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HIGHLIGHTS

e YAG:Eu with YVO4:Eu can be synthesized in “one pot” by a sol-gel route.

® YVO4:Eu impurity phase can improve YAG:Eu optical properties when excited at 395 nm.
© YVO4:Eu can change luminescent decay kinetics of the composite in 395 nm wavelength.
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Yttrium aluminum garnet doped with europium with an additional impurity phase of yttrium vanadate doped
europium has been prepared in different ways: synthesized by a sol-gel route and mechanically mixed in a mortar.
The obtained samples were characterized by X-ray diffraction analysis, and scanning electron microscopy. Pho-
toluminescence spectra were recorded to understand the role of the impurity phase in the garnet's optical
properties. The impurity phase showed a significant contribution to the optical properties of Y3Al5012:1%Eu.

1. Introduction

Garnet, due to its crystalline structure, is a very popular and impor-
tant matrix for optical applications. A huge variation of transition and/or
rare-earth ions could be successfully doped into this matrix. Garnets were
discussed and attracted very much attention over years, however, this
interest continues even today. Yttrium aluminum garnet is an interesting
laser host material because of its chemical and thermal stability. As a
result of the need for new versatile phosphors, there are a lot of studies
made on how to modify and improve the optical properties of the
phosphors. The diversity of doping exploration is very important to the
development of material science. Doping YAG with V°* ions often can
result in the appearance of an impurity phase, since the synthesis of the
YAG, with better optical properties, mostly needs a higher sintering
temperature than a synthesis of tetragonal yttrium vanadium oxide
YVO4. YVOy is another largely explored matrix for phosphors which has
attracted a great deal of interest because of its valuable characteristics
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such as higher chemical stability and good thermal and optical proper-
ties. YVO4 doped with rare earths are used for micro-lasers and diode
laser-pumped solid-state lasers [1, 2, 3, 4, 5, 6, 7, 8, 9].

The composite or mixture of different phases is one of the options to
extend the optical and other properties [10]. The impurity phase could be
added during the synthesis or mechanically mixed in a mortar. Therefore,
in the present work, the concentration influence of YVOy, as an impurity
phase, on the luminescence properties of Eu>* doped YAG and YVO,
composite, synthesized via sol-gel assisted by molten-salt route or obtained
by mechanically mixing two different compounds, is discussed in detail.

2. Experimental
2.1. Synthesis procedure

Investigated materials were synthesized by sol-gel assisted by the
molten-salt route. Starting materials: Y(NO3)3-6H20 (Aldrich, 99.99%),
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V5,05 (Aldrich, 99.99%), Al(NO3)3-9H,0 (Roth, > 98%), EuyO3 (Aldrich,
99.99%). Flux — KCl (ACS reagent, 99.0%), complexing agent —
CeHgO7-H20 (Penta, 99.5%). All nitrates were dissolved in the water at
70-80 °C temperature. V505 and EuyOs were dissolved in hot diluted
HNOg3. Later HNO3 was evaporated, and distilled water was added, to
remove the excess nitric acid. The solution was stirred with a magnetic
stirrer for approximately 2 h. After, C¢HgO7-H20 (at a molar ratio of 1:1
to all metal ions) was added. The formed sol was stirred for 1 h at 70-80
°C, after the sol was stirred at room temperature for 24 h the solution was
evaporated close to dryness. Finally, the sol was dried in a drying furnace
at 140 °C temperature for 24 h. Xerogel, which became dry and porous,
was ground in a mortar and annealed. The sample was calcinated at 600
°C for 2 h in air, with 5 °C/min heating rate. Later it was pre-ground and
mixed with potassium chloride (10:1 ratio to reagents) and sintered 1300
°C for 4 h in air, with 5 °C/min heating rate.

The detailed steps of the synthesis route and annealing temperature
followed the previously reported synthesis procedure [11]. The simpli-
fied scheme of the sol-gel technique is presented in the illustration below.

~~~

H,O
NG Mixing Evaporating
Nitrates Dissolving
Oxides

Synthesized samples were weighed according to the formula:

Y3Al5012:1%Eu (YAG:Eu); YVO4:1%Eu (YVO:Eu); Y3Als 5V 5012:1%
Eu (YAG:Eu 0.5V.S); Y3Al4V1012:1%Eu (YAG:Eu_1.0V.S); Y3Al3Vs-
012:1%Eu (YAG:Eu_2.0V_S).

Mechanically mixed samples were mixed according to the data ob-
tained from Rietveld analysis: Y3Al5012:1%Eu:YVO:1%Eu(19:1)
(YAG:Eu_0.5V_M); Y3Al5012:1%Eu:YVO:1%Eu(9:1) (YAG:Eu_1.0V_M);
Y3Al5012:1%Eu:YVO:1%Eu(13:7) (YAG:Eu_2.0V_M).

2.2. Characterization

X-ray diffraction (XRD) data were collected using Rigaku MiniFlexII
diffractometer. Scanning electron microscopy (SEM) micrographs were
taken using Hitachi SU-70 SEM. Detailed information is present in the
previously reported characterization section [11].

Luminescence spectra were recorded on the Edinburgh Instruments
FLS980 spectrometer [11]. Step size was 0.5 nm and the integration time
was 0.2 s. Excitation wavelengths of 330 and 395 nm were selected while
emission was monitored at 589 and 618 nm.

Luminescence decay kinetics were recorded at room temperature
using tunable pulsed nanosecond Nd:YAG laser NT 342/3UV from Eks-
pla, and a spectrometer SR-303i-B and time-resolved CCD camera
DH734-18F-A3 from Andor Technologies.

3. Results and discussion
3.1. X-ray diffraction (XRD) and rietveld analysis

The synthesized samples were characterized by the XRD method to
evaluate their phase identification and purity. The main peaks were
assigned to the garnet phase (COD ID # 1529037), meaning that all
samples maintain a major phase with cubic crystal structure, which
corresponds to Ia3d (#230) space group. Figure 1A demonstrates
diffraction patterns of samples synthesized by the molten-salt assisted
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sol-gel route and annealed at 1300 °C in air. However, Figure 1B repre-
sents the diffraction patterns of samples that were mechanically mixed
according to the data obtained from Rietveld analysis. In both parts of
Figure 1A and B appearance of the additional peaks of the impurity,
phase is visible. The main peaks are at 20 = 25.0°, 49.8° and 62.7° and
indicates the formation of the impurity phase of YVO4 (COD ID #
9011137).

Rietveld refinement was performed in order to get more detailed
information about the structure of the synthesized samples. Results
confirmed the formation of the secondary phase of the tetragonal
YVO,4 phase with I41/amd:2 space group in all vanadium doped
samples. The impurity phase in the synthesized samples with the
initial 0.5, 1.0, and 2.0 counts of vanadium were calculated to be 5 %,
10 %, and 35 % of the total mass, respectively. With the increase of
YVO concentration in the samples, the primitive cell volume V of each
component is almost constant, indicating no deviation from initial
structures.

Crystalline
material

Annealing

Drying

3.2. Scanning electron microscopy analysis

SEM analysis was obtained to analyze and compare the morphology
and the particle size of synthesized and mechanically mixed powders.
Figure 2A represents YAG:Eu. It possesses well-shaped irregular sphere-
like morphology. The pores, clearly visible in Figure 2A and C, could
be formed by the escaping gasses during the decomposition of the
organic components and residual nitrates. It can be observed that most of
the particles are in a size range between 200 and 800 nm. Meanwhile,
YVO:Eu possesses irregular, slightly angular, sphere-like morphology
with clear boundaries between each particle (Figure 2B). The particle
size is much bigger, about 1.7-6 pm. Figure 2C and D correspond to
YAG:Eu_1.0V_S and YAG:Eu_1.0V_M samples, respectively. Two groups
of particles of different sizes and shapes are clearly visible from the fig-
ures. Note that during synthesis obtained composite 0.5-4 pm size par-
ticles of YVO are located on the surface and it seems they have stuck and
even sunk in the particles of garnet (Figure 2C), meanwhile the particles
of each component of the composite are separate in Figure 2D.

3.3. Luminescence properties

The emission spectra were recorded under Ay = 330 and 395 nm
excitation. In the emission spectra (Figure 3) peaks at 589 nm, 593 nm
(°Do — "F1), 608 nm, 614 nm, 618 nm (°Dy — ’F), 697 nm, 703 nm, and
709 nm (5D0 — 7F4) are clearly visible. The first obvious indication is that
YVO exhibits higher emission compared to YAG irrespective to the
excitation wavelength. Also, there are some changes in the emission
spectra of the samples if the emission is monitored for Eu®" under 395
nm excitation in YAG, as compared to the emission Eu®" in YVO. Two
bands with maxima ca. 589 and 709 nm are visible. They are typical
bands for Eu>" in the YAG matrix and remain in the emission spectra of
any composite under 395 nm excitation. The result of integrated intensity
evidently concludes that YVO is the better matrix for europium than
YAG. Nevertheless, the addition of vanadium to the YAG structure has
staggering impact on the emission resulting in dominant peaks at the
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Figure 1. XRD patterns of YAG:Eu, YVO:Eu, and A - samples synthesized by sol-
gel route, B — mechanically mixed samples.
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positions characteristic of YVO under 330 nm or 395 nm excitation and
remaining YAG peaks under 395 nm excitation. Note, that although the
size of YVO particle is larger in the composites obtained by mechanical
method, the integrated emission of the composites synthesized via sol-gel
assisted by molten-salt route are slightly higher.

Luminescence properties were investigated by measuring the photo-
luminescence decay curves of the samples. Most of them (Figure 4A.)
exhibit bi-exponential photoluminescence decay. It indicates that there
should be two different depopulation mechanisms of Eu®* excited states.
YAG:Eu bi-exponential lifetime parameter ratio (t1/72, %) is 30/70, where
Ty is dominant, meanwhile YVO:Eu is mono-exponential. However, t;
becomes dominant in the composites. The PL decay curves become
steeper with increasing YVO impurity phase concentration indicating that
the lifetime of the excited state becomes shorter. The shortened decay
times usually correspond to decreased efficiency of the activator ions.

Besides, all synthesized samples containing YVO possess a significant
rise in decay time (inset Figure 4A). The increment of the emission in-
tensity is related to the increment of the number of the excited activator
ions over time. It proves additional excited state lifetime measurement,
where samples were illuminated with a short pulse of light and the in-
tensity of the emission versus time was recorded (Figure 4B). In our case,
the PL decay curves were measured for the Dy — "F, transitions. It is
most likely that this additional population of °Dy states is caused by non-
radiative relaxation from higher energy levels. Moreover, it may also
indicate the interaction between the YAG and YVO matrixes, since the
peak positions observed in emission spectra are characteristic for YVO
phase even within small amounts of vanadium in composite. Decay rise
time does not appear in mechanically mixed samples with a high con-
centration of impurity phase probably due to less homogeneity of the
composites and smaller surface of interaction between different
components.

B

o
5.00um
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Figure 2. SEM images of powder the samples, YAG:Eu (A), YVO:Eu (B), YAG:Eu_1.0V_S (C) and YAG:Eu_1.0V_M (D).
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Figure 3. Emission spectra of the samples. Integrated emission intensity is on the right.
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Figure 4. Luminescent decay curves (A) and luminescence lifetime of Eu®t (B) of the samples.

4. Conclusions

In this study yttrium aluminum garnet was modified by adding va-
nadium into the structure. XRD analysis and Rietveld refinement clearly
indicated that instead of the successful incorporation of vanadium into
the garnet structure, the secondary phase of YVO was observed. The
impurity phase was also clearly observed in the SEM images. The
investigation of the morphology of the synthesized and mechanically
mixed composites revealed that the composites obtained by chemical
route are more homogeneous. The investigation of the luminescence
properties demonstrated that the appearance of YVO in the composite
gives a staggering impact on the emission resulting in higher intensity
even under 330 nm excitation. The peak positions of the emission for the
composite with dominant garnet phase are characteristic to YVO phos-
phors. Moreover, the change in decay time indicates the interaction be-
tween YAG and YVO phases, resulting in the decay rise time. The
additional investigation to confirm this is required as well as the vana-
dium amount could be reduced to ppm in the composite. The synthesis by

a simple aqueous sol-gel route assisted by molten-salt method should be
chosen, since the results of the composites according to integrated
emission were slightly better.
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