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A two-step sol-gel procedure is proposed to fabricate low-cost composite scintillators consisting
of microcrystalline cerium-doped garnets embedded in a silica matrix. Scintillators containing yttrium
aluminum garnet (YAG:Ce) and garnets with partial or complete substitution of Y by Lu (LUYAG:Ce and
LUAG:Ce) to improve the stopping power of the scintillator were fabricated and studied. X-ray diffraction
(XRD) patterns show that the microcrystals exhibit a garnet structure without significant traces of other
crystalline phases. Time-resolved photo- and cathodoluminescence spectroscopy revealed that the

Received 5th March 2025, luminescence is dominated by the emission of unperturbed Ce®' ions, although a small fraction of

Accepted 6th May 2025 the emission centers are modified in LuYAG:Ce and LuAG:Ce. The agglomeration of microcrystals with
DOI: 10.1039/d5tc00985¢ their increasing content in the composite positively influences the luminescence intensity. Despite the
relatively low fabrication temperatures, the microcrystals contain trapping centers that reduce the

rsc.li/materials-c luminescence rate, as observed in the corresponding bulk crystals.
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1 Introduction

For decades, yttrium aluminum garnet (Y;Al;0;,, YAG) has
been the matrix of choice for emitting neodymium ions in
the active medium of YAG:Nd lasers, which currently have
numerous applications and a billion-dollar market. The renais-
sance of the YAG matrix, this time for cerium ions, began after
the development of bright blue InGaN-based light-emitting
diodes (LEDs). YAG:Ce turned out to be an indispensable
wavelength converter, transforming the high-efficiency emis-
sion of InGaN LED chips at 465 nm into broad-band emission
in the yellow region. This enabled the combination of these two
spectral components into the simplest and most energy-
efficient spectrum for white LEDs, which now dominate the
general lighting market and are useful for many other white-
light applications.

The YAG:Ce phosphor for white LEDs is particularly attrac-
tive due to its exceptionally high internal quantum efficiency
(IQE), reported to be as high as 99.5%." However, nonradiative
recombination at the surface of YAG:Ce phosphor grains—ty-
pically embedded in an epoxy coating of the InGaN chip in
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conventional white LEDs—reduces the high IQE of the YAG:Ce
phosphor. Luminescence efficiency can be improved by apply-
ing a silica coating to the YAG:Ce particles. The coating inhibits
nonradiative recombination at the particle surface and enhances
light extraction from the silica/YAG:Ce interface.”

The current study aims to exploit a spillover effect by
applying mature practices of developing YAG:Ce as a phosphor
in white LEDs to its use as a scintillator. YAG:Ce single crystals
were considered to be promising scintillators decades ago;’
however, a straightforward adoption of these crystals as scin-
tillators faces challenges due to the different modes of excitation
in the modes of operation as phosphors and as scintillators:
resonant photoexcitation to the emitting 5d" level of the activator
ion Ce®*" in white LEDs and excitation by high-energy photons or
particles in scintillation detectors of ionizing radiation. In the
latter case, excitation transfer to the activator ion becomes
important. Some of these excitations may be captured by centers
of nonradiative recombination. In particular, the YAG matrix has
shallow traps that play no role in the resonant photoexcitation of
Ce*', but substantially reduce the light emission efficiency at
high-energy excitations by channeling a portion of the relaxed
electrons and holes to the centers of nonradiative recombination.

Fortunately, the garnet matrix is quite flexible and can
accommodate ions of different radii without substantial dete-
rioration of the garnet lattice. As a result, multicomponent
garnet matrices have been developed to successfully exploit
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band gap engineering to bury the undesirable trapping levels in
the conduction band®® and to engineer the localized energy
levels that enable a downshift of the emitting level of Ce** to
increase the energy barrier for thermal depopulation of the
level.>” The best current multicomponent garnet matrix for
Ce’" in scintillators is gadolinium gallium aluminum garnet
(GAGG), which has a high light yield, reported to be up to
46000 photons per MeV,® relatively fast response, and high
radiation tolerance. Unfortunately, the growth of GAGG single
crystals requires high temperatures, and only expensive iridium
crucibles are sufficiently resistant for growth under such con-
ditions. This is a major issue in the production of GAGG:Ce
for the two major markets of scintillation detectors: particle
physics experiments, which typically require tens of thousands
of large scintillation crystals, and medical imaging, especially
time-of-flight positron emission tomography (TOF-PET) devices,
where scintillation crystals account for about two-thirds of the
total cost.

Fabricating Ce-doped garnet ceramics is less expensive
than growing single crystals and enables a higher content of
activator ions. Thin GAGG:Ce may even exhibit a higher
scintillation light yield compared to the corresponding single
crystal.” However, fabricating high-efficiency transparent cera-
mics becomes both difficult and expensive,*® and the after-
glow in ceramic scintillators remains another important
challenge."" Cerium-doped glasses offer a promising alterna-
tive as inexpensive scintillators, benefiting from the mature
glass industry that can easily scale their production. Ce-doped
Ba-Gd silica glass'> or Si0,:Ce’" glass'® has exhibited promis-
ing results, though excitation transfer to the emitting Ce**
ions in these glasses remains a significant challenge in the
development of efficient glass scintillators. Composite scin-
tillators containing single-crystal micrograins of the scintillat-
ing material dispersed in a host matrix represent another
approach.'** The potential of this approach in the fabrica-
tion of scintillators for X-ray imaging has been recently
demonstrated for Ce-doped gadolinium aluminum gallium
garnet powders dispersed in a polysiloxane matrix.'® However,
the calcination of the garnets can be performed in expensive
iridium crucibles due to the high temperatures required for
the process.

In this study, we aim to develop a low-cost scintillator based
on Ce-doped garnets by fabricating microcrystalline YAG:Ce in
a silica matrix. This approach exploits (i) the efficient excitation
transfer to the emitting Ce®" ions via the YAG matrix within the
microcrystals, (ii) the expected passivation of the microcrystal
surface by silica, and (iii) the inexpensive and flexible sol-gel
technique for fabricating the composite scintillator. The viabi-
lity of the sol-gel technique has already been demonstrated in
the synthesis of the composite phosphor materials."” In the
current study, we also fabricated a composite scintillator with
lutetium substituting yttrium in the garnet matrix. The heavy
Lu increases the stopping power of the scintillator for hard
X-ray and gamma radiations due to a higher density and
effective atomic number of LUAG (6.67 g cm > and Z.g = 63)
compared to those of YAG (4.56 g cm™® and Z.g = 32.6).
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2 Experimental
2.1 Sample preparation

The composite materials consisting of either YAG:Ce, YLUAG:Ce,
or LuAG:Ce nanocrystals in a silica matrix were fabricated in two
steps: synthesis of Ce-doped garnet powder and synthesis of the
composite scintillator. A sol-gel synthesis technique was used in
both steps.

The Ce-doped garnet nanocrystals were synthesized using
the following precursors: Y,03; and/or Lu,03 (99.9%, Alfa Aesar)
and Al(NO;);-9H,0 (99.999%, Alfa Aesar), (NH,),Ce(NO;)s
(99.5%, Roth), and H3;BO; (99.5%, ChemPur). First, Y,O; or/
and Lu,O; were dissolved in a hot concentrated nitric acid at
80 °C. Then, the acid was evaporated, and the residual gel was
washed three times with approximately 200 mL of distilled
water, followed by the evaporation of water. Afterwards, an
additional 50 mL of distilled water was added and three
precursors, Al(NO;);-9H,0, (NH,),Ce(NO3)s, and H3;BOj3, were
dissolved in proportions to achieve a nominal Ce content of
0.5% in the garnet. The solution was left under magnetic
stirring for 2 hours at 50 °C. Citric acid was added to the
solution in a molar ratio of 1:1 to the metal ions and stirred
overnight. The solution was evaporated at the same tempera-
ture of 50 °C. The obtained gel was dried for 24 hours at a
temperature of 140 °C. After that, the obtained xerogel was
heated at 600 °C for 2 hours to remove any organic residue.
Next, the porous xerogel was ground in a mortar and annealed
at two different temperatures. Then, it was calcined to 1000 °C
for 2 hours at a heating rate of 5 °C min~" in covered crucibles
in air. Subsequently, the same powders were ground again in a
mortar and annealed to 1200 °C for 4 hours in air at the same
heating rate of 5 °C min~".

The composite material containing the ground scintillator
material fabricated in the first step was synthesized using the
sol-gel synthesis method with modified gelation and drying
processes to obtain a crack-free material, as suggested by
Kajihara.'® Initially, a hydrolysis reaction was performed at
room temperature between the silicon organic precursor tetra-
ethoxysilane (TEOS) (99.0%, Sigma-Aldrich) and deionized
water containing a small amount of nitric acid (HNO;) (65.0%,
Sigma-Aldrich) and a certain amount of scintillator powder.
The molar ratio of TEOS:H,0:HNO; was 1:22:0.002. The
mixture was stirred for 1 hour at room temperature to obtain
a homogeneous solution with the pH of the sol maintained
between 1 and 2. Ammonium acetate (AcONH,) (97.0%, Sigma-
Aldrich) buffer solution prepared in deionized water was added
to adjust the pH to 5-6, followed by stirring the obtained sol for
an additional 2 minutes at room temperature. Afterward, the
sol was immediately transferred to a drying container placed in
an ultrasonic bath to prevent the formation of air bubbles,
which could lead to gel cracking, and was left there for 30 minutes.
Subsequently, the sol was gradually dried in a drying oven, with
slowly increasing the temperature from room temperature to
70 °C. The entire drying process lasted 168 hours. The obtained
xerogels YAG:Ce/SiO,, YLuAG:Ce/SiO, and LuAG:Ce/SiO,
were placed in a quartz tube furnace and annealed in a He

This journal is © The Royal Society of Chemistry 2025
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(a) Scheme of sol—gel synthesis of composite scintillators consisting of Ce-doped garnets in a silica matrix. (b) XRD patterns of composite samples

containing 0.5 wt% YAG:Ce, LUYAG:Ce, and LUAG:Ce, and PDF data for the corresponding single crystals.

atmosphere to 1000 °C for 2 hours at a heating rate of
5 °C min~'. As a result, translucent YAG:Ce/SiO,, YLUAG:Ce/SiO,
and LuAG:Ce/SiO, composite materials were obtained. Improv-
ing optical transparency by optimizing the annealing process
was beyond the scope of the current study. The key features
of the fabrication process are schematically summarized in
Fig. 1a.

2.2 Characterization techniques

In photoluminescence experiments, the wavelength-tunable
output of an optical parametric amplifier (Orpheus, Light
Conversion) pumped by a Yb:KGW femtosecond laser (Pharos,
Light Conversion) emitting 170 fs pulses at a wavelength of
1030 nm was used as an excitation source for photolumines-
cence (PL), time-resolved photoluminescence (TRPL), and
quantum yield (QY) measurements. Emission spectra were
recorded using a 328-mm-focal-length spectrograph (Kymera
328i, Andor) equipped with a UV-VIS BT-CCD camera (Hamamatsu)
for PL measurements and with a UV-VIS streak camera (C10910-01,
Hamamatsu) ensuring 30 ps time resolution for TRPL measure-
ments. The estimation of QY was carried out using a 6-inch-
diameter integrating sphere (Gigahertz Optik) coated with BaSO,
and applying the three-measurement method described in ref. 19.

Cathodoluminescence (CL) experiments were carried out
using an Attolight Chronos spectrometric system, enabling
measurements with spatial, spectral, and temporal resolution.
The samples were excited by short electron pulses accelerated
at a voltage of 10 kv, generated by triggering the electron gun
with a sub-10-ps laser (aeroPULSE PS, NKT Photonics). The
luminescence was collected using a Cassegrain-type objective
connected to a spectrometer (iHR 320, Horiba) and recorded

This journal is © The Royal Society of Chemistry 2025

using either a streak camera (Hamamatsu C10910) for transient
capture or a charge-coupled device (CCD) camera (Newton 920,
Andor) for spatial mapping. To achieve the optimal time
resolution of 100 ps, the luminescence decay was reconstructed
using the results obtained from multiple temporal-window
measurements at a pulse repetition rate of 2 MHz. Spatial
maps of time-integrated cathodoluminescence and scan-
ning electron microscopy (SEM) images were captured in CW
operation mode using an electron probe enabled by Schottky
emission.

The phase purity of the microcrystals in the composite
material was studied using a Rigaku MiniFlex II X-ray diffract-
ometer (XRD) with Ni-filtered Cu Kol radiation. The XRD
images were collected in the 26 range between 150° and 800°
at a step of 0.01°, a scan speed of 10° min~", and a dwell time
of 5.0 s.

All measurements were performed at room temperature.

3 Results

Three sets of samples containing Ce-doped garnets in silica -
YAG/SiO,, LuYAG/SiO,, and LuAG/SiO, - were prepared. Each
set consisted of four samples with garnet contents of 0.5, 1, 1.5,
and 2 wt%.

3.1 Structural characterization

The XRD patterns of the composite samples containing 0.5 wt%
YAG:Ce, LuYAG:Ce, and LuAG:Ce are presented in Fig. 1b. The
broad band in the range from 20° to 30° is characteristic
of amorphous SiO,. A comparison of the narrow lines with
those in the powder diffraction files (PDFs) for YAG and LuAG

J. Mater. Chem. C, 2025,13,12745-12753 | 12747
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Fig. 2 Scanning electron microscopy (SEM) images (upper row) and cathodoluminescence intensity maps (lower row) of the YAG:Ce/SiO, sample
containing 2 wt% YAG:Ce. The spots presented at a higher magnification in subsequent columns are indicated by numbers in the images provided in the

first column.

(#00-033-0040 and #00-056-1464, respectively) confirms the
absence of crystal phases other than the garnet in amorphous
silica. The XRD peaks for LuYAG/SiO, lie between the corres-
ponding peaks for YAG and LuYAG single crystals. No signifi-
cant deviations from the garnet structure were observed in any
of the samples studied.

SEM images of selected emitting structures in the YAG:Ce/
SiO, sample containing 2 wt% YAG:Ce are presented in Fig. 2,
along with the cathodoluminescence intensity maps of the
same sample areas. The mapping indicates that the YAG:Ce/
SiO, composite scintillators, fabricated as described above,
contain submicrometer grains that tend to agglomerate. The
formation of these agglomerates is beneficial for higher emis-
sion intensity. Agglomeration becomes more pronounced as
the YAG:Ce content in the YAG:Ce/SiO, composite scintillator
increases. Similar trends were observed in the SEM and CL
mappings for LuAG:Ce/SiO, and LuYAG:Ce/SiO,.

3.2 Photoluminescence study

The photoluminescence spectra of YAG:Ce/SiO, and LuAG:Ce/
SiO, samples, recorded under resonant excitation (450 nm) to
the 5d" levels of Ce®", are compared with the spectra of the
corresponding single crystal (SC) and single-crystal film (SCF)
recorded under the same conditions, as shown in Fig. 3a.
No significant deviations between the Ce®" emission spectra
of the composite material and those of the single crystal are
observed. As expected, the spectrum consists of two strongly
overlapping bands due to optical transitions to the two ground-
state levels, F;,, and Fsj,. The shift of 25 nm in the spectral
position of the bands for Ce*" in YAG and LuAG is attributed to
the different strengths of the crystal field at the site of the
emitting ion. The coincidence of the spectra for the composite

12748 | J Mater. Chem. C, 2025,13,12745-12753

material and the single crystal of the same garnet indicates that
the crystal field experienced by Ce®" in the microcrystals is
identical to that in a single crystal.

The possible contribution of SiO, emission to the emission
spectra of the composite scintillator was studied for excitation
at 346 nm, corresponding to excitation to the second excited
level 5d* of Ce®". No significant differences between the spectra
of Ce*" ions under excitation to 5d> and 5d" were observed.
Meanwhile, photons at 346 nm excite a band with a peak at
414 nm. Although the band gap of SiO, (which depends on
polymorphs but is around 9 eV for all of them?°) is substantially
larger than the excitation photon energy of 3.58 eV, the photons
likely excite certain defect-related centers of radiative recombi-
nation. It is worth noting that the band with a peak at 414 nm
and the emission of Ce®" are well separated spectrally. More-
over, the band in SiO, decays substantially faster than the Ce-
related band in the garnet (see the inset in Fig. 3b). A rough fit
of the decays by single exponents provides decay constants of
60 and 14 ns, respectively.

The PL intensity dependence on the scintillator content in
the composite samples is shown in Fig. 3c for all three garnets
studied. The intensity increases linearly at low scintillator
contents but exhibits a superlinear increase at higher contents.
This feature is especially pronounced in LuYAG:Ce/SiO,.

The quantum efficiency as a function of the scintillator
content in the composite with amorphous silica is presented
for all three sets of samples in Fig. 3d. The measurements were
carried out under resonant photoexcitation to the emitting 5d*
level of Ce*" ions. The dependence shows a trend of increasing
efficiency with increasing scintillator content. This tendency is
most pronounced in the composites containing LuYAG:Ce and
gradually ceases at higher garnet contents in all three sets of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(a) Normalized photoluminescence spectra of YAG:Ce/SiO, and LUAG:Ce/SiO, samples containing 2 wt% of the scintillator material (thin solid

lines) and of the corresponding single crystal (SC) and single-crystal film (SCF) (thick lines) under resonant excitation (450 nm) to 5d* levels of Ce**.

(b) Photoluminescence spectrum of YAG:Ce/SiO, for excitation at 346 nm.

In the inset, the PL decay kinetics are shown for two luminescence bands

corresponding to the emission of Ce>* and the SiO, of the composite material. (c) Photoluminescence intensity under excitation to the 5d* (450 nm) level
of Ce®* as a function of scintillator content. (d) Quantum yield of samples with different amounts of YAG:Ce, LUAG:Ce, and LUYAG:Ce. The QY of the
YAG:Ce single crystal is indicated by a horizontal dashed line. (e) Photoluminescence decay in samples with different LuYAG:Ce contents (indicated)
under excitation to the 5d* level of Ce®*. The initial part of the decay is extended in the inset.

samples with different garnet contents studied. The absolute
quantum efficiency values of the composite scintillators stu-
died (40-50%) is still lower than but comparable to that
measured under the same conditions in bulk YAG:Ce (80%).

The major part of the photoluminescence in the composite
samples with all three types of Ce-doped garnets decays expo-
nentially (see Fig. 3e) at the same rate as in bulk crystals (the
characteristic decay time is 60 ns). However, the initial part of
the decay in LuYAG:Ce and LuAG:Ce exhibits a fast component.
This fast decay component is more pronounced in the samples
containing low garnet content, as shown in the inset of Fig. 3e.
The PL decay in the samples under study fitted well with
a biexponential function with the decay constant of the slow
component fixed at 60 ns for all the samples. The decay
constants and weight coefficients of the components are listed
in Table 1.

3.3 Cathodoluminescence kinetics

A typical CCD image showing the time evolution of the cathodo-
luminescence spectrum in YAG:Ce/SiO, is presented in Fig. 4a,

This journal is © The Royal Society of Chemistry 2025

Table1 Decay times extracted from the best biexponential fits of photo-
luminescence and cathodoluminescence kinetics in composite scintilla-
tors YAG:Ce/(SiO,), LUAG:Ce/(SiO,) and LuYAG:Ce/(SiO,) with a garnet
content of 2 wt%. The weight coefficients of fast and slow components are
indicated in brackets

Decay time (ns)

Photoluminescence Cathodoluminescence
Fast Slow Fast Slow
YAG:Ce — 60 (100%) 85 (100%)
LUYAG:Ce 37 (12%) 60 (88%) 25 (55%) 85 (45%)
LuAG:Ce 37 (32%) 60 (68%) 25 (58%) 85 (42%)

along with two cross-sections of the image showing the time-
integrated CL spectrum and the time evolution of spectrally-
integrated CL intensity. The CL and PL band peak positions and
shapes for Ce®* emission are very similar in all the samples
studied. The CL spectra collected over a broader spectral range
from a few microcrystals are compared in Fig. 4b. All the spectra
are identical, showing that the microcrystal shape and size have

J. Mater. Chem. C, 2025,13,12745-12753 | 12749
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(a) CCD image showing the time evolution of the cathodoluminescence spectrum in YAG:Ce/SiO,, with the time-integrated spectrum shown

above and the spectrally-integrated kinetics shown beside. (b) Cathodoluminescence spectra collected selectively from 9 microcrystals and their average
in the YAG:Ce/SiO, composite (top) and from the composite areas containing no garnet microcrystals (bottom). (c) Cathodoluminescence decays in
YAG:Ce/SiO,, LUAG:Ce/SiO,, and LUYAG:Ce/SiO, (solid lines as indicated) and the best fits for them as described in the text (dashed lines as indicated).

no significant influence on the spectra. In addition to the band
caused by Ce*" emission, two more luminescence bands are
observed. These bands are caused by the emission from silica,
as they are also observed in the CL spectra collected from areas
containing no garnet microcrystals (see Fig. 4b (bottom part)).

The CL of Ce®" in YAG:Ce/SiO, decays exponentially (see
Fig. 4c) with a decay time of 85 ns. The CL in LuAG:Ce/SiO, and
LuYAG:Ce/SiO, exhibits a similar decay rate for delays longer
than 150 ns but also has a faster decay component. The decays
in these two composite materials were fitted using a biexpo-
nential function, with the slower decay time fixed at 85 ns. The
best fits were achieved with the same decay time of 25 ns for
the fast component in both LuAG:Ce/SiO, and LuYAG:Ce/SiO,
(see Table 1).

4 Discussion

The XRD patterns of the composite scintillators consisting of
YAG:Ce, LuYAG:Ce, and LuAG:Ce microcrystals in the silica
matrix evidence the coexistence of single-phase garnets and
amorphous silica. This experimental observation confirms that
no significant contamination of garnet microcrystals with
silicon occurs during the sol-gel procedures used to fabricate
the compound scintillators consisting of Ce-doped garnets in
silica. Silicon in YAG acts as a tetravalent impurity (Si*") and
facilitates the formation of the perovskite phase.>'

SEM images and CL maps show that the composite scintil-
lators contain micrometer-sized grains of Ce-doped garnet in a
silica matrix, and some of the grains are agglomerated into
clusters. An increase in garnet content in the composite is
favorable for agglomeration, usually leading to luminescence
quenching. In contrast, the luminescence intensity in the
composites increases faster than the garnet content, at least
up to 2 wt%, which was the highest garnet content in the
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current study. This feature warrants dedicated optimization
to fabricate composites with a garnet content above 2 wt% in
order to produce scintillators with higher stopping power for
ionizing radiation detection.

To reveal the influence of the grain size on the emission
intensity, we performed a statistical analysis of CL data for
individual grains. The distribution of the CL intensities from
individual grains according to their area is presented in Fig. 5.
Since the shape of the grains is irregular, we estimated the
grain area by counting its CL scan pixels emitting at an
intensity above a fixed limit. The luminescence intensities of
each pixel counted as emitting for the individual grain were
summed up and divided by the grain area. Thus, each point in
Fig. 5 represents the CL intensity of an individual grain normal-
ized to its area. Consequently, in the case of the emission
proportional only to the grain area, all points in Fig. 5 should
have the same value on the Y-axis. Instead, we observe an
increase in the normalized intensity as the grain size increases
for all samples studied. This behavior might be interpreted by
an increase in the volume-to-surface ratio as the grain size
increases. The surface usually contains centers of nonradiative
recombination, and thus the influence of the surface-related
nonradiative recombination decreases in larger grains.

The quantum efficiency of Ce*" luminescence, excited selec-
tively to the lowest emitting level 5d*, increases with increasing
garnet content at low concentrations and tends to saturate at
higher concentrations (see Fig. 3d). The increase might be
interpreted by agglomeration of the grains in larger clusters,
provided that the surfaces between two grains in the cluster
contain less nonradiative recombination centers than the sur-
faces between the grains and silica. It is worth noting that the
increase of quantum efficiency saturates at elevated garnet
contents in the composite, whereas the overall photolumines-
cence intensity continues growing superlinearly with the
increasing garnet content (see Fig. 3c). This feature could be

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00985e

Open Access Article. Published on 07 May 2025. Downloaded on 1/1/2026 9:27:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

50— T T
E IYAG -
30 f

Microcrystal CL intensity (arb. u.)

0.1 1 10
Microcrystal area (um?)

Fig. 5 Cathodoluminescence intensity of individual grains, normalized to
their area, versus the area for composite scintillators YAG:Ce/SiO,,
LUAG:Ce/SiO,, and LUYAG:Ce/SiO, (as indicated) containing 2 wt% of
the scintillating material. Solid points indicate the mean values of the
grains analyzed in the samples.

attributed to improved light extraction due to enhanced scatter-
ing of luminescence light.

It is worth noting that the internal quantum efficiency of
Ce** emission (see Fig. 3d) is close to that in the corresponding
single crystals but still has potential for further improvement,
possibly by optimizing the sol-gel procedures developed in the
current study.

The emission spectra of the activator ion Ce*" in the com-
posite scintillators are actually identical to those in the corres-
ponding single crystal garnets. This indicates that no significant
changes in the crystal field experienced by the emitting Ce**

View Article Online
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occur in the submicrometer-sized garnet microcrystals formed in
silica. This is consistent with the results of structural analysis,
which evidence just one crystalline phase, and the relatively
high quantum efficiency, indicating no substantial influence of
structural defects or impurities, at least in the close proximity of
the emitting Ce ions.

The luminescence spectra of the composite scintillators
under study also contain broad bands due to radiative recom-
bination at defect-related emission centers in the silica matrix.
The silica-related UV band in PL spectra weakly overlaps with
the Ce®" emission (see Fig. 3b). The two silica-related bands
observed in the CL spectra of the composite scintillators are
also spectrally separated from the Ce*" emission. The spectral
positions of the two bands correspond to those observed in the
CL spectra of SiO, layers of different thicknesses deposited
on silicon.?* The silica-related UV bands observed in PL (see
Fig. 3b) and CL spectra peak at different positions, as already
observed in SiO, and interpreted by the different excitation
conditions of photons and high-energy electrons.>* The decay
of the silica photoluminescence is substantially faster than that
of Ce®" emission (see the inset in Fig. 3b). Thus, the emission of
silica in the composite scintillators under study is spectrally
separated from the useful emission in the Ce-doped garnet
microcrystals and decays substantially faster. Consequently, the
silica emission can be eliminated by an appropriate arrangement
of scintillation detection.

The CL and PL kinetics in composite scintillators YAG:Ce/
Si0,, LuAG:Ce/SiO,, and LuYAG:Ce/SiO,, as well as their bulk
crystal analogs, are compared in Fig. 6. The PL and CL
intensities in YAG:Ce/SiO, decrease nearly exponentially but
with different decay constants, 60 ns and 85 ns for PL and CL,
respectively. A similar difference in CL and PL decays was
observed in GAGG:Ce and interpreted by a delayed excitation
transfer via the subsystem of Gd ions in the GAGG matrix.>*
However, the delay in excitation transfer to the emitting Ce**
ions after excitation with high energy electrons in YAG:Ce
is most probably caused by carrier trapping. A difference in

ol L JE i
1075 (b) (c)
;\ -1
o 107 iF 1F 3
I | ,
> - [YAG:Ce/siO, 2 wt% LUAG:Ce/SiO, 2 Wt% LUYAG:Ce/SiO, 2 wt%
‘B 102 E—PL L ——PL LI PL 4
8 El—cL cL —CL W #
- [ [YAG:Ce SC LUAG:Ce SCF ik
= [ PL | PL TRLL
s [ ——cCL ——CL =i
10- 1 1 1 1 1 1 1 1 1 1 1
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Fig. 6 Cathodoluminescence (CL) and photoluminescence (PL) kinetics (as indicated) in composite scintillators YAG:Ce/SiO, (a), LUAG:Ce/SiO, (b), and
LUuYAG:Ce/SiO, (c) with a garnet content of 2 wt’%. The kinetics for the corresponding single crystal (indicated as SC) and single-crystal film (SCF) are
provided for comparison. The best biexponential fits are indicated by black dashed lines.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. C, 2025,13,12745-12753 | 12751


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00985e

Open Access Article. Published on 07 May 2025. Downloaded on 1/1/2026 9:27:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

luminescence decay rates in YAG:Ce after optical and gamma
excitation has been observed at room temperature and inter-
preted by trapping of electrons migrating to the emitting Ce**
centers.>*

Many types of intrinsic and impurity-related defects are
theoretically predicted in YAG; some of them have low activa-
tion energies and might act as traps.”’ Thermoluminescence
glow curves of YAG:Ce show that up to 11 shallow traps might
be effective in YAG:Ce.>* The trapping centers in YAG:Ce might
have various origins. Theoretical studies show that antisite
defects Y,°" are the lowest-energy intrinsic defects in both
YAG and LuAG,”" and a high density of these defects is
experimentally evidenced in typical YAG single crystals grown
at high temperatures (1800-1900 °C).>> However, the density
of such defects is shown to be substantially lower in thin
layers grown by liquid phase epitaxy at lower temperatures
(850-1100 °C)*® and in ceramics sintered at temperatures much
lower than the melting point of YAG.?” Thus, the influence of
the antisite defects as electron traps is hardly significant in our
samples fabricated at moderate temperatures using the sol-gel
technique. The origin of the trapping centers requires a
dedicated study.

The introduction of lutetium in the garnet structure results
in the emergence of a fast decay component. A fast decay
component was previously observed in GAGG®® and lutetium
gadolinium gallium aluminum garnets®® codoped with Ce and
Mg and interpreted by the formation of Ce*" centers modified
by Mg ions in close proximity to Ce**. Similarly, the introduc-
tion of Lu might facilitate the formation of modified Ce*"
emission centers with an enhanced rate of nonradiative recom-
bination that reduces the population of the emitting 5d* level
in Ce®" and, consequently, increases the luminescence decay
rate. The fast luminescence decay component due to the
enhanced nonradiative recombination is more pronounced in
the samples containing a lower garnet content (see the inset in
Fig. 3e). This is consistent with the lower internal quantum
efficiency observed in these samples.

Conclusions

We demonstrated that the proposed two-step sol-gel proce-
dures enable the fabrication of a low-cost composite scintillator
consisting of microcrystalline YAG:Ce, LuYAG:Ce, and LuAG:Ce
in a silica matrix. We found that the cathodoluminescence
intensity of an individual micrograin grows faster than the
grain area and attribute this behavior to the reduced influence
of nonradiative surface recombination as the volume-to-surface
ratio increases in larger grains.

The emitting Ce®" ions in the garnet-type microcrystals of
the composite scintillator experience a crystal field of the same
value as in the corresponding bulk single crystals. The lumi-
nescence in YAG:Ce, LuYAG:Ce, and LuAG:Ce microcrystals is
dominated by the emission of unperturbed Ce®" ions. A fast
decaying component in the luminescence is observed in Lu-
containing samples and is interpreted by the Lu-facilitated
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formation of modified emission centers consisting of Ce*" ions
and defects in their close proximity.

The silica matrix has defect-related centers of radiative
recombination emitting certain background light that is unde-
sirable in the performance of the composite material as a
scintillator. Fortunately, our results show that the silica lumi-
nescence is spectrally well separated from the useful emission
of Ce** ions and decays much faster. Therefore, the influence of
the silica matrix on the emission of the compound scintillator
might be eliminated by an appropriate arrangement of scintil-
lation detection.

The observed difference in the luminescence decay rates
after excitation by high-energy electrons and photons resonantly
to the emitting level 5d* of Ce®" ions shows that a significant
concentration of trapping centers are formed in the garnet
microcrystals, despite the relatively low temperatures employed
in the sol-gel procedures to fabricate the compound scintilla-
tor. Since the formation of antisite defects that are the most
probable intrinsic defects in garnets is strongly reduced by the
low temperatures employed in the sol-gel procedures devel-
oped in this study, a dedicated study of the origins of the
trapping centers and the possible ways to diminish their
density is necessary for further improvement of the composite
scintillators.

With increasing content of the Ce-doped garnet in the
composite scintillator, the quantum efficiency of the emitting
Ce’" ions initially increases and saturates at a level close to
the quantum efficiency of single crystal YAG:Ce. Meanwhile,
the overall luminescence intensity grows superlinearly with the
increase in the garnet content in the range of up to 2 wt% of the
samples studied. Thus, a dedicated optimization of the fabrica-
tion conditions is promising to improve the emission efficiency
up to the level sufficient for applications.
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