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A B S T R A C T

Within this work, the undoped and Ce3+ doped Y2O3 – Al2O3 double system crystals were grown from the melt
by micro-pulling-down method and their basic luminescent properties have been investigated. Luminescent
properties of the obtained crystal samples were studied by cathodo- and thermo-luminescence methods (CL and
TL, respectively). The TL spectra were measured after the samples irradiation with both beta and alpha particles.
It was found that the obtained cerium doped crystals exhibit dominant emission bands with maxima at around
380 nm in the centers of crystals, and low-intensive satellite band peaked at 560 nm at the boundaries of crystals,
what corresponds to the well-known perovskite and garnet phases, respectively. For YeLu substituted crystals
only the emission band of garnet phase was observed. It tends to suggest that even a small substitution of Y3+ by
Lu3+ ions in the host lattice causes a strong suppression of the 380 nm luminescence of the perovskite phase.
This was also confirmed by TL spectra measurements performed over the different spectral ranges. A good
agreement of CL and TL emission spectra suggests that the same emission centers are involved in both processes.
The obtained results showed that, besides of the well-known scintillating properties, the materials under study
can be also considered as the energy storage phosphors for dosimetric applications.

1. Introduction

There are three very well-known phases present in Y2O3eAl2O3
double oxide system: garnet (Y3Al5O12, YAG), perovskite (YAlO3, YAP)
and monoclinic (Y4Al2O9, YAM) yttrium-aluminum phases. Among
them, the perovskite phase single crystals (SC) are of increasing interest
due to a large field of their potential applications. Polycrystalline ma-
terials based on YAlO3 perovskite find a broad range of applications,
mainly in optoelectronics. Because of a high reflectivity, pure YAP can
be used as an optically transparent material over a wavelength range
from 200 to 1000 nm. Rare-earths (RE) doped YAP crystals are also
considered as good candidates for laser media. When doped with the
alkali earth's ions and prepared in a reducing atmosphere, YAP crystals
show a strong photoluminescence (PL) within a visible range, after the
exposure to UV radiation. Moreover, Ce3+ doped YAP powders found
an application as a new type of red ceramic dyes. The Ce3+ doped YAP
and Y1-xLuxAP (x= 0 ÷ 1) bulk crystals are well-known scintillation
materials for positron emission tomography (PET). RE doped single
crystalline films (SCFs) based on YAP and LuAP SC substrates can be
also applied as a new type scintillating screens for visualization of X-ray
images with a high spatial resolution.

Scintillating screens based on the SCFs of mixed oxide compounds
play an important role for using in 2D/3D imaging applications at X-
rays synchrotrons with resolution in the micron-submicron range [1].
The first material which was used as scintillating screen was the single
crystalline film of Ce doped Y3Al5O12 (YAG) garnet [2]. Subsequently,
the single crystalline films of Eu3+ and Tb3+ doped Lu3Al5O12 (LuAG)
and Gd3Ga5O12 (GGG) garnets were adopted for microimaging [2,3].
The high optical quality and easy RE doping enable consideration of the
garnet compounds are promising candidates for many scintillating ap-
plications.
In this work we investigate luminescent properties of undoped and

Ce3+ doped crystals of Y2O3–Lu2O3eAl2O3 triple oxide system (Y1-
xLuxAlO3 solid solution at x= 0, 0.5 and 1), which were grown from the
melt by micro-pulling-down (MPD) technique. While scintillation is
now the most commonly studied luminescent phenomenon in these
types of crystals, we are mainly focused on effects related to the trap-
ping of charge carriers. In other words, the aim of this work is to em-
phasize that the studied materials, which are usually considered as
scintillating materials, exhibit also stimulated luminescence phe-
nomena (such as thermoluminescence, TL), in which the stage of
trapping of free charge carriers is also involved and play a significant
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role. Therefore, we study the response of the obtained crystal samples
not during the radiation exposure, but after the irradiation with both
alpha and beta radiation, exploiting the thermoluminescence phe-
nomenon. The obtained results are also compared with those measured
with cathodoluminescence (CL) method, which well imitates the

scintillation process in the compounds under study. In this way we want
to indicate that the studied materials can be also considered as pro-
mising energy storage phosphors for dosimetric applications.

2. Materials and methods

2.1. Samples preparation

Within this work, the solid solution of undoped and Ce3+ doped Y1-
xLuxAlO3 crystals at x= 0, 0.5 and 1 were grown from the melt by
micro-pulling-down (MPD) method at the Institute of Nuclear Physics
Polish Academy of Sciences (IFJ PAN) in Krakow. Starting materials
were prepared by mixing the appropriate oxides in stoichiometric ra-
tios. YAlO3 crystals and crystals of Y1-xLuxAP mixed perovskites ob-
tained by partial or overall substitution of Y2O3 by Lu2O3 (at x= 0.5,
1.0) were investigated. The stoichiometric composition of starting
materials prepared for crystal growth processes is shown in Table 1. The
crystals were grown at the constant growth rate (0.25mm/min) in the
inert gas atmosphere (Ar). The obtained rod-shape crystals had around
3.5 mm diameter and up to several cm length. For the CL and TL
measurements, the as-grown rod-shape crystals have been cut into
slices of around 3.5 mm diameter and 1.5mm thickness. The exemplary
crystals (already cut into slices) obtained in this work are shown in
Fig. 1.

2.2. CL spectra measurements

The CL spectra were measured over the wavelength range from 200
to 1200 nm at room temperature (RT) using a Stellar Net grating
spectrometer with spectral resolution of 1 nm. The samples excitation
was performed by 10 keV electron beam from the electron gun of a SEM
JEOL microscope. It should be mentioned here that such electrons are
unable to produce new F, F+ or oxygen vacancies due to high dis-
placement energy for knock-out mechanism in binary and complex
oxides [4].

2.3. TL glow-curves measurements

For thermoluminescence glow-curve measurements an automated
Risø-TL/OSL-DA-20 reader was utilized. The detection system was
equipped with bialkali photomultiplier tube and a set of band pass
filters chosen appropriately to cover the emission range of the studied
samples. The DA-20 reader is also equipped with two radiation sources,
namely 241Am and 90Sr/90Y alpha particles and beta radiation sources,
respectively. Detailed specification of the reader and its performance
was recently described in Ref. [5]. The measurements were performed
from RT to 500 °C at the constant heating rate of 2 °C/s. During all
measurements the volumetric flow rate of argon was around 0.2 l/min.
The glow-curves measured for the studied samples were next analyzed
using dedicated GlowVIEW software [6]. The measurements were
performed in two spectral ranges defined by superposition of the
quantum efficiency of the applied PM tube (EMI 9235QB) and optical
filters transmittance (for U340 and BG39 filters), as shown in Fig. 2.

Table 1
Stoichiometric composition of the starting materials prepared for crystal growth processes in this work.

Sample ID Stoichiometric ratios (wt%) CeO2 dopant concentration (mol%) Expected compound

Y2O3 Al2O3 Lu2O3

#1 69 31 0 0 YAlO3
#2 69 31 0 0.25 YAlO3:Ce
#3 27 25 48 0.25 Lu0.5Y0.5AlO3:Ce
#4 0 20 80 0.25 LuAlO3

Fig. 1. The exemplary crystals (already cut into slices) obtained in this work.
The numbers of #1, #2, #3, #4 correspond to a description given in Table 1.

Fig. 2. Spectral characteristics of the applied photomultiplier tube (EMI
9235QB in the Risø TL/OSL-DA-20 reader) and optical filters (U340 and BG39).
The spectral region covered by both U340 and BG39 filters, but of higher
transmittance for BG39 filter is marked by “A” (further discussed in the text).
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2.4. 2D TL and TL emission spectra measurements

For TL emission spectra measurements a home-made reader
REGULUS has been utilized. This is a newly designed reader in which a
standard photomultiplier tube has been replaced by CCD camera. This
is especially useful for measuring 2D images presenting the samples'
surface and the differences in emission in different parts of the sample.
The measurements were conducted up to 500 °C at the constant heating
rate of 2 °C/s. Additionally, the REGULUS reader is coupled with Ocean
Optics QE pro 00689 spectrometer which allows to register the TL
emission spectra over the wavelength range from 200 to 1000 nm with
4 nm resolution.

3. Results

The exemplary crystals obtained in this work, according to the
stoichiometric ratios given in Table 1, are presented in Fig. 1. It is
clearly visible that at least two different phases are present within the
samples. Transparency of the obtained samples is quite good, however,
some regions of different crystallographic phases can be distinguished.
Considering the color of the samples, one may state that both perovskite
and garnet phases were crystallized, as Ce3+ ions in the garnet phase
give samples the characteristic yellowish color. In turn, Ce3+ ions in
perovskite phase do not give the crystal samples any color (the Ce3+

doped perovskite samples should be colorless) [7]. So it seems that the
obtained samples are garnets in most cases, what is also thermo-
dynamically justified, as the garnet phase is privileged in the Y2O3 –
Al2O3 double system, because of the lowest value of free enthalpy [8].
However, other possibilities exist to explain such the observed phase
mismatching. Namely, when we crystalize from not perfectly uniform
mixture of oxides, some regions enriched in Y or Al always exist. This

causes that in the area enriched in Y, the compound of higher Y:Al
molar ratio (YAM phase) crystallizes. Alternatively, in the area enriched
in Al, the compound of higher Al:Y molar ratio (YAG phase) crystalizes.
The YAP phase appears as a consequence of a direct reaction between
the YAG and YAM phases: Y3Al5O12 + Y4Al2O9=7YAlO3. This clearly
indicates that, besides of a strictly stoichiometric composition, the YAP
phase will always coexist with one of the YAG or YAM phases. The
second problem related to crystallization from the mixture of oxides is
that there is always a risk of incongruent melting. One or more sub-
strates may evaporate from the system or undergo decomposition
during the heating, changing dramatically the stoichiometry of the
melt. From the other side, the composition which melts congruently
may be slightly (or more) different from the stoichiometric one. In such
a case, starting the growth process from strictly stoichiometric com-
position will not allow to obtain good optical quality crystals.
The presence of two different phases was also confirmed by TL

measurements. Fig. 3 shows TL glow-curves measured for the analyzed
crystal samples over the spectral range defined by U340 optical filter
(see Fig. 2). The response of the studied crystals to alpha and beta
particles is also compared in this figure. It is visible that the #3 and #4
samples practically do not show a measureable luminescence signal in
the UV range. The samples denoted as #1 and #2 show quite strong
luminescence in this spectral range over the temperature range from 50
to 300 °C. The luminescent signal consists of two easy distinguishable
TL peaks located at around 140 and 215 °C for #1 sample and at around
145 and 225 °C for #2 sample. The shape of TL curves does not depend
on the radiation quality, with the exception of the low-temperature
peak located at around 90 °C, visible after the #1 sample irradiation
with alpha particles. The shape of TL curves is also not affected by
Ce3+-centers introduced into the analyzed matrixes. Namely, the in-
tensity of the whole curve is strongly increased (almost two orders of

Fig. 3. TL glow-curves measured over the ultraviolet spectral range (U340 filter) for the studied crystal samples irradiated with both alpha and beta particles.

W. Gieszczyk et al. Optical Materials 89 (2019) 408–413

410



magnitude) as well as the ratio of peaks' intensities is a little bit dif-
ferent, but the general shape of the curve (two peaks) remains un-
changed. It is also worth to note here that electronic trapping centers
are responsible for the observed TL peaks, as Ce3+ ions are typically
considered as the hole trapping sites.
An interesting feature was observed in the visible spectral range (the

measurements performed with BG39 optical filter; results shown in
Fig. 4). First of all, the samples #3 and #4 started emitting considerable
luminescence signal over the temperature range above 200 °C. Sec-
ondly, an additional emission band with a maximum at around 360 °C
started to be visible for #1 and #2 samples. The appearance of this
additional high-temperature emission band practically does not make
any changes in low-temperature emission, i.e. the low-temperature
peaks (at around 140 and 215 °C) are not affected (besides of relative
amplitudes) by the applied optical window. This suggests that the
emission observed at around 140 and 215 °C comes from the wave-
length range from 360 to 390 nm, i.e. the spectral range which is cov-
ered by both U340 and BG39, but of higher transmittance for BG39
filter. This region is marked by “A” in Fig. 2. It is also important that
increasing band gap energy, from around 7.9 eV for sample #2 to
around 8.1 eV for sample #4 (resulting from increasing Lu content), is
strongly manifested by the shift of TL glow peaks towards higher
temperatures. For example, the most prominent peak at around 215 °C
for sample #1 shifts up to 320 °C for sample #4. Similar observations
can be made also for other TL peaks.
Optical characteristics of emission of the investigated Ce3+ doped

samples are shown in Fig. 5. All presented spectra are normalized to
maximum intensity. The spectra were measured by TL and CL methods.
It is visible that luminescence spectra of Ce3+ ions in different host
crystals show two well characterized broad peak bands. These bands
are related to the allowed 5d1,2 → 4f electronic transitions from the
lowest 5d to 4f levels of Ce3+ ions [9-11]. For this reason, the

respective Ce3+ emission bands in the TL and CL spectra are wide. TL
emission bands with maxima at around 370–380 nm and satellite band
peaked at 540–560 nm correspond to the perovskite [12–15] and garnet
[7,16] phases, respectively. It turned out that for Y-Lu substituted
crystals (#3 and #4) only the emission of garnet phase was observed.
Fig. 6 compares the TL emission spectra measured for the analyzed

Ce3+-doped samples. The emission bands of Ce3+ ions in #2, #3 and
#4 examined matrixes is peaked at around 565, 548 and 535 nm, re-
spectively. Additionally, #2 crystal sample shows an extra peak at
375 nm. These emission bands, peaked at 370 and 550 nm, are caused
by the 5d1,2 → 4f (2F7/2, 2F5/2) radiative transitions of Ce3+ ions in YAP
and YAG matrixes, respectively. The obtained results tend to suggest
that even a small substitution of Y by Lu ions causes a strong sup-
pression of the 370 nm luminescence of perovskite phase. The max-
imum of peak at around 550 nm (garnet phase emission) is shifted for
different host crystals. Namely, as the concentration of Lu3+ ions in-
creases, the peak moves towards lower wavelengths. This is caused by
the decreasing of the crystal field strength in the dodecahedral sites of
garnet lattices due to smaller size of Lu3+ cations in comparison with
Y3+ ones. The gradual introduction of Lu3+ cations into the analyzed
hosts causes also the respective expanding of the band gap of garnet
host what is manifested in the shift of TL emission towards shorter
wavelengths [17]. It is interesting to note that the maxima of Ce3+

luminescence in the case of TL emission spectra are notable shifted
towards the long-wavelength range with respect to the CL spectra,
especially for samples #3 and #4. Such a shift can be related to the
different conditions of CL and TL measurements (signal recorded from
the sample surface in case of CL and from the whole sample volume in
case of TL) as well as to the different temperatures of measurements (RT
in case of CL and a linear heating to 500 °C in case of TL measurements).
Nevertheless, the observed pecularities of the TL and CL spectra means
that the relaxed excited state of Ce3+ ions in garnet hosts,

Fig. 4. TL glow-curves measured over the visible spectral range (BG39 filter) for the studied crystal samples irradiated with both alpha and beta particles.
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corresponding to the TL phenomenon, is located energetically below
the respective excited emission level in the act of CL. This not trivial
fact is abroad of the main scope of this paper and need the special
consideration.
Two-dimensional thermoluminescent method has been utilized to

separate the samples' regions showing the emission of perovskite and

garnet phases. The method was originally proposed for checking li-
thium fluoride crystals homogeneity [18]. In the present case, the si-
tuation looks less complicated, because the emission ranges of per-
ovskite and garnet phases are clearly separated spectrally. Therefore,
the measurements were performed in two modes: (1) without any ad-
ditional signal filtration and (2) with BG39 filter, for which almost all
perovskite phase emission is cut off. Such measurements allow for
checking which part of the sample crystallized in the perovskite and
garnet phase, respectively. The results are presented in Fig. 7A and B
which show the #2 sample during the TL measurements. The blue-
violet region comes from the black body thermal radiation (relatively
small comparing to the signal of the sample). Color scale represents the
luminescence intensity. It is visible that central part of the sample,
marked by dashed line in Fig. 7B, practically does not emit a mea-
sureable luminescent signal over the BG39 spectral range. The lumi-
nescence intensity of the rest of the crystal also decreased, obviously,
because of the transmittance characteristic of the applied BG39 filter
(see Fig. 2). Meanwhile, we were not able to perform a similar analysis
for the other Ce-doped samples, as they showed only the emission of
garnet phase.

4. Conclusions

Within this work the crystals of undoped and Ce3+ doped Y2O3-
Lu2O3eAl2O3 triple oxide system were grown from the melt by the
micro-pulling-down method. Luminescent properties of the obtained
crystals were studied by cathodo- and thermo-luminescence methods.

Fig. 5. Comparison of TL and CL emission spectra for Ce-doped analyzed crystal
samples (#2, #3, #4).

Fig. 6. Comparison of TL emission spectra for Ce-doped analyzed crystal sam-
ples (#2, #3, #4).

Fig. 7. Two-dimensional imaging of #2 sample performed without any addi-
tional signal filtration (A) and with BG39 optical filter (B). Color scale re-
presents the luminescence intensity in arbitrary units. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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The TL spectra were measured after the samples irradiation with both
beta and alpha particles. It was found that the obtained Ce3+ doped
crystals exhibit dominant emission bands with maxima at around
370–380 nm in the centers of crystals as well as the low-intensive sa-
tellite bands peaked at around 535–565 nm at the boundaries of crys-
tals. These emission bands correspond to the radiative electronic tran-
sitions from the lowest excited 5d level to the 4f ground level of the
Ce3+ ions, embedded in a perovskite and garnet phases, respectively.
For partly (x= 0.5) and fully (x= 1.0) Lu-substituted Y1-xLuxAlO3
crystals only the emission band of garnet phase was observed. It tends
to suggest that even a small substitution of Y3+ ions by Lu3+ ions
causes a strong suppression of the 380 nm luminescence of the YAlO3
perovskite phase.
We have also found that the maxima of Ce3+ luminescence in the TL

emission spectra are low-energy shifted with respect to the respective
CL spectra of Y1-xLuxAlO3 crystals. As the Lu content x increased, the TL
and CL emission spectra of the Y1-xLuxAlO3 crystals are shifted also
towards lower wavelengths (higher energies). That is correlated with
decreasing of the crystal field strength in the dodecahedral positions of
Ce3+ localization and increasing of energy band gap in Lue substituted
garnet and perovskite crystals in comparison with YAP and YAG hosts.
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