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Abstract: Red LEDs with a high color purity and high color rendering index are often used to
compensate for the lack of red-light components in current white LEDs. Therefore, the new type
of garnet-structured high color purity red phosphor Y, ,SrA14SiO;p: xEu®* was synthesized by
the solid-state method. The band gap structure of the host matrix was studied through the DFT
calculation and found that the matrix belongs to a direct band gap structure with a band gap size of
4.535 ev. The phosphor exhibits a wide excitation spectrum under the monitoring of 710 nm. The
strongest excitation wavelength is 393 nm, and it exhibits bright red light under the excitation of
393 nm, and the emission peak positions are located at 570 nm, 597 nm, 613 nm, 650 nm, 710 nm and
748 nm, respectively, which are attributed to the 5D0%7F]~ of Eu®* (j = 0-5) electronic transitions. In
the crystal structure of Y,SrA14SiO1s, Eu®* occupies a symmetry site. The compositional changes
and thermal studies found favorable at 20% mol. At this concentration, the luminescence intensity
gradually weakened due to the Eu®* electric multi-level interaction. It is worth noting that the
emission intensity of Y,SrAl;SiOqp: 20%Eu" at 433 K can be maintained to 92% of that at 293 K.
Finally, we combined it with the NUV chip and packaged it into a red LED with a color purity of
up to 90% and a correlated color temperature of 1492 K. The high purity, low color temperature and
thermal stability indicate that it has a place in LED applications.

Keywords: garnet structure; phosphors; thermal stability; high color purity

1. Introduction

For decades, the awareness of energy saving and environmental protection has become
stronger and stronger, which requires us to constantly look for low-energy consumption
products for transformation. White light-emitting diodes have attracted much attention
due to their advantages of energy saving, environmental protection and low energy con-
sumption [1-3]. At present, the commercial white LEDs are mainly composed of blue
light chips + YAG: Ce®* yellow phosphors. Due to the lack of red-light components in
the combined white light, the color temperature is high, the color rendering index is low
and the blue-light component is so high that the white light emitted is colder, which is
harmful to the eyes. A series of problems exist. Therefore, it cannot be used in the field of
high-quality lighting. How to enhance the red-light component of WLEDs has received
extensive attention [4,5]. There are various materials for synthesizing red phosphors, such
as red phosphors based on sulfide or nitrogen oxides. The phosphors of these two sys-
tems have good luminescence properties, as in Y,0,S: Eu®* phosphors with high color
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purity [6]. However, the chemical properties of sulfide phosphors are unstable, easy to
decompose at high temperatures and sulfides pollute surroundings. For oxynitride red
phosphors, for example, SrySisNg: Eu?* [7] and CaAlSiN3: Eu®* [8] have excellent ther-
mal and chemical stability, but the preparation process is complicated and strict, which
requires high-temperature and reducing atmosphere. Nonetheless, these conditions hinder
its commercial viability. Due to these limitations, the garnet structure is considered to be
an effective host material for the fabrication of phosphors [9-11]. Garnet-structured alu-
minate phosphors have the advantages of high luminous efficiency, high thermal stability,
simple preparation and environmental protection. Using the garnet structure as the matrix,
phosphors made of different rare earth and transition elements can produce a variety of
luminescence, such as Tb3Al;01,: Eu?* [12], YAG: Ce3* [13], YAG: Dy3Jr [14] and YAG:
Mn** [15]. When sintered in air, Eu will exist in the matrix in the form of Eu®*, which is
one of the most widely used elements in red phosphor materials. At present, researchers
have carried out a lot of research on the luminescence of Eu®*. For example, Wang [16] et al.
prepared the series of CayYZr, Al301: Eu®* red phosphors, exhibiting typical red emission
at 611 nm and brightness better than commercial Y,O3: Eu®* phosphors. The fabricated
compositions have lower color temperature (4745 K) and higher color rendering index (i.e.,
86.72), which have potential applications in WLEDs electronics. Li [17] et al. prepared
the Ca,GdHf,Al301: Eu®* garnet-structured red phosphors using the high-temperature
solid-phase method. It is excited at 394 nm and exhibits a typical Eu** emission band with a
peak at 616 nm. When the temperature exceeds 200 °C, the Eu** emission intensity remains
at 70.2% of that at initial temperature (—75 °C). Based on the above studies, it can be seen
that how to improve the luminescent properties and thermal stability of red phosphors
has always been a research hotspot and aluminosilicate garnet-structured phosphors are
undoubtedly a good choice.

2. Experimental Procedures

Y,SrAlSiO;5: xEu? (x = 0.05-0.35) series of samples were synthesized by the solid-
state reaction method, with the raw materials of Y,O3 (99.99%, Aladdin), SrCOj3 (99.95%,
Aladdin), Al,O3 (99.99%, Aladdin), SiO5 (99.99%, Aladdin) and EuO (99.99%, Aladdin). The
raw materials were weighed in stoichiometric proportions, then mixed with an appropriate
amount of ethanol (95%) using an agate mortar and pestle and thoroughly ground. After
drying, the mixture was transferred to an alumina oxide crucible and then sintered in a tube
furnace by heating to 1450 °C for 10 h, followed by furnace-cooling to room temperature.
Finally, the sintered samples were completely ground into powders for characterization of
XRD and photoluminescence properties.

The crystal structure of the sintered samples was analyzed by an X-ray diffractometer
(XRD, Rigaku, Ultima IV, Japan) with Cu-Ka radiation (wavelength = 5.66 nm), operated
at 40 kV and 30 mA; where the scanning rate was 8° min~! with 20 range from 10° to
80°. The photoluminescence (PL) and photoluminescence excitation (PLE) spectra were
measured by a Spectro-fluorometer system (Fluorlog-3, HORIBA JOBIN YVON, Paris,
France) equipped with a 450-Watt Xe-lamp. The luminescence properties under different
temperatures were measured by the standard phosphor thermal quenching analysis system
(EX-1000, Hangzhou Ever Fine Co. Ltd., Hangzhou, China). The spectrum and performance
test of WLEDs devices measured using LED light, color and electricity comprehensive
testing instrument (HP9000, Hangzhou Hongpu Optoelectronics Technology Co., Ltd.,
Hangzhou, China).

3. Results and Discussion

The pure phase of YSAS: xEu®* (x = 0.05-0.35) series phosphors was characterized by
XRD, shown in Figure 1a. It can be seen that all the crystal planes (211, 400, 420, 422, 611,
640, 842, etc.) are well-matched with the standard alignment card PDF#88-2048, and no
secondary phases composed of Eu?* were detected in any of the samples, which indicated
that Eu®* was completely dissolved into the lattice of the YSAS matrix. With the increase in
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Eu3* concentration, the main diffraction peak shifts to a lower angle, which is caused by the
ionic radius of Eu®* being larger than that of Y3* [18]. Figure 1b shows the crystal structure
diagram. In the YSAS matrix, Y ions share a dodecahedral structure with Sr ions, AP* has
two coordination environments, hereinafter referred to as All and Al2, All sites occupy
an octahedral structure and Al2 shares a tetrahedral structure with Si. Since the ionic
radius and valence state (CN = 8, R = 1.066 A) of Eu* are similar to those of Y3* (CN =8,
R =1.019 A) [19,20], Eu®* can take the place of Y** and combine with eight oxygen atoms
to form a dodecahedron. For the study of the energy band structure of the matrix, we used
the density functional (DFT) method to calculate the energy band structure of YAG and
YSAS and analyzed the band gap difference between them. As shown in Figure 1c,e, the
band gap of YAG is 4.535 eV, while that of YSAS is 4.874 eV. It can be speculated that the
incorporation of Sr-Si ions will promote the increase in the band gap effect. However, both
substrates belong to the direct band gap structure because the conduction band bottom and
the valence band top are located at the G point. Further, understand the band structures
as shown in Figure 1d.,f; their total density of states and partial density of states were
calculated. From the density of states diagram, it can be seen that the top of the valence
band of YAG is mainly composed of the O 2s states, and the bottom of the conduction band
is mainly composed of the Y 4d states, Al 3s and 3p states. In the YSAS structure, the top of
the valence band is mainly composed of the O 2s states, Al 3s states, Sr 5s states and Si 3p
states, and the bottom of the conduction band is mainly composed of the Y 4d stats, Sr 3d
states and 2p and 3s states of O. These results suggest that the intrinsic absorption of YSAS
mainly originates from the charge transfer from the Al 3s states to the O 2p state.
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Figure 1. (a) YSAS: xEu®* (x = 0.05-0.35) phosphor XRD pattern; (b) crystal structure; (c) YAG band
structure; (d) density of states of YAG; (e) YSAS band structure; (f) density of states of YSAS.

In order to further study the structure of the samples, the structure was refined for
YSAS at different Eu3* concentrations by Rietveld analysis. Therefore, Figure 2a shows the
refined image of YSAS: 0.15Eu3*, and the refined data of other concentrations, further can
be referred from the Supplementary Material data. The refinement parameters are all less
than 10%, which can be considered as the reliability of the refinement results. Figure 2b
shows the change in unit cell volume and unit cell parameters. It can be seen that the
increases in Eu®* content, the unit cell volume and unit cell parameters show an upward
trend. This is because the ionic radius of Eu3* is slightly larger than that of Y3*. This also
shows that Eu>* successfully replaced the Y3* lattice site.
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Figure 2. (a) YSAS: 0.15Eu>" refined structure diagram; (b) variation in cell volume and lattice
parameters with Eu3* doping concentration.

To understand the composition of the sample spectrum, the excitation and emission
spectra of the YSAS: 0.2Eu®* sample were measured, as shown in Figure 3a. Ata monitoring
wavelength of 710 nm, the excitation spectrum exhibits a series of peak excitations from
350 to 550 nm. Among them, the peaks at 362, 381, 393, 412, 457 and 525 nm correspond
to the transitions of Eu* from “Fy—°Dy, °G,, 5L, °Dj3, °D, and °Dy, respectively [21].
The strongest peak excitation is located at 393 nm, which can be efficiently excited by the
near-ultraviolet chip. Under the most intense excitation at 393 nm, the emission spectrum
of the sample consists of a series of peak emission from 550 to 750 nm. Among them, the
sharp peaks at 578, 590, 612, 650, 710 and 748 nm originate from the electronic transition
of Eu®* from 5D0—>7Fj (j = 0-5), respectively. According to the excitation and emission
spectra of YSAS: Eu®* phosphors, the energy level transition diagram of Eu* in the host
YSAS is drawn, as shown in Figure 3b. Under excitation at 393 and 461 nm, electrons
can absorb energy transitions from the ground state ("Fy) to the higher energy 5L¢ and
5D, excited levels. Due to the presence of nonradiative transitions, the higher state of the
two energy levels to the lower °Dj energy level via a relaxation transition. Subsequently,
the electrons at the °Dy level release energy in the form of photons to return to the 7F]-
(j = 0-5) ground state. It is worth noting that >Dy—"F; of Eu®* belongs to the magnetic
dipole transition and is not easily affected by the crystal field environment around Eu3*,
while °Dy—7F, belongs to the electric dipole transition, and the emission intensity is greatly
affected by the crystal field environment where Eu®* is located. It is well-known that the
symmetry of the luminescent site of Eu*>* can be measured by the ratio of the emission
intensity (Dy—"F,)/(°Dy—"F;) (the so-called R/O ratio). If the ratio R/O is less than one,
it means that Eu®* is in symmetry surroundings. If the ratio is greater than one, it indicates
an asymmetric structure [22-24]. The phosphor YSAS in this paper: Eu3*, >Dy—’F; and
5Dy—’F, transitions are located at 597 nm and 613 nm, 630 nm, respectively. It can be seen
from Figure 3c that the R/O of all concentrations is greater than one, indicating that Eu®* is
in an asymmetric environment in the host matrix.
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Figure 3. (a) Excitation and emission spectra of YSAS: 0.2Eu®*; (b) energy level structure diagram; (c)
symmetry of Eu* in YSAS: xEu®*.

Figure 4a is YSAS: the emission spectrum of xEu®* series phosphors doped with
different Eu3*. Under the excitation at 393 nm, it can be seen that the overall luminescence
intensity first increases and then decreases, reaches a maximum at x = 0.2 and finally;
decreases due to concentration quenching. There are two main peaks in the emission
spectrum: one is the peak at 597 nm, originating from the °Dy—’F transition of Eu**, and
the other is the peak at 710 nm, originating from the °Dy—”Fj transition of Eu®*. In order
to clearly see the changes in these two main peaks, Figure 4b,c plot the changes in the
two peaks with the intensity of Eu?>* doping concentration, both of which show a trend of
first increasing and then decreasing. It reaches a maximum at x = 0.2 and then decreases
due to concentration quenching. The critical distance can be evaluated by the following
Formula (1) [25,26]:

1%

1
’ 3
<4nch>

where V represents the volume of the unit cell; X, is the critical concentration of the
activator ion; N is the number of cations in the unit cell. For the studied samples,
V = 1742.467~1742.992 A3, x. = 0.15~0.35, N = 8, the critical distances in the samples
are calculated to be 10.59~20.26 A. When the distance is greater than 5 A, the electric
multi-level interaction is effective. In addition to this, the interaction type can be obtained
from Dexter’s Formula (2) [27]:

~
~

Rc 1)

_ kK
14 B(x)5

where x is the critical concentration of Eu®*, I represents the luminescence intensity and
k and B are constants. The fitting curves of 1g(I/x) and lg(x) are shown in Figure 5 below.
The fitted slope is —0.8028, so 6 = 2.4. The obtained value of 6 is closer to 6, so the reason
for the concentration quenching of Eu>* is due to the dipole-dipole interaction.
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Figure 4. (a) Emission spectrum of YSAS: XEu?* (Aex = 393 nm); (b) luminescence intensity at 710 nm
and 597 nm; (c) linear fitting diagram of In(x) and In(I/x) of YSAS: xEu?* (x = 0.05-0.35) series
phosphors excited at 393 nm.

Thermal stability is an important property to determine whether a phosphor can be
commercialized, as thermal stability of YSAS: 0.2Eu®* phosphors is shown in Figure 5a.
Since the characteristic emission of Eu®* is linear, only a linear trend of intensity variation
can be seen from Figure 5a. In order to get more intuitively preset the percentage of intensity
relative to room temperature, Figure 5b shows that the luminescence intensity of Eu®* at
710 nm decays with the increase in temperature. It can be seen that the luminescence
intensity at 493 K can still maintain 93% of that at 293 K, indicating excellent thermal
stability. The excellent thermal stability of phosphors depends on their activation energy
AE, which can be calculated by the Arrhenius Formula (3) [28]:

Ip
1+ Aexp(#)

It = 3)

Among them, It represents the luminescence intensity at T temperature, Iy repre-
sents the initial luminescence intensity, A is a constant, K is the Boltzmann constant
(8.617 x 107> eV K!) and AE represents the activation energy of thermal quenching.
In the inset of Figure 5b, the relationship between In(I7/Iy — 1) and 1/kT is plotted, with
the negative of the slope being the desired activation energy AE, which is 0.28713 eV.
Generally, the thermal stability of phosphors is positively correlated with the activation
energy [29], so larger activation energy leads to better thermal quenching performance of
YSAS: 0.2Eu®* phosphors. In order to further analyze the thermal quenching mechanism
of phosphors, Figure 5c presents the configuration coordinate diagram. Under normal
circumstances, after the electrons in the ground state are excited at 393 nm, they transition
to the excited state °Lg and then go to °Dy through a nonradiative transition and finally,
return to the ground state through a radiative transition. With the increase in temperature,
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the excited electrons will overcome the barrier of activation energy and move to the CTB
(charge transfer band transition), and finally, return to the ground state by nonradiative tran-
sition, which weakens the emission of Eu®>*. YSAS: The CIE chromaticity diagram of xEu®*
(x = 0.05-0.35) series phosphors is calculated under the excitation of 393 nm. It can be seen
in Figure 5d that the coordinates of all samples fall in the CIE chromaticity diagram within
the red area.
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Figure 5. (a) YSAS: 0.2Eu3" fluorescence intensity in the range of 293 K—473 K as a function of
temperature (Aex = 393 nm); (b) 590 nm and 750 nm emission peak positions as a function of
temperature (Aex = 393 nm); the calculated activation energy AE of YSAS: 0.2Eu®* is shown in the
inset; () schematic diagram of simple configuration coordinates of Eu3*; (d) YSAS: CIE diagram of
xEu?* (x = 0.05-0.35) series phosphors excited at 393 nm.

Table 1 shows the thermal stability of Eu®*-doped phosphors of different materials.
It can be seen that the phosphors in this paper have great advantages in thermal stability,
indicating that they have certain application prospects in the field of high power and
high brightness.

Table 1. Thermal decay of Eu®* phosphors in various compositions.

. Thermal Decay Temperature
Materials Ratio (%) ) AE (eV) Ref
Y3Al501 85.2 303—423 0.207 [30]
LisLa3TipO1p 75 293423 0.42 [31]
CaTiO3 70 293423 0.28452 [32]
LisLazTapO12 63 293—423 0.20 [33]
SrpLaNbOg 62.99 303—423 0.25 [34]
CapYTaOq 61 303—423 0.13 [35]

YSAS 92 293—433 0.28713 This work
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The corresponding CIE color coordinates are shown in Table 2. YSAS: xEu®>* phos-
phor can display bright red light under the excitation of 393 nm. The CIE chromaticity
coordinates (0.6390, 0.3606) of Y;.gEug2SrAl;SiOq; phosphor are very close to the ideal
red-light coordinates (0.670, 0.330). The corresponding color purity can be determined by
the following Equation (4) [36]:

V=) + (- )
\/(xd — )2+ (v — i)’

Color purity = x 100% 4)

Table 2. YSAS: CIE coordinates and CCT of xEu3* (x = 0.05-0.35) series phosphors.

X CIE (x, y) Color Purity (%) CCT (K)
0.05 (0.6247, 0.3748) 87.8 1902
0.1 (0.6289, 0.3706) 88.7 1974
0.15 (0.6318, 0.3678) 89.4 2030
0.2 (0.6346, 0.3650) 90.0 2092
0.25 (0.6359, 0.3637) 90.1 2123
0.35 (0.6390, 0.3606) 91.0 2204

Among them, x, y represent the CIE chromaticity coordinates of the sample; x;, y;
represent the CIE chromaticity coordinates of white illumination (0.310, 0.316); x4, y; corre-
spond to the color coordinates of the dominant wavelength (0.6747, 0.3251); the calculated
color purity shown in Table 2, the results show that the phosphor has high color purity.
The relevant color temperature can be calculated from the following Equation (5) [37]:

T = —437n° 4 36011 — 6861n + 5514.31 (5)

Among them, the calculation method of 7 is as Equation (6):

L X033 ©

~ y—0.1858

By calculation, the relevant color temperatures are shown in Table 1. It can be seen
that the calculated color temperature is lower, all less than 2300 K. It shows that the
YSAS: Eu®* series phosphors can not only emit warm white light, but also have a lower
color temperature.

Figure 6a shows the emission spectrum of the LED produced by YSAS: 0.2Eu®* phos-
phor combined with NUV chip, driven by a current of 20 mA. The inset shows the appear-
ance of the LED with and without the current applied. It can be seen that by applying a
current of 20 mA, the LED emits a bright red light. In addition, the color temperature of
this LED is CCT = 1492 K, which can be further combined with commercial green phos-
phors to make white LEDs with lower color temperature. Finally, Figure 6b shows the CIE
coordinates of the red LED device. It can be seen that the coordinates are (0.4899, 0.2882),
which is at the red light position.
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4. Conclusions

A series of YSAS: xEu®* (x = 0.05-0.35) phosphor compounds were prepared by a
solid-phase method, and the refined data indicated that Eu3* successfully occupied the Y3*
site. Under the excitation of 393 nm, the sample exhibits a typical Eu*>* emission band, and
the transition mode of each peak emission is studied in detail. Concentration quenching
occurs due to the dipole-dipole interaction that occurs between Eu®*. The relevant color
purity was calculated by the CIE chromaticity coordinates diagram, which can reach 91%
at x = 0.35. The emission intensity at 433 K remains at 92% of that at 293 K. The LED is
encapsulated by combining with NUV chip, and the performance shows CCT = 1492 K,
indicating that it can be a potential red phosphor for making white LED.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12101382/s1, Figure S1: (a)—(f) are the refined structures
of YSAS: xEu®*(x = 0.05-0.35) phosphors, respectively; Table S1: Refinement results of YSAS:
xEu3*(x = 0.05-0.35) phosphors.
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