG and LuAG SC were grown by Cry-
tur Ltd. (Czech Republic) from melt by the Bridgman method
from a Mo-crucible in reducing atmosphere from the charge
containing Y2O3, Lu2O3, CeO2 or Pr2O3 oxides of 5 N pu-
rity and Al2O3 oxide of 4 N purity. Ce- and Pr-doped YAG
and LuAG SCF were grown by LPE in the LOM of Lviv Uni-
versity (Ukraine) from the MS based on the PbO.B2O3 flux
and crystal-forming oxides of the same purity on the substrates
of undoped YAG and LuAG SC (see for details Zorenko and
Gorbenko, 2007)

The spectral-kinetic characteristics of Ce- and Pr- doped
Y(Lu)AG SC and SCF were investigated at 9 and 300 K (RT)
at the Superlumi station (HASYLAB at DESY) under excita-
tion by SR with energy of 3.7–25 eV. The emission and exci-
tation spectra were measured both in the integral regime and
in time gates of 1.2–6 and 150–200 ns (fast and slow compo-
nents, respectively) in the limits of SR pulse with a repetition
time of 200 ns and a duration of 0.127 ns. The decay kinetics
of luminescence was measured in the 0–200 ns time range at
RT. 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 Philips2274 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.

3. Comparative investigation of luminescence of Ce- and
Pr-doped YAG and LuAG SC and SCF

3.1. Emission spectra

The emission spectra of YAG:Ce and LuAG:Ce SC(a)
and SCF (b) under excitation by SR in the exciton range at
9 K (curves 1) and the region of interband transitions at RT
(curves 2) are presented in Figs. 1 and 2, respectively. In the

Fig. 1. Luminescence spectra of YAG:Ce SCF (a) and SC (b) at 9 K (1) and
RT (2) under excitation by SR with energies of 6.75 eV (2b), 7.3 eV (2a) and
11.3 eV (a, b, curves 1). Absorption spectrum of YAG:Ce SC (b, curve 3) is
shown for comparison.

Fig. 2. Luminescence spectra of LuAG:Ce SC (a) and SCF (b) under excitation
by SR with an energy of 7.3 eV at 9 K (1) and 7.74 eV at RT (2). Absorption
spectrum of LuAG:Ce SC (b, curve 3) is shown for comparison.

visible range the typical doublet Ce3+ 5d1.4f luminescence
(peaking at 525 and 575 nm for YAG:Ce and 498 and 550 nm
for LuAG:Ce) is observed both in SC and SCF under SR
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Fig. 3. (a) Excitation spectra of YAl AD emission at 320 nm at RT (1) and
LE (AD) emission at 300 nm at 9 K (2) and the STE emission at 260 nm
at 9 K in YAG:Ce SCF (3); (b) excitation spectra of Ce3+ ion emission at
530 nm in YAG:Ce SC at 9 K (1) and RT (2) and YAG:Ce SCF at RT (3).

excitation with energy of 6.75–7.3 eV. In the UV range the
emission spectra of the YAG:Ce and LuAG:Ce SC at 9 K
(curves1 in Figs. 2b and 3b, respectively) present the super-
position of the bands peaked at 269 and 326.5 nm (YAG) and
256 and 320 nm (LuAG) which are caused, respectively, by the
emission of self-trapped excitons (STE) and the YAl and LuAl
AD (Zorenko et al., 2004). In contrast to SC, only the weak
STE emission in the bands peaked at 263 and 250 nm occurs
in the luminescence spectra of YAG:Ce and LuAG:Ce SCF in
the UV region at 9 K (Figs. 1a and 2a, curves 1, respectively).
The sharp peaks at 317 nm in spectra of YAG:Ce and LuAG:Ce
SCF are caused by the emission of the Gd3+ trace impurity.

Dominating the YAl and LuAl AD emission the bands at 332
and 329 nm as well as the emission of excitons localized around
the YAl and LuAl AD (LE (AD) emission) in the bands at 293
and 290 nm can be seen in the spectra of YAG:Ce and LuAG:Ce
SC, respectively, in UV region at RT under excitation by SR
in the exciton and interband transition ranges (Figs. 1b and 2b,
curves 2). The AD emission bands in YAG:Ce and LuAG:Ce
SC are strongly overlapped with the Ce3+ ion absorption band
at 340 nm (Figs. 1b and 2b, curves3). As a result of this con-
siderable overlap, luminescence of Ce3+ ions in YAG:Ce and
LuAG:Ce SC is also excited via the AD centres at RT. The
LE (AD) and AD emission bands are completely missing in
the spectra of YAG:Ce and LuAG:Ce SCF in UV region at RT
(Figs. 1a and 2a, curves 2) which confirms the absence of YAl
and LuAl AD in the SCF of aluminium garnets.

Fig. 4. (a) Excitation spectra of LuAl AD emission at 325 nm at RT (1), LE
(AD) emission at 300 nm (2) and the STE emission at 250 nm at 9 K in the
LuAG:Ce SC (3) and SCF (4); (b) excitation spectra of Ce3+ emission at
515 nm at RT in LuAG:Ce SC (1–3) and SCF (4) measured in the integral
regime (1, 4) and time gates of 1.2–50 ns (2) and 150–200 ns (3) after ending
of SR pulse.

3.2. Excitation spectra of intrinsic emission

The excitation spectra of STE, LE (AD) and AD emission
bands in YAG:Ce and LuAG:Ce SC and SCF under excitation
by SR in the exciton range are shown in Figs. 3a and 4a, re-
spectively. The emissions at 332 nm (due to YAl) and at 329 nm
(due to LuAl) at RT are excited in the main bands peaked at 6.79
and 7.07 eV located at the low-energy side of YAG and LuAG
SC absorption edges (Figs. 3a and 4a, curves 1, respectively).
The excitation spectra of LE (AD) luminescence at 300 nm
in YAG:Ce SC at RT and at 290 nm in LuAG:Ce SC at 9 K
(Fig. 4a and b, curves 2, respectively) show the fine structure
with two peaks at 6.915 and 7.77 eV and 7.20 and 7.55 eV, re-
spectively, which may reflect the existence of two relaxed ex-
cited states (RES) of an exciton perturbed or stabilized around
the YAl and LuAl AD.

The excitation spectra of the STE emission at 260 nm in
YAG:Ce SCF (Fig. 3a, curve 3) and at 250 nm in LuAG:Ce SCF
(Fig. 4a, curve 4) at 9 K show two peaks at 7.15 and 7.88 eV or
at 7.41 and 7.72 eV, respectively, which may be an evidence of
the existence of two RES of STE in these garnets. Unlike the
SCF, the excitation maxima of the STE emission in LuAG:Ce
SC (7.28 and 7.62 eV) are noticeably shifted to the low-energy
range with respect to the STE peaks in the SCF probably due
to the existence of the excitation bands of LE (AD) emission.



524 Y. Zorenko et al. / Radiation Measurements 42 (2007) 521–527

A typical feature of the excitation spectra of YAG:Ce and
LuAG:Ce SC is a close spectral location of the main excitation
bands of LE (AD) emission at 6.915 eV (at RT) and 7.19 eV (at
9 K) (Figs. 3a and 4a, curves 2, respectively) to the excitation
bands of the YAl and LuAl AD emission at 6.79 and 7.07 eV (at
RT) (Figs. 3a and 4a, curves 1, respectively). Thus, one may
conclude that the radiation decay of excitons perturbed by the
nearest AD (LE (AD) emission) as well as the AD luminescence
predominantly takes place in YAG:Ce and LuAG:Ce SC in the
UV region under excitation in the exciton range as distinct to
SCF where only weak STE emission occurs in the unperturbed
regular sites of garnet lattices.

3.3. Excitation spectra of Ce3+ emission

The excitation spectra of Ce3+ luminescence in YAG:Ce and
LuAG:Ce SC and SCF are presented in Figs. 3b and 4b, re-
spectively. The fast component of Ce3+ emission in LuAG:Ce
SC at RT (Fig. 4b, curve 2) and the integral components in
YAG:Ce SC at 9 K (Fig. 3b, curve 1) are excited predominantly
in the bands at 6.88 and 6.8 eV, respectively. The shape of these
bands (narrow intensive line in the region of exciton absorp-
tion) is an indication of creation of excitons bound around the
Ce3+ ions. The excitation bands peaked at 7.88 and 7.795 eV
in the spectra of YAG:Ce SC and SCF (Fig. 3a, curves 2 and
3, respectively) and at 8.2 eV in the spectra of LuAG:Ce SC
and SCF (Fig. 3a, curves 2 and 4, respectively) on the onset
of interband transition of these garnet correspond to the exci-
tation of Ce3+ luminescence via recombination of the e/h pair
(Zorenko et al., 2005a).

The excitation spectra of integral and slow components of
Ce3+ emission in LuAG:Ce SC at RT (Fig. 4b, curves 1 and
3, respectively) also consists of the intensive bands at 7.18 eV
close to the position of excitation bands of the LE (AD)
(7.19 eV) and LuAl AD (7.07 eV) emission (Fig. 4b, curves 1
and 3, respectively). The excitation spectra of integral compo-
nents of Ce3+ emission in YAG:Ce SC at RT (Fig. 3b, curve 2)
also present an additional bump at 6.7 eV close to the position
of the excitation band of YAl AD luminescence (6.79 eV). It
evidences an energy transfer to Ce3+ ions via the LE (AD) and
AD emission centres in YAG:Ce and LuAG:Ce SC (Zorenko
et al., 2005a, b).

At the same time, excitation bands of the LE (AD) and
YAl and LuAl AD luminescence in YAG:Ce and LuAG:Ce
SC, respectively, are not present in the excitation spectra of
YAG:Ce and LuAG:Ce SCF at RT (Figs. 3b and 4b, curves
3 and 4, respectively). At 9 K the excitation maxima of both
fast (7.41 eV) and slow (7.74 eV) components of the Ce3+
emission in LuAG:Ce SCF (not shown in Fig. 4a) practically
coincide with the excitation maxima of the STE emission
(Fig. 4a, curve 4). This indicates that the Ce3+ emission in
YAG:Ce and LuAG:Ce SCF can be excited mainly through
the creation of bound exciton states contrary to SC, where the
energy transfer via AD excitation is very significant. Existence
of two excitation maxima of the Ce3+ emission in LuAG:Ce
SCF provides an indication that the RES of an exciton bound

Table 1
Positions of excitation bands of different centres in Ce- and Pr-doped YAG
and LuAG SC and SCF in the exciton range

Type of centre Positions of excitation bands (eV)

YAG SCF YAG SC LuAG SCF LuAG SC

LE (Ce) 7.05a 7.04a 7.26a 6.925a

LE (Pr) 7.06 7.34 7.13
YAl or LuAl AD Absent 6.79a Absent 7.07a

LE (AD) Absent 6.92;7.77a Absent 7.19; 7.54
STE 7.15; 7.77 7.41; 7.72 7.28; 7.62
Ce3+ + e + p 7.795a 7.88a 8.2a 8.2a

aAt 300 K.

around Ce3+ ions has two radiative levels (Zorenko et al.,
2005b).

Thus, from the data shown in Figs. 3b and 4b we conclude
that the spectral location of the excitation maxima of the Ce3+
emission for SC are, as a rule, close to the position of excita-
tion bands of the LE (AD) and AD luminescence; i.e., the YAl
and LuAl AD are significantly involved in the processes of ex-
citation of Ce3+ emission in YAG:Ce and LuAG:Ce SC. We
can also assume that in Ce-doped YAG and LuAG SC the for-
mation of Ce3+–AD “coupled-centres” takes place with proba-
ble non-radiative energy transfer in the case when both centres
are sufficiently (< 10 Å) close. Latter condition may happen in
YAG:Ce and LuAG:Ce SC due to high Ce3+ (0.1–0.25 at%) and
AD (0.25–0.5 at%) concentrations. This conclusion is strongly
supported by the substantial difference in the spectral location
of the excitation maxima of an exciton bound around Ce3+ ion
in LuAG:Ce SC (6.88 eV) and SCF (7.26 eV) as well as by the
difference in the shape of the excitation spectra for SC and SCF
in the exciton range (Fig. 4b, curves 1 and 4, respectively).

Positions of all excitation bands of the Ce3+ and Pr3+
emission in YAG and LuAG SC and SCF are summarised in
Table 1. The notable difference in the positions of excitation
bands of Pr3+ emission also takes place in the spectra of
the LuAG:Pr SC and SCF (Table 1). Apart from the bands
noted in Table 1, the excitation spectra of Ce3+emission in the
LuAG:Ce SCF also contain the band at 4.70 eV which coin-
cides well with the absorption band caused by the 1S0 → 3P1
transition of Pb2+ trace impurity (Fig. 4b, curve 4). This makes
the energy transfer from Pb2+ to Ce3+ ions feasible (see in
detail in Babin et al., 2007).

3.4. Decay kinetics

Significant difference in the energy transfer from the host to
activator ions in SC and SCF is confirmed by the decay kinetics
of the Ce3+ and AD luminescence in YAG:Ce and LuAG:Ce
SC and SCF (Figs. 5 and 6) under the excitation within the
4f > 5d absorption band of Ce3+ ions at 3.7 eV (curve 1) and
region of interband transitions (10.5–17.7 eV) (curves 2 and
3). The decay kinetics of the Ce3+ emission in YAG:Ce and
LuAG:Ce SC and SCF at RT under excitation in the band
at 3.7 eV is very similar with lifetimes of 66.5 and 51.3 ns,
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Fig. 5. Decay kinetics Ce3+ ion (1–3) emission in the band at 530 nm in
YAG:Ce SCF (1, 2) and SC (3) at RT under excitation by SR with energies of
3.7 eV (1) and 10.5 eV (2,3). Curve 4—decay kinetics of YAl AD emission
in the band at 320 nm in YAG SC.

Fig. 6. Decay kinetics of Ce3+ ion luminescence in the band at 515 nm in
LuAG:Ce SC (a) and SCF (b) of LuAG:Ce at RT under excitation by SR
with energies 3.7 eV (1a, b) and 17.2 eV (2a, b). Curve 3a—decay kinetics of
LuAl AD luminescence in the band at 325 nm under excitation by SR with
energy of 7.07 eV at RT.

respectively (Figs. 5 and 6a, curves 1). Meanwhile, un-
der interband excitation the decay kinetics of YAG:Ce and
LuAG:Ce SC slow down (Figs. 5 and 6b, curves 2). For ex-
ample, two-exponential fit of emission decay for LuAG:Ce
SC (Fig. 6a, curve 2), I (t) = 152 + 400 exp [−t/(62.5 ns)] +

Table 2
Comparison of the content of slow components for Ce- and Pr-doped YAG
and LuAG SC and SCF

Scintillators Content of slow components,
Ks (%)

LuAG:Ce SC 74.5
LuAG:Ce SCF 18.5
YAG:Ce SC 6.3
YAG:Ce SCF 0.74
LuAG:Pr SC 18.2
LuAG:Pr SCF 32.5

905 exp[−t/(288 ns)], points to the substantial (up to 78%
of the initial amplitude) contribution of the slow compo-
nents with � = 288 ns. A similar approximation (Fig. 5, curve
3) for YAG:Ce SC, I (t) = 0.04 + 0.82 exp[−t/(79.9 ns)] +
0.14 exp[−t/(297 ns)], also shows large contribution of slow
component with � = 297 ns.

To estimate the content of slow components in the scintilla-
tion decay we used the ratio between the intensity Is of decay
components which are slower than the repetition frequency of
SR and the decay amplitude It of rising part of scintillation
pulse as Ks =[Is/It] ∗ 100% (Figs. 5 and 6). For LuAG:Ce SC
very high value of Ks =74.5% was obtained (Fig. 6a) under ex-
citation with energy of 17.2 eV (Table 2). For LuAG:Pr SC the
content of slow component is reduced to 18.2% in comparison
with LuAG:Ce SC (Table 2) mainly due to less overlapping of
the 4f–5d absorption bands of Pr3+ ion at 240 and 280 nm and
AD-related emission bands.

In YAG:Ce SCF substantially lower value of Ks = 6.3% was
obtained (Table 2), which reflects relatively small influence
of AD in YAG:Ce SCF. For LuAG:Pr SCF the larger content
of slow component (32.5%) in comparison with YAG:Ce SCF
(Table 2) probably is caused by the significantly larger Pb2+
trace impurity influence on the emission of Pr3+ ions in the
UV range than Ce3+ emission in the visible region.

Possible reasons for the presence of slow components in the
Ce3+ luminescence inYAG:Ce and LuAG:Ce SC are as follows:
(i) the existence of the intensive YAl and LuAl AD lumines-
cence in UV range in the bands peaked at 329 and 332 nm with
the lifetimes of main components of 380 and 540 ns, respec-
tively (determined from the two-exponential fitting of curve 4 in
Fig. 5 and curve 3 in Fig. 6a); (ii) the spectral overlap of the
YAl and LuAl AD emissions with the 4f–5d absorption band of
Ce3+ ion at 340 nm (Figs. 1a and 2a, curves 3), which enables
the re-absorption of AD emission by the Ce3+ ions or even
non-radiative energy transfer; (iii) re-trapping of free charge
carriers mainly at the YAl and LuAl AD-based trapping centres
under the interband excitation (Nikl et al., 2005; Vedda et al.,
2006). In the latter case, a 0.29 eV trap depth was calculated
for the LuAl AD-associated TSL peak at 145 K in LuAG:Ce SC
(Fig. 7b), while a lower (0.18 eV) trap depth was evaluated for
the TSL peak at 92 K related to YAl AD in YAG:Ce SC (Fig. 7a)
(Nikl et al., 2005). Deeper AD-associated traps and higher AD
concentration in LuAG:Ce can explain the higher content of
slow decay components with respect to YAG:Ce SC, which was
evaluated with the help of the above-mentioned Ks coefficient.
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Fig. 7. TSL glow curves of YAG:Ce- (a) and LuAG:Ce-based (b) SC and SCF systems, including their substrates in the case of SCF. Glow curves obtained
after integration of wavelength-resolved measurements in the wavelength intervals reported in the legends.

Spectrally resolved TSL measurements of Ce-doped YAG
and LuAG SCF do not show the 92 and 145 K peaks, respec-
tively (Fig. 7a and b), further supporting the absence of AD
in SCF. In addition, the lower TSL emission intensity in SCF
above 150 K indicates a lower concentration of deeper traps
associated e.g. with oxygen vacancies.

4. Conclusions

Scintillation properties of YAG:Ce and LuAG:Ce SC scin-
tillators are strongly influenced by the presence of the YAl
and LuAl AD, which give rise to the new luminescence
bands in the UV range and the trapping centres as well.
Due to high concentration of both the Ce and AD centres
in YAG and LuAG SC the formation of Ce–AD coupled-
centres is not excluded, in which a non-radiative energy
transfer can take place between the Ce3+ ions and YAl and
LuAl AD. Higher content of slow decay components in LY
and scintillation decay of LuAG:Ce SC as compared with
YAG:Ce SC are due to larger concentration of AD (0.5
and ∼ 0.25 at%, respectively) and more pronounced depth
(0.29 and 0.18 eV, respectively) of the AD-related trapping
centres.

YAG:Ce and LuAG:Ce SCF scintillators possess better
spectral-kinetic properties in comparison with the SC ana-
logues due to the absence of additional channels of dissipation
of excitation energy connected with the YAl and LuAl AD
and vacancy-type defects. The YAG:Ce and LuAG:Ce SCF
with respect to the bulk SC show simpler and faster de-
cay kinetics and lower content of slow components of Ce3+
luminescence under excitation in the region of interband
transitions.
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