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ARTICLE INFO ABSTRACT

Keywords: In this study the novel garnet-type Y347Nagslngo3AlsO12, Y2.97Ln0.03Al4.95V0.05012, Y2.92Nag osL-
YAG nNo,03Al4.0833V0.0167012 (Ln = Ce®t, Tb*, Eu®") phosphors were successfully synthesized by the sol-gel method
Substitution effects for the first time. The structural, morphological and optical properties were characterized by using multiple
z(ﬁ;iilﬁts::ises characterization techniques. The XRD and FTIR results confirmed that all obtained phosphors are monophasic
yttrium aluminium garnet compounds, i.e. the doping of Ce3*, Tb3*, Eu®*, Na*, V°* ions does not induce any
impurity phases, indicating the successful incorporation of these dopants into the YAG host. The formation of
novel garnets was probed using 2’Al, >V, 2>Na MAS NMR techniques. SEM micrographs revealed that almost in
all cases, the surface of the obtained luminophores is porous and consists of homogeneously distributed irregular
sphere-like shape particles, which tend to form larger agglomerates. The optical properties of obtained com-
pounds were also investigated by recording their excitation and emission spectra and calculating the colour

coordinates in the CIE 1931 colour space.

1. Introduction

In this digital age, increasing energy demand and efforts to combat
climate change require the development of new technologies and effi-
cient multifunctional materials. It is also essential to provide environ-
mentally friendly lighting technology and properly select high-
efficiency phosphors, which would be able to give good visible light
emission. To achieve these goals, there is no better option than solid
state lighting [1,2]. Solid state lighting is being popularized rapidly due
to its advantages comparing with other traditional lighting sources,
especially high efficiency, low energy consumption, durability, less
pollution, and long service time [1,3].

Scientists pay special attention to inorganic luminescent materials
(luminophores, phosphors), which are practically used in almost all
artificial light devices, such as cathode ray tubes, LED, field emission
displays. Luminophores are composed of an inert host lattice and an
optically excited activator, typically lanthanide or transition metal ions
[4]. There are several well-known examples of phosphor host materials,
like YzOg, Gd3Ga5012, Zl’lgSi04, SI‘A1204, Bi4G€3012, CaA1204 [477]. Out
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of them all garnet-type compounds have been recognized as one of the
best optical host materials [8,9].

Yttrium aluminium garnet (YsAls012, YAG) is the representative
garnet and widely used in various applications due to its unique prop-
erties, such as good optical transparency from ultraviolet to infrared,
excellent thermal and chemical stability [9-12]. What is more, high
molar part of trivalent rare earth ions can be introduced into the YAG
structure by changing Y3* ions without concentration quenching. This
feature contributed to the fact, that YAG doped with lanthanides or
transition metal ions is the main component in all-colour phosphors,
solid-state lasers, scintillators, and vacuum fluorescent displays [4,9,
13-15]. For example, europium-doped YAG is the common red phos-
phor, which characterized by a high quantum efficiency, sufficient ab-
sorption strength and stability [16]. This phosphor is used in field
emission displays, cathode ray tubes and as fluorescence thermometry
due to its optical properties depending on the temperature [6,17].
Cerium-doped YAG is a yellow phosphor with absorption in the blue
region and the important component of white light emitting diodes
(WLEDs). YAG:Ce®" luminophore shows a high luminescence quantum
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yields, good chemical stability and photostability, and already are used
commercially [8,13,18,19]. YAG doped with terbium ions is a green
phosphor with a narrow emission band suitable for CRT colour projec-
tion [20,21].

It is well established, that the optical properties of luminescent ma-
terials depend on the doping ions and their concentrations, the crystal
structure and chemical composition of the inert phosphor host. For
example, doping YAG with big amount of vanadium ions leads to the
appearance of impurity phase of YVO,. It was shown, that the secondary
phase of YVO4 in YAG matrix doped with europium and vanadium
improve optical properties, emission intensity was higher in comparison
with undoped YAG:Eu®" [22]. To the best of our knowledge, there are
no reports regarding the investigation of photoluminescence properties
of sodium doped YAG. On the other hand, replacing Y3* jons with lower
oxidation state ions, like Ca®*, can lead to the emission intensity in-
crease in praseodymium-doped YAG [23]. Modification of the optical
materials matrix is an effective way to obtain luminophores with the
new properties [9,23]. In this work YAG matrix was modified by
substituting yttrium with sodium, cerium, terbium, europium and by
substituting aluminium with vanadium.

The main aim of this work was to synthesize novel garnet-type
Y2.47Nag 5Lng.03A15012, Y2,97L00,03Al4.95V0.05012, Y2.92Nag.0sLno.03Al4.9833
Vo.0167012 (L0 = Ce3*, Tb®*, Eu®*) luminescent materials by the aqueous
sol-gel method and to characterize their structural, morphological and
optical properties. Several characterization techniques, like X-ray diffrac-
tion (XRD) analysis, Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and solid-state nuclear magnetic
resonance (NMR) were used. The optical properties of sintered compounds
were investigated by recording their excitation and emission spectra and
calculating the colour coordinates in the CIE 1931 colour space. It is
important to note, that luminophores with these chemical compositions
were synthesized for the first time.

2. Experimental
2.1. Materials

Yttrium nitrate hexahydrate (Y(NOs)3-6H20, Alfa Aesar, 99.9 %),
aluminium nitrate nonahydrate (Al(NO3)3-9H20, Carl Roth, 98 %), so-
dium acetate (CH3COONa, Carl Roth, 99 %), ammonium monovanadate
(NH4VOs3, Carl Roth, 99.8 %), trisodium monovanadate (NagVQ,4, Carl
Roth, 99 %), europium(III) oxide (EupO3, Alfa Aesar, 99.996 %), terbium
(III) nitrate pentahydrate (Tb(NO3)3-5H50, Aldrich, 99.9 %), cerium(III)
nitrate hexahydrate (Ce(NO3)3-6H20, Alfa Aesar, 99.99 %) were used as
starting materials and citric acid (C¢gHgO7, Chempur, 99.7 %) as a
complexing agent.

2.2. Synthesis

An aqueous sol-gel method was used to synthesize the Y3.\NayAls5012,
Y3AlsyVyO12,  Y3xNayAlsyVyO1a,  Y297Ln0.,03Al5012,  Y2.47NagsL-
n9,03A15012, Y2,97L00,03Al4.95V0.05012, Y2.92Nag o5Lno.03Al4.9833V0.0167012
garnets with various stoichiometry. Nominal synthesis was performed to
obtain 1 g of the final material. Firstly, stoichiometric amounts of pre-
cursors were dissolved in 50 mL of distilled water. Only europium(III)
oxide was firstly dissolved in a small amount of concentrated nitric acid at
100 °C and then added to the beaker with the other starting materials. The
solution was stirred at 80 °C for 2 h in a beaker covered with a watch-glass.
Then, the complexing agent - citric acid (molar ratio metals:citric acid =
1:1) was added to this transparent solution of the metal salts. The mixture
was left to mix in a covered beaker, and at this stage a sol was formed. After
24 h, the beaker was uncovered, and the solution was concentrated by the
evaporation at 200 °C under constant stirring until the transparent sol
turned into sticky gel. The gel was placed into the drying oven at 150 °C for
10 h. Next, the obtained xerogel was grounded in an agate mortar and
annealed in air at 1000 °C for 2 h, with the heating rate speed — 5 °C/min.
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Finally, synthesized garnets were ground in an agate mortar. The simpli-
fied scheme of the sol-gel route used is presented in Fig. 1.

2.3. Characterization

X-ray powder diffraction (XRD) analysis (step width of 0.01°, scan
speed 5°/min) on Rigaku MiniFlex II diffractometer using Cu K al ra-
diation was used to study the phase purity and crystallinity of synthe-
sized samples. The diffraction data was refined by the Rietveld method
using the Fullprof suite. For the infrared (IR) spectroscopy measure-
ments Bruker Alpha FTIR spectrometer was used. Solid-state NMR ex-
periments were carried out at 14.1 T on a Bruker Avance Neo 600 NMR
spectrometer operating at 156.4 MHz, 158.8 MHz, 157.8 for 2771, 2°Na,
Sly, respectively, using a 2.5 mm Trigamma MAS probe. Temperature
was stabilized at 298 K and MAS rate was set to 20-30 kHz. All 1D
measurements were performed with single pulse excitation, 90° exci-
tation pulse was set to 2.2 ps for 27Al, >V and 3.5 ps for 2*Na. For %Al
spectra 256-512 scans, for °'V 10240-15416 scans, for 2>Na 12803088
scans were accumulated using a repetition delay of 5 s. For 27 Al MQMAS
measurements 132 scans for 128 increments were accumulated, the
excitation, conversion and selective pulses were set to 4.5 ps, 1.7 ps and
50 ps, respectively. Scanning electron microscope (SEM) images were
taken for the morphology characterization using a Hitachi SU-70. The
particle size measurements were done using open-source Fiji (ImageJ)
software by selecting few hundred random particles. Excitation and
emission spectra of the lanthanide-doped samples were recorded on
Edinburgh Instruments FLS980 spectrometer equipped with a 450 W Xe
arc lamp. The photoluminescence emission spectra were corrected using
correction file obtained from a tungsten incandescent lamp certificated
by the National Physics Laboratory (UK). Emission spectra of samples
doped with Ce®*' jons were recorded under 450 nm excitation, doped
with Tb®* ions — under 272 nm excitation, and doped with Eu®" ions —
under 393.5 nm excitation. The excitation spectra of samples doped with
Ce3" ions were measured under 560 nm emission, doped with Tb®* ions
— under 542 nm emission, and doped with Eu>" ions — under 589 nm
emission. Colour coordinates in CIE 1931 colour space diagrams were
calculated from emission spectra employing the Edinburgh Instruments
F980 software.

3. Results
3.1. XRD analysis

The phase purity and compositional changes of the YAG doped with
different amount of sodium and vanadium were controlled by the XRD
analysis. Fig. 2a shows the XRD patterns of the Y3 4NayAls012 samples
sintered at 1000 °C, with the different substitutional level of Na for Y
(0.01 < x < 2) in the compounds. The XRD patterns of Y3,NayAl5015
samples with x = 0.01, 0.05, 0.1, 0.15, 0.3, 0.5, 1 exhibit the formation
of single garnet phase, since they are in a good agreement with the
reference data for YAG [PDF #96-152-9038]. However, the XRD pat-
terns of Y34NayAl50;2 with higher amount of sodium (x = 1.5 and 2)
contain an additional low-intensity lines of extraneous phases as the
perovskite YAIO3 (2 6 ~ 24.4°, 34.6°, 45.8°) and aluminium oxide Al,O3
(2 0~ 30.2°, 58°, 66.7°).

The effect of vanadium ions substitution was investigated in Y3Als.
yVyO12 (0.01 <y < 3) samples. As can be seen from Fig. 2b the mono-
phasic garnet product was only obtained in XRD patterns of
Y3A14_99V0V01012 and Y3A14,95V0.05012, where all observed diffraction
peaks match very well the standard XRD data of pure YAG (PDF #96-
152-9038). However, in the case of Y3Als5.;VyO13 with higher introduced
amount of vanadium (y = 0.1, 0.15 and 0.3) the formation of the yttrium
orthovanadate YVO,4 [PDF #96-901-1138] impurity phase along with
the main YAG phase was also determined.

The effect of co-substitution with sodium instead of yttrium and va-
nadium instead of aluminium was investigated and Fig. 2 ¢ demonstrates
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Fig. 1. Scheme of sol-gel synthesis of garnets with various chemical compositions.

the XRD patterns of the Y3.xNayAls.yVyO12 (0.01 < x < 0.3 and 0.0033 <
y < 0.1) samples. It can be observed that Y 99Nag 01Al4.9967V0.0033012,
Y2.95Nag,05A14.9833V0.0167012, Y2.9Nag.1Al4.9667V0.0333012 products are
crystalline monophasic compounds having a YAG garnet structure. With
increasing the molar part of doped ions, the YAG is still the main phase,
but additional peaks characteristic to the extraneous YVO4 [PDF #96-901-
1138] and Al,O3 [PDF #96-100-0443] phases have appeared.

According to these XRD results presented in Fig. 2a-c, the range of
0.01 < x <1 can be ascribed as the limit of the molar part of sodium in
Y3xNayAls012 and the narrow range of 0.01 <y < 0.05 as the limit of
the molar part of vanadium in Y3Al5.;VyO12. Furthermore, the formation
of monophasic co-doped Y3 yNayAlsVyO12 can be possible, when the
substitutional levels of sodium and vanadium are in the range of 0.01 <
x < 0.1 and 0.0033 <y < 0.0333, respectively. Thus, these matrices with
novel chemical compositions can successfully be used as optical host
materials.

Fig. 2 also shows the XRD patterns of lanthanide-doped
Y2.97L00,03A15012,  Y2.47Nag 5Lng 03Als012,  Y2.97Ln00.03Al4.95V0.05012,
Yz_9zNao_05Ln0.03A14_9833V0_0167012 garnets, there Ln = Ce (d), Tb (e), Eu
(f), sintered by sol-gel method at 1000 °C. All obtained XRD patterns are
almost identical and show perfect fit with the standard data of pure YAG
[PDF #96-152-9038]. The XRD results confirm, that all lanthanide-
doped samples are crystalline single-phase compounds with cubic
garnet structure. The diffraction peaks of samples doped with cerium
and terbium ions, compared to those of standard data, have a slight shift
towards the smaller 2-theta values. An apparent shift can be observed
due to the doping of Ce>* and Tb®" with larger ionic radii (1.14 A and
1.18 A) compared to that of Y3* (1.019 A) [19,24]. Since Na* and V®*
have different oxidation states than Y3 and Al®* ions (the ionic radius
for Na™ is 1.18 A, and ionic radii for V°* 0.54 A and for A1>* 0.535 A are
very similar), the introduction of sodium and vanadium should lead to
more expressed changes in diffraction peaks positions, which is not the

case for our samples. One possible explanation could be that our YAG is
considered to be Al;O3-rich due to the Na * having lower oxidation state
than Y>*, which potentially leads to the formation of oxygen vacancies.
These effects were observed for non-stoichiometry yttrium aluminium
garnet ceramics prepared via solid-state reaction under vacuum [25].
Consequently, the doping of Ce>*, Tb3*, Eu®", Na*, V>* ions does not
induce any impurity phases, indicating the successful incorporation of
these dopants into the YAG host and formation of monophasic
garnet-type phosphors. The calculated cell parameters were in the range
of 12.012(4)-12.023(3) A without any tendency upon substitutional
level. This probably is related with rather low concentration of
substituents.

3.2. FTIR analysis

For the additional structural characterization of doped garnets, the
FTIR spectroscopy was utilized. IR spectra of all investigated samples
were identical, so Fig. S1 shows the FTIR spectra of the representative
specimens. In all IR spectra, the characteristic absorption bands in the
higher wavenumbers (from 4000 to 900 cm 1) related to organic groups
were not determined which suggests that all organic compounds were
evaporated during synthesis and calcination [17,26,27]. It is well
established, that the peaks located below 900 cm ™! are corresponded to
the vibrations of metal-oxygen bonds [27]. In our case, in all obtained IR
spectra the broad band in the range from 900 to 400 cm ™" is split into
several smaller peaks. According to the literature, the peaks at ~423
cm’l, ~450 cm’l, ~568 cm’l, ~721 em™! correlate to the Y-O (met-
al-oxygen) vibrations in YAG lattice while the peaks at ~686 cm™* and
~788 c¢cm~! are the characteristic vibrations of the isolated (AlOy)
tetrahedral and (AlOg) octahedral units in garnet lattice [17,20,27-29].
This feature of the IR spectrum proves the formation of the YAG garnet
structure. Thus, the FTIR results are in a good agreement with the XRD
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Fig. 2. XRD diffraction patterns of Y3 ,NasAlsO12 (a), Y3Als.,Vy012 (b), Y3.,NasAls ,V,012 (c) and various stoichiometric YAG doped with Ce** (d), Tb*" (e), Eu®" ()
samples synthesized at 1000 °C. The crystalline phases are marked: vertical red lines - Y3Als0,, [PDF #96-152-9038], * - YAlO3 [PDF #96-153-30701, o - Al,O3 [PDF

#96-100-0443], x - YVO4 [PDF #96-901-1138].
results and confirm the fact, that all samples are garnet-type materials.

3.3. Solid state NMR analysis

Solid state NMR analysis was performed for all synthesized samples.
Stoichiometric YAG sample possess two spectral lines attributed to sixth-
coordinated species (narrow line at 0 ppm) and fourth-coordinated
species (quadrupole line at 77.5 ppm, Cq = 6095 kHz and # = 0) [30].
27A1 NMR signals in YAG-based samples are sensitive probes to detect
dopants in close vicinity, namely clear chemical shift change is detected
upon changing sample composition [31,32]. The 2’Al and 23Na MAS

spectra obtained for Y3y NayAlsO;o family of samples are shown in
Fig. 3.

Upon doping the samples with Na ions in addition to typical lines
detected for YAG samples (sixth-coordinated and fourth-coordinated)
the line attributed to AlOg:Na (six coordinated Al line with Na in vi-
cinity) appears at 8.5 ppm in 2’Al spectra. When x > 1, additional side
phases are detected in the spectra, namely spectral lines attributed to
Al,O3 at 67 ppm, 13.5 ppm, sodium aluminates at 76 ppm and
perovskite-like species (YAP, YAIO3) at 0.2 ppm [33,34]. Such assign-
ment is in agreement with the XRD data.

As well such assignment is corroborated by 7Al 3Q MQMAS data
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Fig. 3. A — %Al 30 kHz MAS NMR spectra obtained for Y5.,Na,Als0,, samples, Al,05 spectrum is shown in grey dashed line. B — 20 kHz >>Na MAS NMR spectra

obtained for Y3 4NayAlsO;, samples.

obtained for Y;NayAls012 sample (Fig. 4 A). In this 2D spectrum species
assigned to YAG and YAG:Na species as well as side YAP, Al,03 and
sodium aluminates phases are detected. The final spectral fitting which
agrees well with the experiment is shown in Fig. 4 B.

23Na data obtained for the Y3 xNayAlsO12 family of samples (Fig. 4 B)
proves the incorporation of Na ions in the garnet structure and shows the
formation of side phases when the amount of Na is higher (x > 1). The
peak assigned to YAG:Na structure is located at 9.5 ppm, other spectral
lines likely arise from various sodium aluminate phases, though these

were not studied in detail as it was beyond the scope of present work
[33,34].

The ?’Al and >'V MAS spectra obtained for Y3AlsVyO1, family of
samples are shown in Fig. 5. Upon doping the samples with V ions along
to the typical lines obtained for YAGs the line attributed to AlOg:V (six
coordinated Al line with V in vicinity) appears at 20.5 ppm in 2’ Al NMR
spectra. Similarly as in the case of Na ion, the line attributed to A104:V is
not observed most probably due to low intensity and large width of the
line. In the °V NMR data the formation of the YVO4 (664 ppm) side
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Fig. 4. A — A1 MQMAS spectrum obtained for Y;Na,Als0;, sample. Signals attributed to 2”Al species are indicated with black circles and squares. B — 2’Al MAS
spectral fitting based on the 3Q MQMAS data. Black line — experimental data, red line — spectral fitting, orange — YAP phase, blue — YAG and YAG:Na phases, green —

Al,03 phase and Na aluminates.

phase is detected when y > 0.1 [35]. Though, the line attributed to
garnet structure is not observed which could be due to low amount of
51y species as well as the line is likely broad and vanishes within the
noise or spin-spin relaxation T, is too fast for detection.

The 27Al, 2%Na and >'V MAS spectra obtained for Y3.4NayAls.,Vy012
family of samples are shown in Fig. 6. The ?Al NMR spectra upon
doping with Na and V ions features the same tendencies as upon doping
YAGs with Na and V ions separately, namely lines attributed to AlOg:Na
at 13.5 ppm and AlOg:V at 20.5 ppm appears. In 2>Na MAS spectrum the

line attributed to YAG: Na species is at —13 ppm and the line at —25 ppm
is attributed to NaAlO, [36]. In the 5ly MAS spectra the line attributed
to YAG: V species at 575 ppm increases upon doping with V ions.
Similarly, as before the YVO4 side phase which line is at 663 ppm is
formed at higher V concentrations. It is seen from the solid state NMR
data that co-doping with V and Na ions allows to form more homoge-
nous garnet samples. In particular, °*V and 2Na MAS NMR is sensitive
to probe species which are not detected indirectly via 2’Al MAS NMR.
27 A1 MAS NMR spectra obtained for the Ce, Eu, Tb doped Y3 xNayAls.
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Fig. 5. A — %Al 30 kHz MAS NMR spectra obtained for Y3Als,V,01, samples. B — 20 kHz >’V MAS NMR spectra obtained for Y3Als ;V;0;, samples.

yVyO12 samples are shown in Fig. 7. The tendencies observed in the
spectra upon doping the garnet samples with Na and V ions are the same
as discussed before, namely the associated spectral lines with AlOs:Na
and AlOg:Na species are detected in the same spectral regions. In addi-
tion, the lines associated to AlOg:Ce (Fig. 7 A) at —17.5 ppm, AlOg:Eu
(Fig. 7 B) at 114 ppm species are detected. The detected 2”Al chemical

shift values when Ce or Eu are in a vicinity to AlOg units are similar to
previously detected values [31,37]. The line attributed to AlOe:Tb
(Fig. 7C) is not detected directly in Al NMR spectra due to para-
magnetic nature of Tb ion. The estimated value for such species should
be at ca. 500 ppm [37] but was not detected before studying YAG:Tb
samples [38]. Nevertheless, the increase of the linewidths in 27A1 NMR
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samples. B — 20 kHz 2*Na MAS NMR spectra obtained for Y;3..NayAls. V012
samples. C — 20 kHz °'V MAS NMR spectra obtained for Ys,NayAls.
yVy012 samples.

spectra indirectly indicates successful incorporation of Tb ions in the
garnet structure. The obtained NMR data allows us to state that the
proposed garnet structures were successfully synthesized and the
incorporation of Ce, Eu, Tb ions were successful.
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3.4. SEM analysis

All specimens were characterized by scanning electron microscopy
to investigate their surface morphology, porosity, and particle size.
From the obtained SEM results it was determined that all lanthanide-
doped samples have very similar surface morphology, therefore Fig. 8
shows europium-doped YAG with various compositions as a represen-
tative. SEM  micrographs of the Yj97Eup03AlsO012  (a),
Y2.47Nag sEu0.03A15012 (b) and Yz .97Eu0.03Al4.95V0.05012 (¢) phosphors
demonstrate, that specimens are homogeneous with a porous surface.
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The formation of pores can occur due to escaping gases during the
calcination process. As we can see from Fig. 9 the surface porosity de-
creases, when YAG is doped with sodium or vanadium. Interestingly, the
number of pores is smaller, when YAG is doped with sodium in com-
parison with vanadium. Furthermore, doping YAG with both sodium
and vanadium ions leads to minimal number of pores. Three samples,
namely Y2.97Eu0.03A15012 (Fig. 8a), Y2.47Na0_5Eu0.03A15012 (Fig. 8b) and
Y2.97EU0,03Al4.95V0.05012 (Fig. 8c), are composed of irregular sphere-like
shape particles, which tend to form larger agglomerates. According to
the previous reports, the formation of pores and particle agglomeration
are the characteristic morphology features for the samples with garnet
structure prepared by sol-gel synthesis method [10,39,40]. When both
sodium and vanadium is introduced into YAG, the shape of the particles
drastically changes, and particles tend to sinter to larger aggregates. This
Yz,92Na0,05E110.03A14.9333V0‘0167012 sample consists of grains with
explicit grain boundaries (Fig. 8d). Moreover, particle size varies
depending on the introduced element. The smallest particles can be
observed for the sample doped with 1% of europium, ranging from 10 to
50 nm. The Y2.47Nao.5Eu0,03A15012 (Fig. 8b) and
Y2.97EU0,03Al4.95V0.05012 (Fig. 8c) samples have almost identical particle
size, which varies from 20 to 90 nm. The particle size significantly in-
creases in the range of 50-200 nm, when YAG is doped with both sodium
and vanadium ions.

3.5. Optical properties

The emission and excitation spectra were measured on spectrometer
to describe the optical properties of the obtained lanthanide-doped
garnets. Fig. 9a shows excitation spectra of cerium-doped YAG with
different stoichiometry, recorded at room temperature for the 560 nm
emission. Two broad symmetric bands can be seen, which belong to [Xe]
4f' - [Xe]5 d' transitions. According to the literature data, this is a
typical excitation spectrum of Ce>* ions, where a lower intensity band in
the wavelength range of 320-360 nm (maximum at 340 nm) belongs to
the 2F5/2 - 2D5/2 transition, and a higher intensity peak with a
maximum at 455 nm wavelength belongs to the 2F7,5 — 2Ds transition
[16]. It should be noted that the higher energy band is weaker than the
lower energy band. Scientists say that this may be caused by photo-
ionization, where higher crystal-field component of the excited [Xe]5 d!
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configuration of Ce3t is in or close to the conduction band [41].
Furthermore, the highest excitation intensity was obtained for
Y2.97Cep.03Als012  luminophore  and the lowest for -
Y2.47Nap 5Cep.03A15012 luminophore.

Fig. 9b presents the corrected emission spectra of the garnets doped
with ce3* ions, recorded under 450 nm excitation. During the emission,
the electrons of the excited state [Xe]5 d! return to the rest state [Xe]4f',
which, due to the spin-orbit interaction, is split into two levels, i.e. 2F5 /2
and 2Fy,. As a result, a broad asymmetric band is observed in the
emission spectrum at a wavelength of 530 nm, and it consists of two
strongly overlapping bands, which are attributed to the 5 d* — ?Fs 5 and
5 d! - 2F;, transitions [42]. The positions of the bands of the emission
spectra shown in Fig. 10b coincide with the characteristic emission of
trivalent cerium mentioned in the literature [2,16,42-44]. The emission
spectra show the same trend as the excitation spectra: the
Y2.97Cep.03Al5012 phosphor has the most intensive emission, and the
Y2.47Nag 5Cep.03A15012 phosphor has the lowest intensity emission.

The optical properties of compounds doped with Tb®* jons were also
studied by recording the emission and excitation spectra of the speci-
mens. Fig. 10a demonstrates the excitation spectra of terbium-doped
YAG with various chemical compositions, measured at room tempera-
ture for the 542 nm emission. Two broad excitation bands are visible in
the spectrum: a higher intensity from 250 to 295 with a maximum at
272 nm and a lower intensity from 310 to 335 with a maximum at 322
nm. The observed bands correspond to the low and high spin [Xe]4f® —
[Xe]4f’5 d' transitions of terbium(IIl) ions [1,42,45]. This is known to
be a typical excitation spectrum of Tb3* ions [1,20,42,44-46]. It was
also determined, that the Y2.97Tbg 93Al5012 luminophore has the highest
excitation intensity. The excitation intensity of Y5 47Nag sTbg 03Al5012
garnet was also high. In comparison, low and equal excitation intensity
is characteristic to Y2.97Tbg.03Als.95V0. 05012 and Ys.g9oNag osT-
bo.03Al4.9833V0.0167012 phosphors, so their spectra overlap.

The corrected emission spectra are given in Fig. 10b. These spectra
were recorded after excitation of terbium-doped samples with 272 nm
radiation. The emission peaks are narrowband and are attributed to
electron transitions D4 — ’F; and °D3 — ’F; of the Tb(III) ion [1,44].
Non-intensive transitions are observed in all spectra: 5D3 — 7F5 occurs at
wavelengths of 370-388 nm with a maximum at 383 nm, 5D3 — 7F4
(409-422 nm) with a maximum at 418 nm, 5D3 — 7F3 (430-450 nm)

Fig. 8. SEM micrographs of the Y3 97Eu0,03Al5012 (), Y2.47Nag 5E0.03A15012 (b), Y2.97E10.03A14.95V0.0s012 (€), Y2.92Nag 05EU0.03Al4.0833V0.0167012 (d) garnets syn-

thesized at 1000 °C for 2 h.
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Fig. 10. The excitation(a) and corrected emission(b) spectra of terbium-doped YAG with various chemical compositions.

with a maximum at 438 nm. In the blue region was noticed a higher
intensity 5D, — 7Fe transition (480-500 nm) with a maximum at 490
nm. The most intensive peak at 542 nm belongs to the 5D, — Fs tran-
sition, which is obtained in the green region and gives the green

emission colour characteristic to terbium(III) ions. A low intensity SDy—
7F4 transition (580-608 nm) with a maximum at 591 nm is visible in the
orange region. In the red region, a low intensity 5D, — 7F3 transition
(614-647 nm) with a maximum at 628 nm and a non-intensive °D4 —
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Fig. 11. The excitation(a) and corrected emission(b) spectra of europium-doped YAG with various chemical compositions.
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7F, transition at 662-693 nm are detected. As it is known from the
literature [1,20,42,44,45], these peaks of the emission spectra are
attributed to the terbium-doped compounds with YAG garnet structure.
In the emission spectra we see the same trend as in the excitation
spectra: Ys.97Tbg g3AlsO12 and Y 47Nag sTbg 03Als012 phosphors have
high and similar magnitude emission intensity, so their emission spectra
overlap, ~ while  Y397Tbg03Al495V0.05012 and Y2 g92Nag osT-
bo.03Al4.9833V0.0167012 luminophores have low intensity emission
spectra and overlap each other due to their similarities.

Fig. 11a shows the excitation spectra of europium-doped YAG with
different compositions, recorded under 589 nm emission. A broad band
is observed in the excitation spectra in the wavelength range from 200 to
280 nm, which, according to literature sources [5,6,17,19], is due to
charge transfer (CT) between Eut and 0%~ ions and can be described by
the following equation: Eu>* + 02~ 2 Eu?" + O~. The position of this
band depends on the coordination number of Eu®>* and the covalency of
the Eu* - 02~ bond, which is strongly influenced by the nearest Y3* or
AI®* cations [6,17]. What is more, transitions of low intensity occur in
all spectra: "Fy — °D4 (363 nm), "Fg — °Lyg and 'Fo — °Gaase
(370-390 nm), "Fy — °D3 (405 nm), "Fg — °D; (526 nm) and also low
intensity "Fy — °D, (464 nm) transition. The peak of maximum intensity
is seen at the wavelength of 395 nm, which correspond to the “Fy — °Lg
transition. The spectra of Y2_97EU0.03A15012 and Y2447N30A5EUO_03A15012
luminophores are characterized by high excitation intensity and are
similar, so their peaks overlap. It is interesting to note, that in the spectra
of these garnets the 7Fo — °Hg transition with maximum at 320 nm also
appeared. The excitation spectra of Ysg7Eugg3Alsg5V0.05012 and
Yz_92Na0_05Eu0,03A14_9833V0_0167012 garnets have very low intensity and
are almost identical, so they overlap with each other.

The corrected emission spectra of samples doped with europium ions
are demonstrated in Fig. 11b. Emission spectra were measured under
393.5 nm excitation. All obtained peaks in the emission spectra are
attributed to °Dg — 7F1,2,3,4 transitions. The magnetic dipole Do - 'Fy
transition occurs in the wavelength range of 585-596 nm with a high
intensity maximum at 588 nm and is characterized by an orange-red
colour. The electric dipole °Dy — “F, transition occurs in the wave-
length range of 606-631 nm with a maximum at 608 nm. It should be
noted that the electric dipole transitions are particularly sensitive to the
local symmetry of the crystallographic unit in which Eu®' ions are

520
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Fig. 12. 1931 CIE chromaticity diagram with points indicating coordinates for
Y2.97L00.03Al5012 (blue), Y2.47Nag sLng.03Al5012 (green),
Y2.97L00.03Al4.95V0.05012  (orange) Y292Nag osLnp.03Als.0833V0.0167012 (pink)
phosphors, where o — Ln = Ce, Aex = 450 nm, B - Ln = Tb, Aey = 272 nm, 4 — Ln
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inserted, i.e. the more symmetrical the environment of Eu®? ions, the
weaker is the intensity of the electric dipole transition [5,44,47].
Analyzing the emission spectra, we noticed that the intensity of the
magnetic dipole °Dg — ’F; transitions is higher than the intensity of the
electric dipole Dy — "Fy transition. According to the literature, in the
compounds with garnet structure, the Y>* ions occupy dodecahedral
positions with Dy point symmetry [5,11,17]. The D5 point group is very
close to the Dy, point group, which has an inversion center, i.e. high
symmetry, so the electric dipole Dy — ’F, transition in garnet-type
materials is strongly suppressed. In addition, in the red region a low
intensity 5Dy — 7Fj transition (648-655 nm) with a maximum at 649 nm
and a high intensity °Dy — ’F, transition with a maximum at 709 nm are
visible. It is interesting to note, that such intensity peaks of the °Dy — "F4
transition are only observed in garnet structure compounds and
lanthanide orthophosphates (LnPO4) [42]. The intensity of the emission
lines of Y2V97EUO_03A15012 and Y2_47N30.5EUO_03A15012 phosphors were
practically the same, so the emission spectra of these compounds over-
lapped. Meanwhile, the intensity of the emission spectra of the
Y2.97EU0.03Al4.95V0.05012 and Y.92Nag,05Eu0.03A14.9833V0.0167012 sam-
ples was lower than the before mentioned two compounds, but their
emission intensity differed little.

The tone and saturation of the emission colour of the synthesized
compounds was estimated from the chromaticity coordinates calculated
from the emission spectra in the 1931 CIE colour diagram [18]. Fig. 12
shows the CIE 1931 colour diagram with the colour coordinates of
garnets doped with cerium(IIl), terbium(III), europium(IIl) ions. From
the colour diagram, it can be seen, that the emission of Ce>" ions in YAG
garnets with various chemical compositions is in the green-yellow re-
gion of the visible spectrum, because YAG crystalline structure com-
pounds generate a strong crystalline field [14,15,17]. The colour
coordinates of Th®" ion emission in YAG with different stoichiometric
are located in the yellowish-green region of the visible spectrum. The
emission of Tb3+ ion in sz92Na0,05Tb0_03A14_9833V0.0167012 is signiﬁ-
cantly shifted towards the blue region of the spectrum compared to
other phosphors. Furthermore, the colour coordinates of
Y2 .47Nag 5Cep 03Al5012 and Y2 97Ceo.03Al4.95V0.05012 phosphors, also of
Y2_97Tb0.03A15012 and Y2497Tb0_03A14.95V0.05012 samples overlap due to
their x and y values being almost identical. The emission colours of the
phosphors doped with Ce(II) ions have high saturation because they are
close to the edge of the colour chart, where certain hues are most
saturated, while the emission colours of Tb(III) ions in YAG garnets have
low saturation because the colour coordinates of the samples are very far
from the edge of the colour diagram. In addition, it is obvious that the
colour coordinates of all Eu(Ill)-doped compounds are located right on
the edge of the CIE 1931 colour chart in the reddish-orange region of the
visible spectrum, indicating a high saturation of the emission colour.
What is more, the colour coordinates of all luminophores with europium
are very similar, SO Y2_97Euo_03A15012 and Y2_47Na0_5Eu0_03Al5012, also
Y2.97Eu0.03Al4.95V0.05012 and Ys.92Nag.0sEu0.03A14.9833V0.0167012 gar-
nets overlap. On the other hand, such a coincidence of colour co-
ordinates is not surprising, since the emission spectra of the mentioned
compounds are almost identical.

4. Conclusions

In this study, the novel Y3 .97.4Lng.03NayAls yVyO12 (Ln = Ce, Tb, Eu)
luminophores were successfully prepared by the sol-gel method heating
the obtained gels at 1000 °C for the first time. The maximum sub-
stitutions levels for both sodium and vanadium were determined, where
the formation of single phase YAG can still occur. For sodium ions, the x
can vary from 0.01 up to 1, while in vanadium case, only 0.05 can be
introduced. Finally, the suitable matrices for new luminophores were
found and doped with lanthanide ions. The XRD and FTIR results
confirmed that synthesized Yg97Lng 03Al5012, Y2.47Nag sLng o3Als012,
Y2.97L00.03A14.95V0.05012, Y2.92Nag 05L.no.03Al4.9833V0.0167012 products
are monophasic yttrium aluminium garnet compounds. Solid state 27 Al,
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Sly, 23Na MAS NMR allowed to probe and monitor the formation of
novel type garnets and the obtained data corroborated to the XRD and
FTIR data. SEM micrographs revealed that almost in all cases, the sur-
face of the obtained luminophores is porous and consists of homoge-
neously distributed irregular sphere-like shape particles, which tend to
form larger agglomerates. The photoluminescence emission spectra of
cerium doped various stoichiometric composition YAG showed the
typical Ce3" broad emission peak at ~530 nm due to [Xe]5 d' > [Xe]af!
interconfigurational electron transitions. Inserting Na™ and V°' ions
into the YAG:Ce®" matrix, the Ce3* emission intensity decreased, due to
the occurring defects. The emission spectra of Tb* doped garnets were
dominated by the lines in the wavelength range of 350-700 nm with a
maximum at 542 nm (5D4 — 7F5 transition). Inserting Na™ ions into the
YAG:Tb®" matrix did not change the emission intensity of Tb>*, while
after inserting V> ions, the Tb>" emission decreased almost 10 times.
The emission spectra of Eu>" doped garnets showed the most intense
Eu®* emission line at 709 nm, which originates from the Do » "Fy4
transition. Doping YAG:Eu®* matrix with Na * did not have any effect on
the intensity of the Eu>* emission, while doping with V°* ions, the Eu®*
emission reduced almost 9 times. It is important to note that emission of
Ce3+—doped phosphors occurs in the green-yellow spectral range, Tb3*-
doped - in the yellowish-green spectral range, and Eu>*-doped - in the
reddish-orange spectral range. To conclude, the investigated new
garnet-type luminophores are interesting compounds with novel
chemical compositions and are potential candidates for various optical
applications.
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