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Abstract

New scintillation transparent ceramics Y3Al2.5Ga2.5O12:Ce, Mg has been produced and
evaluated for the first time. The material possesses a density of 5.17 g/cm3, a highlight
yield of 44,000 ph/MeV, and an effective scintillation kinetics decay constant of 47 ns. This
unique combination of the parameters makes it superior to YAG:Ce. Production of the
material does not include tooling from precious materials, and the rate of the crystalline
mass production is not limited by the pulling rate of the crystal growth process. It can
be quite prospective to upgrade the detection units of a variety of X-ray imaging devices.
The mechanism of the scintillation light yield enhancement and kinetics shortening in the
material are discussed as well.

Keywords: scintillator; garnet structure; ceramics; light yield; scintillation kinetics

1. Introduction
The yttrium aluminum garnet (Y3Al5O12, YAG) scintillator activated by Ce has played

an outstanding role in the detection technology of X-ray and gamma quanta since its discov-
ery [1]. The material belongs to the cubic syngony; therefore, it can be produced in various
ways in the form of single crystals, ceramics, or films [2–9]. Yttrium-aluminum garnet
is tolerant to irradiation [10] and can be used in intense fields of ionizing radiation from
gamma quanta and charged particles. At the same time, starting from the first systematic
studies of this material [11,12], it was stated that the scintillation kinetics is relatively long,
with a decay constant of ~100 ns [13,14]. Nowadays, the scintillation yield of YAG has been
increased to ~35,000 ph/MeV by doping the crystal with Mg2+ ions. However, the decay
constant was not reduced to less than 80 ns [15]. Currently, the material is produced by
several manufacturers; the scintillation yield is declared to be 30,000~35,000 ph/MeV, and
the decay constant of the kinetics is 70 ns [16,17]. Gd-less mixed garnet crystals typically
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show similar results to YAG in LY [18,19]. The scintillation material (Gd,Y)3Al2Ga3O12:Ce,
Mg (GYAGG), having the scintillation yield of 50,000 ph/MeV and scintillation kinet-
ics with a decay constant of 50 ns [20], could be considered as an alternative to YAG. A
decrease in the gadolinium concentration in the compound also leads to a shift in the
luminescence maximum to the short-wavelength spectral region in accordance with the
results of [21]. However, in comparison with YAG, it has an increased density (5.86 ver-
sus 4.55 g/cm3). The material contains heavy Gd cations, which makes the material less
suitable for recording soft X-rays in the energy range of less than 20 keV. Complete ex-
clusion of gadolinium ions from the matrix was considered by the authors [22–24]. The
scintillation yield of 20,200 ± 1000 ph/MeV and the major component of the kinetics of
45 ns were obtained for the YLu2Al2Ga3O12 material. On the other hand, a light yield of
23,500 photons/MeV and the major component of the kinetics of 54 ns were obtained when
the Lu2YAl2.5Ga2.5O12:Ce, 0.05% Mg ceramics were produced. Spectacular results have
been obtained with gadolinium-yttrium ceramics of the composition Ce:Gd2YGa3Al2O12;
the light yield is ∼37,500 ph/MeV, and the fast scintillation decay is 61 ns. The increased
scintillation yield in GYAGG was achieved due to the combining of two factors. First, the
dilution of the gadolinium subsystem in the crystal lattice, which increases the role of the
exchange interaction in the transfer of electronic excitations to the activator ions. Then, the
modulation of the conduction band bottom by compositional disordering of the matrix [25].
The greatest modulation effect from disordering is observed at mixing of Al and Ga ions
in the crystal lattice of garnets made of trivalent cations [26]. Moreover, in the absence of
gadolinium ions in the matrix, a change in the Ga and Al ratio in Y3(Al,Ga)5O12:Ce can
shift the levels of the mixed 4f05d1

1-5 states. Therefore, the resonance conditions between
the radiative transitions of STE [27] and the Stark components of the mixed configuration
of Ce3+ ions might be obtained more accurately.

The procedure for how the Al/Ga ratio is technologically varied during sample pro-
duction becomes a major factor as well. Ga ions are predominantly localized in tetrahedra
and Al ions in octahedra in the garnet crystalline system consisting of trivalent cations. A
change in their ratio in the raw material to produce the crystalline mass with a different
Al/Ga ratio should be accompanied by the introduction of appropriate corrections to the
cation composition. A defect formation is initiated in the matrix without composition
correction, leading to deterioration of the user’s parameters, in particular, the scintillation
yield and a slowing down in the scintillation kinetics. Taking the above said into ac-
count, we have obtained transparent samples of scintillation ceramics of the compositions
Y3Al2.5Ga2.5O12:Ce and Y3Al2.5Ga2.5O12:Ce, Mg. Their scintillation properties were evalu-
ated. The possibilities of further improving the scintillation properties of the compound
have been modeled and considered.

2. Materials and Methods
The precursor to produce ceramics was synthesized using the precipitator NH4HCO3

with an excess of 30%. All chemicals used for coprecipitation had purity not worth that 5 N.
A slight excess of yttrium (3.35 at.%) was introduced into the composition, which helps to
accelerate the process of formation of transparent ceramics and also to correct the imbalance
of the composition for other cations. The authors of [28] concluded that the gadolinium
excess in the samples obtained by the ceramic method has a positive effect on the change
in the scintillation yield. The excess gadolinium ions can be localized in octahedra in the
garnet structure. Yttrium Y3+ has a smaller ionic radius in relation to Gd3+ when localized
in the octahedron, 0.09 and 0.098 nm, respectively. Therefore, with an excess of yttrium in
the precursor for the synthesis of ceramics, its ions can be localized with a higher probability
in octahedra than gadolinium ions. When the Al/Ga ratio is shifted towards increasing the
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Al content, some excess of Al ions will be created, which are predominantly localized in
octahedra in aluminum-gallium garnet. The excess of Al ions compensates for the deficiency
of gallium ions, predominantly localized in tetrahedrons, and yttrium ions compensate
for vacancies in the octahedra. This reduces the possibilities for the formation of anion
vacancies and color centers based on them, respectively. The precursor was heat-treated at
850 ◦C and ground in a PM-100 planetary mill, Retsch. Powders dried at a temperature
of 70 ◦C were compacted by uniaxial pressing with a pressure of 250 MPa. Compacts
were sintered in an RHTH80-300/18 Nabertherm furnace at a temperature of 1720 ◦C for
2 h in the oxide atmosphere. Samples of Y2.99Ce0.01Al2.5Ga2.5O12 (designation YG25-1.1)
and Y2.99Ce0.01Al2.5Ga2.5O12 + MgO (50 ppm) (designation YG25-2.1) were produced. A
commercially available YAG:Ce single crystal sample was used for comparison at PL and
PLE measurements. The phase homogeneity of the samples was established by X-ray
diffraction analysis using a Phaser D2, Bruker. The corresponding diffraction patterns
are shown in Figure 1. The lattice parameters and crystal densities of the samples were
calculated using the Rietveld method; the data are given in Table 1.

Figure 1. XRD patterns of the samples: (a) YG25-1.1; (b) YG25-2.1.

Table 1. Lattice parameters and crystal densities of YAGG:Ce ceramic samples.

Sample Rietveld Factor a, Å ρ, g/cm3

YG25-1.1 2.67 12.165 5.17
YG25-2.1 3.74 12.162 5.17

Insets in Figure 1 show SEM images of the typical ceramic samples. As seen, they
have similar morphology. The average grain size (µm) for YG25-1.1 and YG25-2.1 was
calculated to be 1.8 ± 0.1 and 1.9 ± 0.1 µm, respectively. The residual porosity was defined
to be 0.08 and 0.1%. For spectroscopic and spectrometric measurements, the samples
were polished on one side; the thickness of the samples was 1 mm. Photoluminescence
(PL) and its excitation (PLE) spectra of the samples were recorded using a Fluorat-02-
PANORAMA spectrofluorimeter. Photoluminescence decay kinetics were recorded using
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a FluoTime 250 PicoQuant spectrofluorimeter upon pulsed LED excitation at 270 and
450 nm; the instrumental response function (IRF) ranged from 1.5 to 2 ns. The light
yield (LY) was evaluated at room temperature by an R329 (Hamamatsu) photomultiplier
(PMT) with an integration time of 7 µs in comparison with a CsI(Tl) scintillator with a
diameter of 25.4 and a height of 25.4 mm. The light yield of the reference sample was
54,000 ph/MeV. Scintillation kinetics was measured at room temperature by the method of
delayed coincidences with Philips XP2020 PMT in both channels.

3. Results
Figure 2 shows the spectra of PL and PLE of the samples in comparison with YAG:Ce.

It is evident that the luminescence spectra are significantly shifted to the short-wave region.
Curves corresponding to YAGG:Ce and YAGG:Ce,Mg perfectly coincide, indicating an
absence of the Mg codoping influence on the energies of the C3+ ions 5d1,2 levels.

 

Figure 2. Luminescence and excitation spectra of samples in comparison with YAG:Ce spectra.

Figure 3 shows the photoluminescence kinetics curves of samples upon excitation
of the 4f1→4f05d1 and 4f1→4f05d2 transitions, respectively. The PL decay constants are
summarized in Table 2.

Figure 3. PL decay kinetics measured at room temperature. Samples and excitation wavelengths are
imprinted in the pictures: (a) λex = 340 nm; (b) λex = 450 nm.

Table 2. Decay constants of the PL kinetics of the samples upon excitation of 4f05d2 and 4f05d1 levels
of Ce3+ ions.

Sample τ1 (Fraction), ns (%) τ2 (Fraction), ns (%) τ1 (Fraction), ns (%)

λexc 340 nm λexc 340 nm λexc 450 nm

YG25-1.1 57 (91) 660 (4) 57 (100)
YG25-2.1 54 (96) 234 (3) 56 (100)
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When exciting through the second Stark component of the 4f05d1 configuration, some
fraction of the slow component is fitted at the approximation of the curves. It is typical for
Ce3+ ions at the excitation in the levels located in the conduction zone of the compound.

Figure 4 shows the amplitude spectra of the 137-Cs source of YAGG ceramic samples
in comparison with the CsI(Tl) scintillator. Taking into account the spectral sensitivity of
the PMT to the scintillation spectrum, the light output for the studied samples was defined
as 39,500 (YG25-1.1) and 43,000 ± 1000 ph/MeV (YG25-2.1).

Figure 4. Pulse height spectra of the 137-Cs source measured with YAGG ceramic samples in
comparison with the CsI(Tl) scintillator.

Figure 5 shows the scintillation kinetics of the samples. The kinetics are almost
identical and are well approximated by two exponents with decay constants of 39 (85%)
and 97 (15%) ns, while the effective decay time <τ> was estimated to be 47 ns. Note that the
decay constant of the scintillation kinetics is less than that in the case of photoluminescence.
This observation is not unique; a similar situation was observed in LuAlO3:Ce [29].

Figure 5. Scintillation kinetics of YAGG:Ce and YAGG:Ce,Mg ceramic scintillator samples measured
at room temperature.
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Worth noting, the kinetics are preserved when codoped with magnesium, and the
scintillation yield increases. This contrasts with the results in gadolinium-aluminum-
gallium garnets [30] but correlates well with the results in gadolinium-free garnets [15].

4. Discussion
The scintillation mechanism is based on the interaction of self-trapped excitons (STE)

formed in the matrix and activator ions in oxygen compounds activated by Ce3+ ions, with
no matrix-forming gadolinium ions [31]. Let us consider the positions of the maxima of the
intrinsic luminescence bands in the matrices of the Y3Al5O12 and Y3Ga5O12 compounds
having no compositional disorder. Their spectral maxima are summarized in Table 3. As
a rule, the intrinsic luminescence in garnets consists of two broad luminescence bands
localized in the UV region of the spectrum; designate them as the long-wave and short-
wave bands. These bands have been studied for a long time in the yttrium and lutetium
garnet compounds [32–36]. Gallium compounds with a garnet structure were evaluated
for STE luminescence relatively recently [37]. The authors of [38] measured three bands of
intrinsic luminescence at 4.13, 3.75, and 3.27 eV under laser excitation; the positions of the
long-wave peaks correlate with the data of the above-mentioned references.

Table 3. Positions of the maxima of the intrinsic luminescence bands in Y3Al5O12 and Y3Ga5O12

compounds.

Compound Short Wavelength Band,
nm (eV)

Long Wavelength Band,
nm (eV) References

Y3Al5O12 255 (4.9) 300 (4.2) [31]

Y3Ga5O12

325 (3.84) [37]
360 (3.47) [37]
302 (4.13) [38]
333 (3.75) [38]
382 (3.27) [38]

As seen, the replacement of aluminum by gallium in the compound leads to a signifi-
cant shift of the intrinsic luminescence bands to the long-wavelength region. In this case, a
shift of the fundamental absorption edge from 6.4 to 5.86 eV also occurs. This happened due
to the redistribution of the density of electron states in the conduction band. Moreover, the
4f05d1 radiative state of Ce3+ ions becomes localized in the conduction band. Hence, even
when intrinsic luminescence in yttrium gallium garnet is quenched by Ce3+ impurity ions,
their contribution to the scintillations or PL does not occur at room temperature. Therefore,
the intrinsic luminescence is not detected in the studied compounds activated by cerium.
It is obvious that a multiplicity of exciton states arises in aluminum gallium garnet. Due
to compositional disordering, the STE states characteristic of both aluminum and gallium
sublattices will be formed, as well as intermediate exciton states localized simultaneously
near aluminum and gallium ions. Apparently, their energies will be lower than the STE
energies in pure aluminum garnet; a shift towards lower energies with asymptotics to the
STE energies in Y3Ga5O12 will be observed. At the same time, as seen from the spectroscopy
data (Figure 2), upon transition from Y3Al5O12 to Y3(Al,Ga)5O12, a decrease in the energy
of the electronic transition to the mixed 4f05d2 (Ce3+) state is observed. Its overlapping
with the STE bands makes a significant contribution to the formation of scintillations. This
ensures better resonance with the STE luminescence bands and, as a consequence, an
increase in the scintillation yield. At the same time, this does not explain the almost 50%
increase in the scintillation yield relative to Y3Al5O12 in Y3(Al2.5Ga2.5)5O12, as well as the
increased yield in compounds with a ratio of Al/Ga = 1 compared to Al/Ga = 2/3. Let us
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analyze the change in the density of electronic states near the edges of the forbidden zone
with a change in the Al/Ga ratio in the lattice. The density of states (DOS) was figured out
using density functional theory (DFT) calculations of a cell containing 80 atoms, utilizing
the Quantum Espresso package [39] in a nonrelativistic approximation using the Perdew–
Burke–Eruzerhof (PBE) [40] exchange-correlation functional. In the unit cell of garnet, there
are 8 octahedral positions and 12 tetrahedral positions. When changing the Al/Ga ratio in
the lattice, it was assumed that gallium preferentially occupies tetrahedral positions. In
this case, at a ratio of Al/Ga > 2/3, additional aluminum ions were randomly added to
tetrahedral positions, and otherwise, gallium ions were added to octahedral positions. The
calculation was performed for Al/Ga ratios equal to 5/0, 3.5/1.5, 2.5/2.5, 2/3, and 0/5.
The calculation results are shown in Figure 6. It is known that the DFT method yields band
gap values smaller than the experimental ones (by approximately 2.5 eV) due to incomplete
consideration of correlation energies; however, the sequence of branches in the conduction
and valence bands and their dispersions in the k-space are reproduced satisfactorily in
these calculations.

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 6. Results of DFT calculations of Y3Al5-xGaxO12 depending on the parameter x = 0, 2.5, 3, 5.
Upper row: band structure of the lower part of the conduction band: (a) x = 0; (b) x = 2.5; (c) x = 3;
(d) x = 5. Lower row: density of states of the conduction band on a semi-logarithmic scale: (e) x = 0;
(f) x = 2.5; (g) x = 3; (h) x = 5.

Figure 6 shows the results of the DFT calculation of Y3Al5-xGaxO12 for the parameter
x = 0, 2.5, 3, and 5. The energy is measured from the top of the valence band. The
decomposition of DOS by elements shows that in YAG the bottom of the conduction band
is almost completely formed by the 5d states of yttrium (with a small hybridization with
the surrounding oxygen ions). However, in the presence of gallium, the situation changes
significantly. A separate branch appears that splits off from the main group of branches of
the conduction band. The appearance of this branch explains the long-wave shift of the
STE luminescence bands upon transition from aluminum to gallium garnet. Yttrium and
gallium make almost equal contributions to the formation of this branch. The effective
mass of an electron on this lower branch of the conduction band systematically decreases
with increasing the gallium concentration, which will provide a corresponding increase
in the electron mobility and the separation of secondary electrons from the hole created
simultaneously. This effect is of significant importance when assessing the electron escape
from holes, since, despite the small contribution to the density of states (Figure 6e–h), all
electrons undergo cooling along this branch during relaxation. Due to the low density
of states on this branch, the phonon emission rate decreases. Hence, the electron cooling
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rate and relaxation along this branch can significantly increase the electron escape at
thermalization. Consequently, the probability of geminate pairs binding into excitons
decreases, and the scintillation yield due to the interaction of STE and Ce3+ ions decreases.
It is worth noting another feature of these compounds, which is most clearly manifested
for the compound of the Y3Al2Ga3O12 composition, namely, the appearance of a gap in the
density of states at an energy 3 eV higher than the conduction band bottom. Analysis of
the DOS distribution by elements shows that the states above this gap have a significantly
higher contribution from the electronic states of gallium compared to the states below the
gap. With increasing aluminum concentration, this gap, which is highest at the ratio Ga/Al
= 3/2, decreases due to the splitting of the branches. The presence of such dips in the
density of states affects the relaxation of secondary electrons created with energies above
this gap. An estimation of the fraction of such electrons created by inelastic processes of
electron-electron scattering and having kinetic energy larger than the bandgap by a factor
of 3 gives a number ~20–30%. Such electrons will relax in energy at a rate that has minimal
values in the region of the dip, especially if one takes into account that the dip width for
Y3Al2Ga3O12 exceeds the energy of an optical phonon. Typically, it is ~100 meV for oxide
garnet structure materials. Thus, electrons with an initial energy above the dip will more
actively escape from the place of their birth compared to electrons with energies below
the gap.

5. Conclusions
The new scintillation material Y3Al2.5Ga2.5O12:Ce, Mg was produced in the form of

transparent ceramics. It is characterized by a high scintillation yield of 44,000 ph/MeV and
fast scintillation kinetics with an effective decay constant of 47 ns.

An increase in the scintillation yield of the compound is explained by the role of the Ga
ions in the DOS forming. When gallium is introduced into the lattice, a branch is split off
from the major group of conduction band branches in DOS. The appearance of this branch
leads to a long-wave shift of the STE luminescence bands and their better resonance with
the activator absorption bands and, consequently, to a more efficient transfer of electronic
excitation energy to the activator ions. This also leads to an increase in the transfer rate
and, as a consequence, to an acceleration of the scintillation kinetics. It is obvious that these
effects are determined by the energy gap between the branch and the main group of states.
Too large a gap, as in Y3Ga5O12, on the contrary, leads to a decrease in the yield due to the
detuning of resonance conditions.

The better yield of scintillations in relation to Y3Al2Ga3O12:Ce is explained by the
appearance of a dip in the density of states at an energy 3 eV above the bottom of the
conduction band. With increasing aluminum concentration, this gap is highest at a ratio of
Ga/Al = 3/2 and then decreases due to the splitting of branches. The presence of such dips
in the density of states negatively affects the thermalization rate of secondary electrons
created with energies above this gap.

Finally, the role of co-activating Mg2+ ions changes in the compound under considera-
tion. It is known that in oxide compounds, coactivation by Mg2+ ions replacing trivalent
cations in the lattice leads to the formation of a deep trapping center with fast nonradiative
relaxation. In wide-gap oxygen compounds based on Al or Si, the exciton states have
energies higher than the depth of such defects, which leads to quenching of their lumines-
cence and, as a consequence, to a decrease in the scintillation yield. When the aluminum
subsystem is diluted with gallium and a split-off branch is formed, the centers based on
Mg2+ change their role from quenchers into donors of Ce3+ luminescence via interaction
with STE, which explains the increase in the scintillation yield compared to a sample not
coactivated with magnesium.
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