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Strong absorption and emission are the key the features of any phosphor. The results obtained during this
study demonstrate the difficulty of the incorporation of tantalum ions into the garnet structure and reveal
that only the combination of Sol-Gel synthesis method together with Molten-Salt technique enable to
obtain a single-phase cubic garnet structure. Note that, the Sol-Gel synthesis assisted by further processing
by Molten-Salt technique can be a potentially new way of material preparation reported in literature. This
. work also proves that this combination of synthesis methods is much more capable of incorporating ions
Keywords: . .. ... o
YAG with large ionic radii into the garnet structure as compared to traditional Sol-Gel method. Moreover,
samples synthesized using this new technique exhibit 30% higher emission intensities as compared to the

Ca®* and Ta* doped yttrium aluminum

garnet ones prepared by the original Sol-Gel method, while also reducing the needed sintering temperature by
luminescence 200 °C. To the best of our knowledge, the modification of yttrium aluminum garnet (Y3Als013, YAG) by co-
Co-doping doping it with Ca®* and Ta®" ions by Sol-Gel assisted Molten-Salt route has been investigated for the first
charge compensation time.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The growing need for light emitting diodes (LEDs) and lasers by
the human society demands safe, environmentally friendly synthesis
techniques for fabrication of low-cost novel materials with better and
improved properties. One of the most suitable ways to solve the need
for this demand is to improve the already existing compounds by
modifying their chemical composition and, in such a way, tuning their
already excellent properties such as quantum yield, emission color,
thermal and radiation stability needed for practical applications [1-4].

Bulk yttrium aluminum garnet (Y3Als01,, YAG) doped with tri-
valent rare-earth ions shows optical, thermal, and physical proper-
ties comparable to its single-crystal rods, and is currently used in a
wide variety of applications. Doped YAG ceramics are easier to
fashion into shapes ideal for newly designed laser devices, and it is
also less expensive to fabricate in large quantities. From the spec-
troscopic point of view, ceramics can substitute single-crystals in
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lasers while retaining their capabilities. The increased compositional
versatility of ceramics as well as possible applications and relatively
lower price of production, enables the tailoring of luminescence
properties for improved laser materials. However, optical properties
are strongly dependent on the synthesis procedure, crystal structure,
defects, etc. As such, this topic still requires further in depth
research [5-8].

Many different synthesis methods of synthetic garnets are de-
scribed in literature, but wet-chemical processing, e.g., sol-gel synth-
esis, is one of the leading ways. Compared to the other methods, such
as solid-state, sol-gel method has significant advantages including
low-cost, easy fabrication, more homogenous distribution of doped
ions and lower synthesis temperatures. Nevertheless, as technology
advances, there is a need for even more stable and versatile materials.
Recently, molten-salt synthesis attracted more attention due to the
ability to achieve phase formation at much lower temperature. A
significant advantage of this method is the simplicity of the technique,
which does not require a substantial investment inexpensive equip-
ment. However, as the precursor for such reactions the mixture of
powders is regularly used. To the best of our knowledge, there is
no reported cases in literature that these two methods were
combined [9,10].
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Rare-earth ions have received a lot of attention due to their in-
traconfigurational 4f" electron transitions, as well as unique and
fascinating optical properties arising from them. Rare-earth ion
spectroscopy has become a trigger for new, now widely used, ap-
plication areas, such as optical displays, solid-state lighting, optical
temperature sensors, biomarkers, optical heaters etc. Phosphors
doped with rare-earth ions that show specific spectral properties
required for different applications are often referred to as the next
generation illumination sources [11-14].

One of the most widely used activators for the emission of red
light is the europium ion (Eu"). Luminescence properties of euro-
pium, similarly to other emitting ions, are strongly dependent on its
concentration in the matrix and are widely studied because of their
intense orange-red emission at around 590-720 nm arising from the
5Dy — ’F, to the °Dy — ’F4 transitions. Eu* ions can be easily in-
troduced into a wide variety of different host materials making it an
indispensable dopant in many efficient red phosphors. So far, it can
be found in many different compound groups such as oxides, va-
nadates, phosphates, borates, tungstates, molybdates just to name a
few [15-23].

Nowadays, research of novel garnet ceramics is focused on im-
provement of optical properties, such as emission intensity,
quantum efficiency, decay kinetics and on their application in dif-
ferent areas. The aforementioned optical properties could be en-
hanced by suppressing charge recombination during the electron
transfer processes, via crystal field modulation, energy transfer or
charge compensation. Charge compensation is the most commonly
used method because it can be easily realized. The alkali metal ions,
with low oxidation states and different ionic radius, can enhance
optical properties of rare-earth ion activated phosphors by co-
doping method [24-29].

Doped YAG could be a perfect lasing medium due to the properties
mentioned. A lot of scientific papers have been published on the wide
variety of rare-earth and other trivalent ions (e.g., Er>*, Ho>*, Tm*",
Yb?*, Cr3*), which can be incorporated into the YAG matrix. However,
one of the current challenges and a huge interest for garnet research
is how to obtain a single phase YAG when it is doped with larger
quantities of divalent or pentavalent ions. To the best of our knowl-
edge, pure garnet structure of Y3 ,4CarcTayAls_xOq2:1%Eu, when
x = 0.01-0.1 is reported here for the first time. Only the combination
of Sol-Gel and Molten-Salt routes allowed for the fabrication of the
single-phase products. This method was reported to synthesize gra-
phene modified spinel structure LizTisOq, (for Li-ion battery anodes)
composites for the first time though it was not explored for garnet
structure compounds [30]. In the present work, the concentration
influence of calcium(Il) and tantalum(V) ions on the luminescence
properties of Europium as well as the novel synthesis procedure are
discussed in detail.

2. Experimental section
2.1. Synthesis procedure

The investigated phosphors were synthesized by the citric acid
assisted Sol-Gel method. Yttrium nitrate (Y(NOs);-6H,0, Aldrich,
99.99%), tantalum oxide (Ta,0s, Aldrich, 99.99%), aluminum nitrate
(AI(NO3)3-9H,0, Roth, >98%), europium oxide (Eu,0s, Aldrich,
99.99%), were used as starting materials, potassium chloride (KCI,
ACS reagent, 99.0%) was used as a flux and citric acid (C¢HgO7-H>0,
Penta, 99.5%) as a complexing agent. Starting materials were
weighed to yield compositions with formula: Y3_xCaxTayAls-xO12,
when x = 0.01-1. Nominal synthesis was performed to obtain 1 g of
material.
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2.2. Sol-gel route

All nitrates were dissolved in water at 70-80 °C temperature.
Separately, Ta.0s and Eu,03 were dissolved in hot diluted nitric acid.
Then nitric acid was evaporated, and distilled water was added
subsequently in order to remove the excess of nitric acid. After that,
the mixture of partly dissolved oxides (tantalum oxide did not fully
dissolve) was poured into the initial solution of nitrates and the
resulting mixture was being stirred with a magnetic stirrer for 2 h.
After 2 h, the complexing agent (citric acid) at molar ratio of 1:1 was
added to all metal ions. Then the formed sol was being stirred for 1 h
at the same temperature, afterwards, at the room temperature for
24 h. The obtained solution was evaporated close to dryness. Finally,
sol was being dried in a drying furnace at 140 °C temperature for
24 h. Porous xerogel was ground in a mortar and annealed: firstly, at
1000 °C for 2 h in air, with a 5 °C/min heating rate, in covered cru-
cibles, secondly, the same powders were heated at 1500 °C in air for
4 h, with a 5 °C/min heating pace.

2.3. Sol-gel assisted by molten-salt route

All gels were prepared under the same conditions as it is de-
scribed in Sol-Gel route section. Then the sample was calcinated at
600 °C in air for 2 h, with a 5 °C/min heating rate, in covered cru-
cibles to remove the organic components and residual nitrates. Later
it was pre-ground and mixed with flux (10:1 ratio of flux (KCl) to
reagents) and sintered 1300 °C in air for 4 h, with a 5 °C/min
heating rate.

2.4. Characterization

For phase identification at room temperature XRD data was
collected in 15-80° 260 range (step width of 0.01°, scan speed
10°/min, dwell time of 5.0 s) using Ni-filtered Cu Kol radiation on
Rigaku MiniFlexIl diffractometer. The measurement current and
voltage were set to 15 mA and 30 kV, respectively.

Scanning electron microscopy (SEM) micrographs were taken
using Hitachi SU-70 SEM. The powder was fixed on a carbon film.
The proper magnification was selected, and images were recorded.
The particle size measurements were done using open-source Fiji
(Image]) software by accidently selecting random particles.

Luminescence spectra were recorded on the Edinburgh
Instruments FLS980 spectrometer equipped with double excitation
and emission monochromators, 450 W Xe arc lamp, a cooled
(=20 °C) single-photon counting photomultiplier (Hamamatsu R928)
and a lens optics for powder samples. The photoluminescence
emission spectra were corrected by the correction file obtained from
a tungsten incandescent lamp, certified by NPL (National Physics
Laboratory, UK). The step size was 0.5 nm and the integration time
was 0.2 s. Excitation wavelengths of 393.5 nm were selected, while
the emission was monitored at 608.5 nm.

3. Results and discussion

X-ray diffraction (XRD) and Rietveld analysis. The synthesized
samples were characterized by the XRD method in order to evaluate
their phase composition and purity. The main reflexes were assigned
to the garnet phase (PDF2 [00-033-0040], Entry # 96-152-9038),
which means that all co-doped YAG samples possess a majority
phase with cubic crystal structure, which corresponds to Ia3d (#230)
space group. The diffraction patterns of samples synthesized via Sol-
Gel route and annealed in 1500 °C are displayed in Fig. 1. For these
compounds, small additional peaks were observed at around
20=29° 30.5° and 32.5° indicating the formation of an impurity
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Fig. 1. XRD patterns of Y3_xCaxTaxAls_O12:1%Eu, when x = 0.01-0.1, synthesized via
Sol-Gel route, annealed at 1500 °C in air.
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Fig. 2. XRD patterns of Y3_pxCazxTaxAls_xO12: 1% Eu, when x =0.01-0.1, synthesized
via Sol-Gel assisted Molten-Salt route, annealed at 1300 °C in KCl, in air.

phase. Samples with x=0.01 and x=0.1 Ta>" concentration showed
peak of the secondary phase at 26 =30.5° and sample with x=0.05
Ta>" concentration had additional peaks at 20=29°, 20=30.5° and
20=32.5°. These additional reflections matched well with the re-
ference data of the monoclinic phase of Ta,0s5 (marked “x”, Entry #
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96-153-9125). Fig. 2 shows diffraction patterns of samples synthe-
sized via the Molten-Salt assisted Sol-Gel route and annealed at
1300 °C. Each peak present in the diffraction pattern was ascribed to
the yttrium aluminum garnet phase (PDF2 [00-033-0040], Entry #
96-152-9038). No additional peaks were observed, which means,
tantalum ions were successfully introduced into the garnet lattice
and formation of impurity phase was avoided. Additionally, a small
shift of all the peaks towards smaller 26 values was observed. This is
caused by the different ionic radii of the substituted ions and related
to the variations in the unit cell parameters. Since the ionic radius of
Y3* and AI** are much smaller than their counterpart Ca?* and Ta>*
[34]. From the given diffraction patterns in Fig. 1 and Fig. 2 the in-
crease in background can be noticed. The large initial intensity of the
background in the 206 =15° and 22° comes from the amorphous glass
sample holder used during the measurements. It is also worthy to
note that, if the content of tantalum exceeds x=0.1, then the for-
mation of different impurity phases begins. The secondary phases
were identified to be the metastable orthorhombic Ta,0,, and
monoclinic form of Ta,05 (Appendix 1 in Supplementary material).

The more detailed structural analysis of the synthesized samples
was performed using Rietveld refinement. Rietveld refinement re-
sults confirmed the formation of the secondary phase, as mentioned
before, in co-doped samples, synthesized via Sol-Gel route. The
monoclinic Ta;0s phase with 1121 space group in the samples when
x=0.01, 0.05, 0.1 accounts for a fraction of 3.5%, 5.6% and 2.2% of the
total volume, respectively. With the increase of calcium and tan-
talum concentrations, the cell parameter a is also increasing, con-
firming our initial observation, even if the secondary phase starts to
form (Table 1, Sol-Gel route). These results further confirm our initial
assessment of Sol-Gel method being unfit for the preparation of such
compounds. Meanwhile, in the case when samples were prepared by
Sol-Gel assisted Molten-Salt route, Rietveld refinement analysis
confirmed that there is no evidence of the secondary phase forma-
tion in the samples. With the increase of calcium and tantalum
concentrations, cell parameter a is also gradually increasing (Table 1,
Molten-Salt route), indicating that all of the added tantalum is
successfully incorporated into the garnet structure, to the best of our
best knowledge, for the first time. Note that, the values of the lattice
parameter in the table show trends rather than absolute values.
Although the lattice parameters of the compounds synthesized by
Sol-Gel method are higher than those of the synthesized by Sol-Gel
assisted Molten-Salt method, an error is also possible due to the
impurity phase. Rietveld refined XRD patterns (observed, calculated
and the difference patterns) along with the refined positional
parameters were added as a supplementary file.

Table 1 represents the structural phases and unit cell parameters
of synthesized samples.

Scanning electron microscopy (SEM) analysis. SEM analysis
revealed the surface morphology and the particle size of the syn-
thesized powders. All of the characterized samples possess irregular
sphere-like morphology with clear boundaries between each

Table 1

Crystallographic data of synthesized samples.
Sample Space group Garnet/Ta,0s Garnet/ Ta,0s, % a, A (Garnet) Vol, A3
Sol-Gel route - - - -
Y3Al5012:1%Eu la3d/- 100/- 12.005 1730
Y2.98Ca0.02Ta0.01Al4.99012: 1%Eu la3d/1121 96.5/3.5 12.009 1732
Yz_goCEloJoTa0,05Al4,95012Z1%EL1 ]aéd/I]Z] 944/56 12.016 1735
Y2.80Ca0.20Tao.10Al4.90012: 1%Eu la3d/1121 97.8/2.2 12.024 1738
Molten-Salt route - - - -
Y5Al501,:1%Eu la3d/- 100/- 12.005 1730
Y2.98Ca0.02Ta0.01Al4.99012: 1%Eu la3d/- 100/0 12.007 1731
Y2.90Ca0.10Ta0.05Al4.95012: 1%Eu la3d/- 100/0 12.008 1732
Y2.80Ca0.20Ta0.10Al4.90012: 1%Eu la3d/- 100/0 12.018 1736
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Fig. 3. SEM images of different powder the samples, synthesized via Sol-Gel route, annealed at 1500 °C in air.
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Fig. 4. Histograms of different powder the samples, annealed at 1500 °C in air.

particle especially for the samples prepared by the simple Sol-Gel
method (Fig. 3.). The pores, clearly visible in Fig. 3, could have
formed due to escaping gasses during decomposition of the organic
components and residual nitrates (Fig. 3 and Fig. 4).

SEM micrographs of samples prepared via conventional Sol-Gel
technique are presented in Fig. 3, while the histograms representing
particle size and its distribution for these samples are given in Fig. 4.
From Fig. 4 and the corresponding histograms, it is clear, that doping
has no significant impact on particle size. The micro-size agglomerates
maintain their clear boundaries and irregular sphere-like morphology
regardless of the chemical composition. From the given histograms
(Fig. 4.) it can be observed that most of the particles are in size range
between 500 and 1000 nm with a broad size distribution for all
the samples synthesized. A slightly different situation is observed for
the particles of the samples synthesized via Molten-Salt route and it
can be seen in Fig. 5. Although the micro-size agglomerates maintain
irregular sphere-like morphology regardless of the chemical compo-
sition, the boundaries between each individual particle are harder to
distinguish. From the given corresponding histograms (Fig. 6.) it can be
also observed that most of the particles are in the size range between
250 and 750 nm for Y3Al504,:1%Eu and in Y, gCag;Tag Al49012:1%Eu
samples and 200-500nm for Y;ggCaggyTago1Als99012:1%Eu and
Y2.9Cag1Tag psAl4.95012:1%Eu samples. All of the mentioned character-
istics along with the broad size distribution are quite common for
compounds prepared by aqueous Sol-Gel method. Note, that doped
YAG samples were synthesized by different methods, and it affected a
different morphology and grain size. This might cause differences
in light scattering, leading to a change in the intensity of the
luminescence.

Luminescence properties. The excitation spectra of
Y3_2xCarxTayAls-4012:1%Eu samples, when x =0.01-0.1, synthesized
via both Sol-Gel and Sol-Gel assisted Molten-Salt route, were re-
corded for 590 nm wavelength emission. The emission spectra of all
of the samples were measured under 393.5 nm excitation wave-
length light.

The excitation, emission and integrated emission spectra of the
samples synthesized via Sol-Gel route are represented in Fig. 7. The
excitation spectra contain a lot of intensive, sharp and narrow peaks
associated with the 4-4f electronic transitions of Eu3* ion with a
maximum being located at 394 nm (’Fo — °Lg transition). The ex-
citation peaks with maxima at 527 nm, 465 nm, 362 nm and 320 nm
are attributed to the "Fg — >Dy, "Fg — °D,, "Fg — °D4 and “Fo — °Hg,
transitions, respectively. A lot of low intensity peaks are observed in
the range from 370 to 390 nm, which can be attributed to the "Fy —
SLe7s and "Fy — >Gy4s6 transitions [31]. The emission spectra
(Fig. 7) show peaks at ~590 nm, ~610 nm, ~650 nm and ~710 nm,
attributed to >Dg — ’Fy, Do — ’Fs, °Dg — “F3 and °Dg — “F4 transi-
tions, respectively. The most intensive peak is located at ~710 nm
and corresponds to °Dy — ’F4 transition. Normalized integrated
emission values can be seen in Fig. 7 on the right. The integrated
intensities are nearly identical, independent of the dopant con-
centration. It should also be noted that XRD analysis coupled with
Rietveld refinement results confirmed that not all of the tantalum is
introduced into the structure and the secondary phase is formed.

Fig. 8 represents luminescence spectra as well as the values of
integrated emission of the samples synthesized via Molten-Salt route.
Since the characterized samples show pure garnet structure and
doping concentration of europium ions remains the same, the

Fig. 5. SEM images of different powder the samples, synthesized via Molten-Salt route, annealed at 1300 °C in KCl, in air.
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Fig. 8. Excitation (left) and emission (middle) spectra of Y3_,4CasxTaxAls_xO12: 1% Eu, when x=0.01-0.1, synthesized via Molten-Salt route, annealed at 1300 °C in air.

observed positions of emission and excitation peaks remain un-
changed as compared to the samples prepared by Sol-Gel method [6].
By comparing emission spectra given in Figs. 7 and 8 it can be clearly
seen that the samples prepared via Molten-Salt route show sig-
nificantly more intensive luminescence (by about 30%) as compared to
the samples prepared via conventional Sol-Gel technique. Moreover,
the dopant concentration can also affect luminescence properties.
Y2.98Ca0.02Ta0.01Al499012:1%Eu  and  Y290Cap.10Tap.05Al4.95012:1%Eu
(Fig. 8) samples do not exhibit improved emission (integrated emis-
sion even slightly decreases), but if x=0.1 is integrated into the
structure, emission increases significantly (by 16%). To conclude,
emission of europium doped garnets is affected by the insertion of
tantalum and calcium, which causes the slight increase of the lattice
parameter a. Furthermore, the changes of the local environment of
luminescent dopant and difference in particle size distribution caused
by doping, might be the one of the reasons for improved luminescence
properties [31-33]. The CIE chromaticity is given as a supplementary
material.

4. Conclusion

Based on the obtained results we can conclude that Ta and Ca co-
doped YAG samples were single phase when prepared by Molten-Salt

route up to x=0.1. Further increase in dopant concentration caused
formation of impurity phases. In the case of conventional Sol-gel pre-
paration method no co-doped samples showed single phase garnet
structure. Rietveld refinement data confirmed the incorporation of
dopant ions into the structure as the increase in unit cell parameter a,
since smaller ions were being replaced by larger ones. The morphology
of the particles was in accordance to those typically obtained via Sol-
Gel technique with an irregular semi-spherical shape and broad size
distribution. In the case of Molten-Salt preparation, the particles
showed much smaller size averaging around 400 nm with boundaries
between individual particles disappearing. While the compounds
prepared by the Sol-Gel technique contain a noticeable fraction of the
particle with the size much larger than 750 nm and individual particles
being clearly distinguished. Luminescence measurements of the ob-
tained compounds revealed typical emission and excitation spectra for
Eu®*, showing presence of narrow bands arising from forbidden 4-4f
electron transitions. Sample co-doped with 0.4 of calcium and 0.2 of
tantalum and prepared by Molten-Salt method showed the highest
emission intensity out of all the samples by about one third. To con-
clude, the obtained results testify that the Sol-Gel assisted Molten-Sol
method, described in this work, is a new and effective route for sample
preparation. This is especially important, since aliovalent doping with
large ions was achieved in no small concentrations while the optical
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properties were improved. This shows that method described in this
report could also be potentially applied in synthesis of many new
compounds with improved properties.
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