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Abstract: In this report, SYGO:Eu®* red phosphor have been successfully synthesized by sol-gel
method. The X-ray diffraction results show that the sample has a cubic crystal structure, belonging
to the space group la3d (230) without any doping. Scanning electron microscopy (FE-SEM)
combined with EDS was performed to determine the microstructure and elemental composition of
the fabricated phosphor. The particles are significantly agglomerated and are about ~200 nm in size.
The results of fluorescence property investigation (PLE-PL) show that, the maximum emission
spectrum at 612 nm under ultraviolet light close to 395 nm for excitation. Calculating the J-O
intensity parameters, the result is that Q is larger than Q4 which proves that the surrounding local
structure of the doped ion is asymmetric. In addition, the luminescence efficiency approximately
calculation is 70%. Phosphor SYGO:Eu®* has been fabricated which can be used as a solid lighting
material for WLED.
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1. Introduction

Over the years, in order to improve light efficiency, there were many of the research and
development of white light-emitting diodes (WLEDs) which has attracted considerable attention. This
is due to the relatively high luminous efficiency, low power consumption and reliability of WLED [1-
3]. As is known, WLED is produced using a near-ultraviolet (NUV) or blue light-converting phosphor
[4]. In particular, WLED widely used today is a combination of blue light-emitting GaN chip (450 nm)
and a mixture of yellow phosphorus (555 nm), YsAls012:Ce®* (YAG). The combination of these two
phosphors results in a high color temperature (CCT > 6000 K) and a low color rendering index (CRI <
80) which is due to a lack of red and blue emitters. Therefore, research efforts are still needed to create
WLED-applicable phosphors that meet the requirements of low correlated color temperature CCT and
high color rendering index (CRI).

Another ways to get white LEDs shows high CRI which it was injected the red, green, and blue
tricolor phosphor with the NUV chip (360-410 nm). The three-color phosphor used in this study is
Y,0,S: Eu® for red, ZnS (Cu?*, AI**) for green, and BaMgAl,O17: Eu?* for blue [5]. Y20,S: Eu®*
illustrates the information about the unstable chemical due to the release of sulfide gas is also dangerous
to humans [6, 7]. The SYGO crystal structure belonging to the garnet form is known as a material with
advanced properties such as structural, physical, chemical, and thermal properties [8-10].

Currently, there have been significant studies on the luminescence properties of phosphor
SYGO:Eu®*" which gives red emission [11-13]. However, to the best of our knowledge, the optical
properties of SYGO:Eu®* as explained by J-O theory has not been evaluated yet.

By J-O theory, it is possible to clearly explain the behavior of rare earth ions when doped into the
host lattice [14, 15]. It is a advanced analyzing the f-f absorption spectrum of Lanthan group elements.
This quantum theory allows the determination of the intensity parameters Q, (A = 2, 4, 6) of rare-earth
ions in crystal and many other physical quantities related to electronic displacement. The J-O intensity
parameters of Eu* ions in the SYGO background matrix, and the binding-related changes were also
elucidated. Besides studying the optical properties of SYGO: Eu®* phosphor, we also investigated the
structure through relevant measurements such as XRD, FE-SEM, EDS and decay time spectra.

2. Experimental
2.1. Materials

SYGO and SYGO:0.05 Eu** phosphor was synthesized by the sol-gel method. High purity input
chemicals (Sigma-Aldrich Co.) such as strontium nitrate (Sr(NOs)2), yttrium nitrate hexahydrate
(Y(NO3)s. 6H20), germanium oxide (GeO2), europium oxide (Eu20s3), citric acid (CsHgO7), and
polyethylene glycol (PEG) ((C2H40) ». H20) were weighed according to the ratio of the general formula
Sr3Y,Gez0qo.

2.2. Synthesis

Firstly, GeO, was dissolved in nitric acid solution until a homogeneous solution was obtained. Then,
de-ionized (DI) water was poured into the obtained solution to get germanium nitrate solution (solution
). Yttrium nitrate, strontium nitrate, and europium oxide are dissolved in DI water in solution Il. To
completely dissolve the two initial solutions, stir them for several times. After the chemical has
completely disolved, the solution | was added slowly to the solution 1. Then, a 16 mol of citric acid was
added to the above solution mixture (the molar ratio of citric acid to the total number of metal ions in
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the matrix is 16:1). At last, a cross-linking agent (PEG) was added, and the mixture was agitated for 1 h
to achieve a totally homogeneous solution. Furthermore, the stable metal complex mixture solution was
heat with magnetic the stirrer for about 2 h at 85 °C. The solution combination and leave it at the same
temperature for another 8 h. The solution slowly evaporates, leaving a brown wet gel. The wet gel was
initially dried at 120 °C for 24 h in ambient atmosphere then annealed at 1200 °C for 8 h to get the
phosphor samples which can be used for further analysis.

2.3. Characterizations

The crystalline phase structure of the sample was characterized by X-ray diffraction (XRD, D8
Advance, Bruker, Germany) with Cu-Ka radiation (A =1.5418 A) and (26=10-70°). The morphologies
of samples were illustrated by field emission scanning electron microscopy (JEOL, JSSM-6700 F, JEOL
Techniques, Tokyo, Japan) accompanied with an energy dispersive spectroscopy (EDS) to examine the
chemical composition. The optical properties of the Eu®* doped SYGO were tested by NANO LOG
spectrofluorometer (Horiba, USA) equipped with 450W Xe arc lamp and double excitation
monochromators were used.

3. Results and Discussion
3.1. Crystal Structure

The result of Rietveld refinement of the SYGO host lattice and SYGO: 0.05Eu* phosphor is shown
in Fig. 1. The refinement results demonstrate that the experimentally measured diffraction intensity
agrees well with the theory, and there is no significant difference between the two lines. It is clearly that
all the diffraction peaks give the detail pure cubic crystal phase of the structure’s garnet with a space
group of 1a3d (230) and match well with JCPDS # 85-2410 card. The cell parameters a=b = ¢ = 13.20,
o=p=y=90° and V = 2298.28 A3, The lattice constant a value of the SYGO host lattice (a = 13.06)
and SYGO: 0.05Eu®" phosphor (a = 13.22) was calculated based on the formula 1/d? = (h? + k? + I?) / a2
for cubic structures. The lattice constant obtained approximate values from those reported in the standard
card JCPDS # 85-2410 (a = 13.08) [12].
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Figure 1. XRD Rietveld refinement of a) SYGO and b) SYGO:0.05Eu3*.



4 N. M. C. H. P. Lan et al. / VNU Journal of Science: Mathematics — Physics, Vol. x, No. x (20xx) Xx-xx

3.2. Morphological Structure and Elemental Composition
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Figure 2. (a, ¢) FE-SEM image and (b, d) EDX spectrum of samples SYGO and SYGO:0.05Eu®**,

FE-SEM images are used to characterize the micro-morphologies of the SYGO host lattice and
SYGO: 0.05 Eu®** (Fig. 2a, c). The samples were all granular, uneven, and a few micrometers in size,
and the addition of Eu** had no effect on their morphology. Elemental mapping samples revealed no
contaminant ions in the manufactured samples, indicating that phosphorus samples have been
synthesized with high purity (Fig. 2b,d), respectively.

3.3. Photoluminescence Properties

Fig. 3a shows the PL excitation (PLE) spectra of the SYGO host lattice synthesized by the sol-gel
method. The host lattice has the maximum absorption intensity at 270 nm. This region corresponds to
the bound electron transfer absorption (CTB) in the SYGO host lattice.

Fig. 3b is the PL emission spectra of the SYGO host lattice synthesized by the sol-gel heating method
at 1200 °C for 8 h. The emission at 720 nm observed in this method can be explained by the
recombination of electron-hole pairs related to internal defects, defects of the SYGO host lattice
(intrinsic defects) or errors surface damage inherent to very high densities of nanocrystals. The origin
of this emission is thought to be due to the energy transfer from the non-agglutinating oxygen centers
(NBOHSs) to the oxygen vacancy (Vo) sites in the SYGO host lattice [16].

Fig.3c shows excitation and emission spectrum of SYGO:Eu®*. It is clearly seen that the excitation
spectrum includes peaks in the 260-500 nm range, which is attributed to the transition within the
configuration (f — f) of Eu®". Peaks in the 250-350 nm range are attributed to the charge transfer band
(CTB) [17], a series of excitation peaks at 377, 395, 414 and 466 nm mainly due to characteristic
absorption transitions of the ground state ’Fo of Eu®* ions are "Fo — %G, 'Fo — °Lg and "Fo — °Ds and
"Fo — 5D [18]. The Fig.3d illustrated emission spectra of the SYGO:Eu®* phosphors excited at 395 nm.
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The spectrum includes emission peaks around 591, 612, 646 and 696 nm due to the °Dg — ‘F1, °Do —
F,, °Do — "F3 and Do — "F4 transitions of Eu®* ions, respectively [19]. In which, the emission peak at
591 nm (°Do — F4) is the magnetic dipole transition and the peak at 612 nm (°Do — 'F>) is the forced
electric dipole transition. The decay times of the samples were monitored at 612 nm emission and the
excitation at 395 nm was measured.
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Figure 3. PLE-PL of (a,b)SYGO; (c,d) SYGO:Eu®* host lattice.

Fig. 4 shows the decay curves of phosphor SYGO: 0.05Eu®*, the decay time (1) can be calculated
by the following formula [20]: y(x) = Aexp(-x/t)
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Figure 4. Decay time of SYGO:0.05Eu®",
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where y(X) is the PL intensity at time x after the excitation light is turned off, A are the parameters
representing fractions of the normalized PL intensity, and t is the decay time. The calculation shows
that the decay time is T = 1.93 ms.

Schematic representation of photophysical processes in Eu**-doped SYGO phosphor: The energy
level mechanism for the luminescence participation process of Eu®* ions are shown in Fig.5. With an
excitation of 3950 nm, the electrons of the Eu®* ion go from the CTB state and then decay to the °Dy,
level (n=0, 1, 2...) of the Eu®* ion. Then, the electrons of the Eu** ion recombine with the hole at energies
lower than °F, (n=1-6), resulting in light.
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Figure 5. Energy level diagram of the Eu®* ion in the SYGO host lattice.
3.4. Judd-Ofelt Calculations

The emission spectra consisted of typical emission bands of Eu®* ions at 590, 612, and 699 nm
corresponding to the transition from °Dg to ’F;, namely, °Do—'F1, *Do—F>, and *Do—"F4 (Fig 3d). The
°*Do—F1 displacement with the magnetic dipole (the vibration force of magnetic dipole motion is
independent of the surrounding environment of the doped ion) and three *Do—F», 4,6 displacements for
electric dipoles (these electric dipoles are prohibited according to Laporte selection rule). According to
JO theory, the calculated oscillator strength for an induced electric dipole transition from the ground
state to an excited state.
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where m is the mass of the electron, v (cm™?) is the wave number of the transition, h is Planck’s constant,
e is the charge of the electron and n is the refractive index of the material (nsyco = 1), J is the total
angular momentum of the ground state, €2 is the J-O intensity parameters, ||U*||* are the doubly reduced
matrix elements evaluated in the term unit tensor operator A (A = 2, 4, 6). The reduced matrix elements
of Eu®* ions are shown in Table 1 [21] were applied, and J = 0 for °D, state emission. The parameters
Q7 and Q4 can be easily estimated Eq. (1) and show in Table 2. - depends on the relocation of °Do—'F.
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Q4 6 depends on °Do—'F4, ¢ shifts. However, because °Do—'Fg Was very weak, it was not observed
during the experiments. Hence, £ was ignored.

Table 1. Squared reduced matrix elements

Transition form lU?)? |U%|12 lU®))?
SDo—'F» 0.0033 0 0
SDo—7F4 0 0.0023 0
5Dy—7Fs 0 0 0.0003

Table 2. Value of the J-O intensity parameters of Eu®* in SYGO host lattice

Sample

@ (101° cm?)

Q4 (1020 cm?)

SYGO:0.05Eu®*

3.1

1.8

The J — O parameter of SYGO: Eu®" obtained is Q. > Qu, confirming the existence of covalent bonds
between Eu®* ion and surrounding ligands, as well as the asymmetry around the metal ion position. .
Referring to the parameter € 4 previously published for other oxide matrix networks such as ytrium and
germany, it is found that Q, > Q.. This again confirms that a covalent bond exists between the Eu®* ion
and the surrounding ligands.

In addition to the value Qo4, the radiation conversion rate (Agr), radiation lifetime (tr) and

luminescence branching ratio (Br) of SYGO: 0.05Eu®" materials were also determined by Eq. (2) as
shown in Table 3.

Table 3. Emission probability (Ar) values, emission cross-section (o), calculated and experimental values
of branch ratio (B), lifetime (1) and Quantum efficiency (1 = Texp/Tcal) level °Dg of Eus*.

*Do—'F; o (x 10 cm?) Bexp (%) Bea (%) Ar(sY) Texp(S) Teal(S) n (%)
*Do—'F4 0.049 0.04 0.03
DT, 79 056 0.6 6539 | 0.0019 | 0.0015 | 66.7
SDo—"F4 5.3 0.3 0.33

The values of Bea and Bexp illustrated to the displacements of Eu** ions. Of all the samples, the values
of the branch ratio fex and Bca of displacement Do—'F, were the largest. The branching rate of a given
displacement is higher than 50%, then it can be used as laser radiation [22]. In the present study, the
SYGO:0.05Eu** sample had B(°*Do—'F2) > 60% (Table 3), demonstrating that these materials have
promising applications for laser light.

4. Conclusion

We were successfully synthesized SYGO host lattice and SYGO: x mol Eu** (x=0.01-0.09)
phosphors by the sol-gel method. The phase structure of the phosphors was confirmed by Rietveld
analysis. The particle size is about 200 nm, and no impurities were detected in the fabricated material.
When excited with NUV light (395 nm), the phosphor emits red, peaking at 612 nm. Based on the J-O
theory, we have given the parameters and the result is Q2 > 4, confirming the dominant covalent bond.
Meanwhile, emission cross-section, branch ratio, and the quantum radiation efficiency of Do were
determined. This shows that Eu®* ion will occupy an asymmetric position in the SYGO host and the
quantum yield is close to 70%. This work shows an overview of the spectrum properties of Eu®* ions in
SYGO host lattice.
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