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Abstract

Novel tungstate SrLag W ,,0 ,,: xEu’* (x=0, 0.03, 0.06, 0.09, 0.12, 0.15, 0.18, 0.21) red phosphors were pre-
pared by solid state method at 1150 °C by using SrCO;, La,0;, WO; and Eu,O; as raw materials. The powders
were agglomerated with particles having mostly spheroidal morphology, mean particle size Dsy = 12.8 um and
narrow particle size distribution. With the increase of doping amount x, there is no significant difference in the
diffraction peak position of the phosphor, but the cell volume of SrLa;W,,0,, slowly decreases. The relative
strength of diffraction peaks decreases gradually and the half-peak width widens gradually, indicating that the
inclusion of Eu’* ions affects the crystallization of the SrLaW,,0,, matrix. Excitation and emission spectra of
the prepared samples were obtained. The optimal doping content has the SrLas ¢sW,;,0,: 0.1 SEu** phosphor
and is characterised with the colour coordinate of (0.652, 0.348), which is closer to the red standard colour
(0.67, 0.33) than the near-ultraviolet red phosphor Y,0,S: Ew’* (0.622, 0.351) used for commercial LED.
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I. Introduction a new and important light source in the 21% century.
. o ) . Among them phosphor conversion (PC) white LED has
Tungstate is one of the most classic inorganic lumi- 1o eived much attention. At present, the main problems

nescent materials. As earl}f as 1896, Pupin Qiscovered with white light LEDs are: i) too high costs, especially
that CaWO, could be applied for X-ray luminescence, o cost of high brightness LEDs [8], ii) very low lu-

and it was first used as an X-ray luminescence material .. o efficiency of LED [9] and iii) lack of high-
in 1906 [1]. In recent years, the application of tungstate performance fluorescent powders. Su et al. [10] pointed
activated by rare earth ion Eu®* in white LED is also out that the most prominent problem with the white
significant [2-4]. However, there are no reports on the | gy gcheme combining InGaN blue chip with YAG: Ce
preparation of phosphors with rare earth ion doping or yellow fluorescent powder is that the white LED colour
transition metal ion doping of SrLa,W,,0,. Therefore, rendering index is only 60-70, and it is difficult to ex-
SrLagW (0,9 Eu** phosphor was studied in this paper.  ceed 75. Generally, indoor lighting requires a colour

LED is a solid-state light source that has the charac-  rendering index of the light source greater than 80, and
teristics of long lifespan, low energy consumption, en-  the white light scheme combining blue LED and yel-
ergy conservation and low-carbon, no ultraviolet radia-  |ow powder mentioned above cannot be achieved sepa-
tion and no mercury pollution. At present, it has been  rately. The main reason for this result is that the propor-
widely used in various fields such as indicator lights,  tjon of red light in YAG: Ce fluorescent powder and the
displays, lighting, communication, etc. [5-7]. LED is  jntensity are low. In YAG: Ce fluorescent powder, the
red light spectral energy only accounts for 8% to 15%
of the total spectral energy, which is much lower than
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the proportion of yellow green light. Therefore, in or-
der to improve the colour rendering index of packaged
LED light sources and obtain products with appropriate
colour temperature, a certain amount of red fluorescent
powder must be added to YAG: Ce fluorescent powder
during packaging. Currently, almost all low colour tem-
perature white LED products on the market are manu-
factured using this method. However, efficient red fluo-
rescent powder has become a bottleneck in the develop-
ment of white LED [11], and currently, in the scheme of
adding RGB fluorescent powder to ultraviolet chips, the
efficiency of red, green and blue fluorescent powders has
been greatly improved, but the efficiency of red fluores-
cent powder is the lowest [12]. The development of new
red fluorescent powders is a key issue in achieving high-
performance light conversion white LED [12,13], which
also makes the development of high-efficiency red fluo-
rescent powders for LED a current research hotspot.
The reported fluorescent powder preparation meth-
ods include: solid state method [14—16], sol-gel method
[17-19], precipitation method [20,21], spray drying
method [22,23], ultrasonic spray pyrolysis method
[24,25], hydrothermal method [26,27], etc. The wet
chemical method used to prepare fluorescent powder
might have relatively good powder morphology, and the
relative brightness may be similar to that of samples pre-
pared by high-temperature solid state method. In some
systems, the relative brightness can even be comparable
to that of samples prepared by high-temperature solid
state method (in general, the relative brightness of flu-
orescent powder prepared by wet chemical method is
only 70% to 80% of that prepared by high-temperature
solid state method. However, the above methods have
the drawbacks of low production or high equipment
requirements, which are not conducive to the practi-
cal application of fluorescent powders with important
practical significance. In addition, wet chemical meth-
ods inevitably result in loss of raw materials during the
preparation process, leading to significant errors in ex-
perimental reproducibility. Therefore, in this article we
adopted the solid state method to prepare samples.

II. Experimental

The starting materials SrCO, (Shanghai Aladdin
Co. Ltd.), La,O; (Shanghai Aladdin Co. Ltd.), WO,
(Sinopharm Chemical Reagent Co. Ltd.) and Eu,O,
(Sinopharm Chemical Reagent Co. Ltd.) were weighted
according to the nominal compositions SrLa, W,,04:
xEu** (x = 0, 0.03, 0.06, 0.09, 0.12, 0.15, 0.18, 0.21).
Then they were blended in agate mortar and calcined in
an alumina crucible at 1150 °C for 2 h in air to complete
conventional solid state reactions.

Phase composition of the SrLa,W,,0,,: Eu** phos-
phors was identified by recording the powder X-ray
diffraction (XRD) patterns using X’pert PRO X-ray
diffractometer with Cu Ka; radiation (1 = 1.54056 A).
Microstructure of the samples was observed by field-
emission scanning electron microscopy (FE-SEM, SU-

xEu
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8010, JEOL, Japan). The particle size and distribution
of the powders were characterized by laser particle size
analyser (Mastersizer 3000, Malvern, UK). Excitation
and emission spectra were measured by using Hitachi F-
4500 spectrofluorometer equipped with a 60 W Xenon
lamp as excitation source. The chromaticity data were
taken by using the PMS-50 spectra analysis system. All
of the measurements were performed at room tempera-
ture.

II1I. Results and discussion

3.1. Phase composition

Figure 1 shows XRD patterns of the prepared pow-
ders with the nominal compositions SrLa, W,,0,:
3* where x = 0, 0.03, 0.06, 0.09, 0.12, 0.15, 0.18
and 0.21. It can be seen from Fig. 1 that the diffrac-
tion peaks of all samples containing Eu®* are identical
to those of the SrLaW,,0,, (PDF card No. 29-1463)
in the range of 10° < 26 < 60°. No secondary phase
diffraction peaks were detected. It is worth noting that
the relative intensity of the XRD peaks becomes lower
and the half-peak width gradually becomes wider with
the increase of Eu®* ions doping under the same prepa-
ration and testing conditions. The results indicated that
the incorporation of Eu** ions hindered the crystalliza-
tion of SrLa,W ,O,.
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Figure 1. XRD patterns of SrLa, W,,0,,: xEu™*

In order to facilitate clear comparison, XRD patterns
of the SrLa,W,,0,, and SrLas4 W,,0,,: 0.15Eu’*
samples are shown in Fig. 2. The XRD patterns of
both phosphor samples are similar to that of the
SrLa,W,,0,, phase (PDF card No. 29-1463) regarding
to peak position and relative intensity. No other diffrac-
tion peaks of any impurity phase were detected in the
XRD patterns. In addition, there is no obvious peak po-
sition shift in the XRD patterns of SrLa;,W,,0,, and
SrLa ¢sW,,0,: 0.15Eu®* samples. These results indi-
cated that the addition of Eu®* ions did not change the
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Figure 2. XRD patterns of SrLa;W,,0,, and
SrLa; s W,,0,: 0.15Eu’™ powders

Table 1. Unit cell parameters and unit cell volume (V) of
SrLa, W,,0,,: xEu**

Pt @Al bIAL c[A] VAT
0 12.2019 11.8814 11.9513 1732.56
0.03 12.0794 11.9081 12.0274 1730.06
0.06 12.1653 11.8875 11.9506 1728.15
0.09 12.1884 11.9083 11.8947 1726.43
0.15 12.1849 11.8802 11.9023 1722.88
0.18 12.2004 11.8975 11.8649 1722.16
0.21 12.1882 11.8957 11.8759 1721.81

crystal structure of SrLacW,,0,,, resulting in the for-
mation of single phase material. The cell parameters and
cell volume of the SrLa, ,W,,0,,: xEu’* (x = 0, 0.03,
0.06, 0.09, 0.12, 0.15, 0.18, 0.21) samples are given in
Table 1. In the investigated compositional range, cell
volume of the sample decreases slowly with the increase
of Eu** doping amount. This indicates that Eu** ions are
incorporated into the SrLa,W,,0,, lattice. The reasons
why the SrLa,W 0, crystal structure is not changed

with addition of Eu®* ions are the valence state of Eu®*

(-321)
123)

Relative intensity (a.u.)

and La** ions and similar radius of Eu** and La** ions
for the same coordination number [28] (when the co-
ordination number CN = 8, the radii of Eu** and La®*
ions are 0.107 nm [29] and 0.116 nm [28], respectively).
However, it can be concluded that the Eu®* doping af-
fects the crystallization of SrLa,W,,0,,, since at higher
Eu®* ion doping the diffraction peak intensity and the
half-peak width of each diffraction peak gradually in-
creases.

In order to further investigate the influence of Eu®*
ion doping on the crystal structure of SrLa;W,0,,, the
undoped SrLa,W,,0,, sample and the SrLLa; (W ,O:
0.15Eu** with the best luminescence performance were
mixed according to mass ratio 1:1 and analysed by XRD
(Fig. 3). It can be seen from Fig. 3a that the diffraction
peak corresponding to each crystal plane of the pow-
der mixture has a relatively obvious fork peak, showing
a small peak next to the main peak. In order to make
this fork peak more obvious, the diffraction peak cor-
responding to the (400) crystal plane (260 = 29.970°)
in the mixed powder is magnified (Fig. 3b). This con-
firmed that the XRD peak corresponding to the crystal
plane (400) is fork peak (Fig. 3b), and the positions of
two peaks are 260 = 30.037° and 30.122°, respectively.
This is a manifestation of the influence of doping ions
entering the lattice on the matrix lattice. It is worth not-
ing that the relative strength of the fork peak at higher
angle 26 = 30.122° is weaker than that at lower angle 26
= 30.037°. It corresponds to the gradual weakening of
the relative intensity of the XRD peaks with the increase
of Eu®* ion doping (under the same preparation and test
conditions). These phenomena confirm that Eu** ions
have doped into the matrix lattice.

3.2. Morphology analysis

Figure 4 shows SEM micrographs of the
SrLag ¢sW,,0,,: 0.15Eu* phosphor sample heated at
1150°C for 2h. It can be seen from Fig. 4 that the
sample consists of agglomerated particles which are
partially sintered during the heat treatment process. The
particles do not show obvious consistent shape (some
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Figure 3. XRD pattern of SrLagW,0,, and SrLag3sW,,0,,: 0.15Eu** mixed powder (a) and enlarged XRD pattern (b)

111



G. Feng et al. / Processing and Application of Ceramics 18 [1] (2024) 109-116

D5.3 x1.0k um

2012/07/17 10:40 N

2012/07/17 10:43 N 20 um

D5.3 x5.0k

TM3000_0413

Figure 4. SEM photographs of the SrLag 4 W,,0,,: 0.15Eu’* phosphor
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Figure 5. Particle size distribution of SrLas 3 W,,0,:
0.15Eu’* phosphor

particles are spherical) and the particle size ranged
from one to dozens of um with the average particle size
of about 13 um. The grain edges and surfaces are clear,
indicating that the sample has good crystallization and
good grain development, which corresponds to the
XRD results showing high diffraction peak intensity
and narrow half-peak width.

Figure 5 shows the laser particle size test results
of SrLag¢sW,(0,: 0.15Eu’* phosphor. The Dsy of
the SrLa, W,,0,,: xEu®* phosphor sample is 12.8 um
(Fig. 5), which is similar to the average particle size
obtained by SEM. The particle size distribution, eval-
uated by (D75 — Ds)/(Das + D7s), where Dys = 6.74 um
and D75 = 21.4 um, is relatively narrow since the corre-
sponding ratio is 0.52.

3.3. Optical properties

Excitation spectra

Figure 6 shows the excitation spectrum (measured
with light having wavelength of 4., = 610nm) of the
SrLag ¢s W ,0,0: 0.15Eu** phosphor sample, showing
an absorption band in the range of 210-280nm with
maximum at 261 nm. This absorption band contains the
following three components - ligand-to-metal charge-
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Figure 6. Excitation spectrum of SrLag ;W ,,0,,: 0.15Eu™*
phosphor

transfer (LMCT) formed by electron transfer from: (1)
0°~ to Eu’", (2) 0%~ to W® and (3) from tungstate to
Eu’* [30]. This also indicates that Eu** ions have been
doped into the SrLa,W 0, matrix lattice.

The excitation spectra also have 5 peaks at around
362,376,381,394,414 and 463 nm. The peak at 350 nm
belongs to the f-f (i.e., the intrinsic excitation peak of
Eu’" ion) excitation peak of Eu**. The two strong peaks
are located at 394 and 463 nm, corresponding to the
"Fy —» 3L¢ and "Fy — 5D, transitions of Eu’*, re-
spectively. The excitation peak at 394 nm is strong and
matches well with the emission wavelength of the near-
ultraviolet region, indicating that the sample is an ideal
phosphor for near ultraviolet LED. The excitation peak
at 463 nm matches the emission wavelength of the blue
region, indicating that the sample is also an ideal phos-
phor for the blue light LED. In addition, the excitation
peak at 362nm is attributed to the "Fy — 3D, [31]
level transition of Eu®* ion, and the excitation peaks at
376 and 381 nm are formed by the "Fy — 51, level
transition of Eu** ion [32,33]. The excitation peak at
414 nm is caused by the ’Fy — °Dj transition of Eu®*
ion [34]. In SrLa,W,,0,, matrix, the splitting of Eu;"
by "Fy — 515 level transition indicates that Eu®* is in
a distorted state in the matrix [35].
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Emission spectra

Emission spectra of the SrLag o W,,0,,: 0.15Eu**
sample (excitation wavelengths were A,, = 254, 395 and
465 nm) are shown in Fig. 7. The emission spectra are
basically consistent in terms of the peak position and
shape of the emission peak, and the difference lies in
the relative intensity of the peak. The relative intensity
of the excitation peak at 254 nm is much lower than that
of the peaks at 395 and 465 nm (which have similar rel-
ative intensities).
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Figure 7. Emission spectra of SrLa; ;s W,,0,,: 0.15Eu**
phosphor

The excitation peaks at 591 and 611 nm are attributed
to the °Dy — ’F, and Dy — ’F, level transitions
of Eu" ion, respectively. In the SrLa,W,,0,, matrix,
the >°Dy — ’F, level transition belonging to the elec-
tric dipole transition is stronger than the Dy — ’F,
level transition belonging to the magnetic dipole tran-
sition. The electric dipole transition is caused by Eu**
occupying the non-central symmetric sites in the matrix
lattice and breaking the parity selection rule [36]. The
strength of the transition depends on the symmetry of
the lattice environment. The stronger the symmetry of
the lattice environment, the weaker the strength is. The
orange light emission peak at 591 nm is attributed to the
>Dy — 'F; magnetic dipole transition of Eu®*, which
is insensitive to the symmetry of the lattice environment
[32]. The change of intensity ratio of red light emission
to orange light emission of different samples (red to or-
ange ratio) will quantitatively reflect the change of cen-
tral symmetry of the lattice environment around Eu**
ion. The higher the ratio, the lower the symmetry is. The
emission intensity of red light at 611 nm is higher than
that of orange light at 595 nm for the SrLag W ,,O,,:
0.15Eu®*" phosphor, indicating that Eu** occupies the
non-centrosymmetric site of the matrix lattice. High in-
tensity °Dy — ’F, red emission [37] is conducive to
obtaining higher red colour purity. To sum up, the en-
ergy level transition diagram at A,, = 254 nm (this wave-
length is chosen to draw the charge migration band) is
shown in Fig. 8.

To further prove that the spectra above are indeed
formed by doping Eu** ions into the SrLa W ,0,, lat-
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Figure 8. Energy level diagram of SrLag 3sW,(0,,: 0.15Eu®*
phosphor exited at 1,, =254 nm

tice, spectra of the sample with x = 0.15 without heat
treatment were tested. Whether the excitation spectra
are measured at A, = 610nm or the emission spec-
tra are measured at A,, = 254, 395 and 465 nm, there
is no obvious excitation peak or emission peak. This
further proves, to a certain extent, that Eu’* ions have
been doped into the SrLa,W,,0,, matrix lattice after
heat treatment.

In general, rare earth ions form luminous centres in
luminous materials, and the luminous intensity of ma-
terials is closely related to the doping amount of ac-
tivated ions, namely the number of luminous centres
[38]. Thus, the emission spectra of all investigated sam-
ples (SrLag W ,,0,: xEu** where x = 0, 0.03, 0.06,
0.09,0.12,0.15,0.18 and 0.21) were measured for exci-
tation wavelength of 4., = 395nm (Fig. 9). It can be
seen from Fig. 9 that under the excitation of 395 nm
wavelength, when the Eu** doping amount is x < 0.15,
the f-f emission intensity of Eu>* in the emission spec-
trum gradually increases with the increase of the doping
amount of rare earth ions. However, this trend changes
when the doping amount x of Eu' is higher than
0.15, and the emission peak intensity decreases with
the increase of doping amount. Therefore, Eu** doping
amount x = 0.15 has the strongest fluorescence emis-
sion. For x < 0.15, the number of Eu** luminescent
centres increases gradually with the increase of the dop-
ing amount of Eu’*, and the distance between the lumi-
nescent Eu®* centres becomes shorter, thus improving
the luminescence intensity. However, when the doping
amount of Eu®* exceeds a certain value, non-radiative
energy transfer between activator ions will occur, result-
ing in concentration quenching effect, which reduces the
luminous intensity and luminous efficiency. Thus, when
the doping amount of Eu®" exceeds x = 0.15, the dis-
tance between Eu’* becomes even closer, which makes
the non-radiative energy transfer to dominate. There-
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fore, the fluorescence intensity decreases with the in-
crease of the concentration of Eu** and the optimal dop-
ing amount in the SrLa, W,,0,4: xEu®* phosphor is x
=0.15.

The critical concentration of Eu** in SrLa,W ,0,,
cell (y¢) was calculated by the formula of critical dis-
tance Rgy_gu:

)1/3

where V is the volume of the original cell and N is
the number of matrix cations in the original cell. Since
the cell volume of the SrLas 4sw,,0,: 0.15Eu®* phos-
phor is 1.72288nm? (Table 1) and the critical distance
of Eu** in the Srla,W,,0,, cell is about 2.22 nm, criti-
cal quenching concentration was calculated to be 0.025.

3V

S B— 1
4 - xc N M

Rey-pu = 2(

Colour coordinate

Table 2 lists the colour coordinate values of sam-
ples with different doping amounts of Eu** ions. Dif-
ference of colour coordinate values for the samples
with different Eu’* ion doping contents is small, in-
dicating that the sample has good chrominance stabil-
ity [39]. The colour coordinates of the SrLag ;W ,,0,(:
0.15Eu** phosphor are (0.652, 0.348) which is closer to
the standard colour coordinate of red (0.67, 0.33) than
that of Y,0,S: Eu** (0.622, 0.351) [40,41]. This indi-

Table 2. Chromaticity coordinate values of
SrLag  W,0,,: xEu®* phosphors

Sample by y
StLas g;W,,0,0: 0.03Ew®  0.651  0.349
SrLag osW,,0,0: 0.06Ew’  0.651  0.348
SrLag g, W, 0,0 0.09Eu™  0.652 0.348
StLas ¢W,,0,0: 0.12Eu*  0.652  0.348
StLas ¢sW,,0,0: 0.15Eu®  0.652  0.348
SrLas ¢, W,,0,0: 0.18Eu**  0.652  0.348
SrLas oW,,0,0: 0.21Eu**  0.650 0.349
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cates that SrLag ¢cW,,0,,: 0.15Eu’* phosphor has very
high colour purity. Therefore, the phosphor of tungstate
system can be used as the red phosphor in white LED
system with three primary colours in near ultraviolet
chip. It can also be used as a complementary phosphor
to make up for the deficiency of red light components in
the commercialized InGaN blue chip plus YAG: Ce yel-
low phosphor white LED system and improve its colour
rendering.

IV. Conclusions

Novel tungstate SrLa, W,,0,,: XEu** (x = 0, 0.03,
0.06,0.09,0.12,0.15, 0.18, 0.21) red phosphor powders
were prepared by solid state method at 1150 °C for 2h
by using SrCO;, La, 05, WO, and Eu, O, as raw materi-
als. The powders were agglomerated with particles hav-
ing mostly spheroidal morphology, mean particle size
Dsg 12.8 wm and narrow particle size distribution.
XRD analyses confirmed that Eu** ions were incorpo-
rated in the tungstate lattice and there were no diffrac-
tion peaks of any impurity phase. With the increase of
Eu’* doping amount there was no significant difference
in the diffraction peak position of the phosphor, but the
cell volume of SrLa,W,,0,, slowly decreased.

The spectral analyses confirmed that the optimal dop-
ing amount in the SrLa, ‘W,,0,,: xEu®* phosphor is
x = 0.15. The excitation spectrum of SrLas ¢sW,,0,:
0.15Eu** phosphor has an absorption band in the range
of 210-340nm with maximum at 280 nm. The main
peak of its emission spectrum is 611 nm, which is the
red emission generated by the >Dy — ’F), level tran-
sition of Eu*. Therefore, the obtained tungstate can
be used as the red phosphor of white LED system
with three primary colours in near ultraviolet chip. The
SrLag ¢sW,,0,,: 0.15Eu" powder has excellent lumi-
nous intensity and luminous efficiency. The quenching
concentration is 0.025 and the critical distance of Eu**
in SrLa,W,,0,4, matrix is 2.22 nm.
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