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Abstract

The red-emitting material SrBaMo00,:0.16Eu* was synthesized by using a high-temperature solid-state method. X-ray dif-
fraction (XRD) and fluorescence spectroscopy were employed to analyze the crystal structure and luminescent properties.
The results revealed that the sintering temperature had an influence on the crystal structure of the samples, with an optimal
sintering temperature of 800°C. SrBaMo0,:0.16Eu" synthesized at 800°C for 6.5 h exhibited a pure crystalline phase of
SrBaMoO,. The luminescent intensity of the SrBaM00,:0.16Eu** sample under excitation at 394 nm was tested at different
temperatures. When the temperature reached 100°C, the luminescent intensity was 72.11% of the initial intensity, and the
temperature reached 175°C, it dropped to 35.27% of the initial intensity. The sample demonstrated efficient excitation by
blue light (464 nm), resulting the emission peak at 615 nm corresponding to the “D,-F, transition of Eu**. The luminescent
intensity of the sample was found to increase with increasing Ba>* concentration, reaching its maximum intensity when the
Ba>* doping concentration x was 0.27, followed by a gradual decreaseat excessive doping concentration, indicating con-
centration quenching. The CIE coordinates were calculated for the sample under excitation at 464 nm, revealing exhibited
the best red emission at the Ba>* doping concentration of x=0.27. Additionally, first-principles calculations were used to

determine the band structure and density of states of the sample.
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1 Introduction

Light emission plays crucial role in human existence, serv-
ing as one of the essential conditions for our survival and
development. It has emerged as a prominent field of study
in this century, and advancements in illumination have revo-
lutionized various areas of science and technology [1, 2].
To overcome these limitations, extensive research led to the
design of Light-Emitting Diodes (LEDs), which offer advan-
tages such as high efficiency, strong brightness, long lifes-
pan, low energy consumption, and environmental friendli-
ness. Solid state lighting (SSL) systems have proven to be
extremely dependable as well. In recent times, SSL systems
have effectively replaced consumption incandescent lamps
[3]. The investigation into lighting systems has resulted
in the discovery of phosphors, which are solid substances
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primarily composed of hosts and dopants. Rare earth (RE) or
small amounts of transition metal ions are typically typically
as dopants [4]. Phosphors have been identified a fundamen-
tal requirement for the generation of SSL [5-9].

Molybdate-based phosphors demonstrate exceptional
luminescent performance and stability, offering the added
benefit of facile synthesis at low temperatures. In double
molybdate phosphors, MoO,*~ adopts a tetrahedral struc-
ture, characterized by Mo®* positioned at the center and
surrounded by four 0% ionsions at the vertices [10]. After
doping Eu** into molybdate-based phosphors, it assumes an
asymmetrical position, leading to phosphors with enhanced
color rendering and outstanding luminescent properties.
Thus, they are widely regarded as optimal luminescent
materials.
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2 Experiment
2.1 Sample preparation

In this experiment, StBaMo00O,:0.16Eu’" red phosphors were
synthesized using the high-temperature solid-state method.
SrCO; (A.R.), BaCO; (A.R.), MoO; (A.R.), and Eu,04
(A.R.) were weighed according to a specific stoichiometric
ratio. The raw materials were mixed and placed in a milling
jar, and a suitable amount of anhydrous ethanol was added
according to the total sample mass. The milling jar was then
the ball mill and milled for 10 h. Subsequently, the milling
jar and the alumina balls were rinsed with anhydrous etha-
nol, and the sample was dried in an 800°C constant tempera-
ture drying oven for 4 h. The dried powder was finely ground
using an agate mortar and then placed in an alumina cruci-
ble. The sample was then sintered at different temperatures
(600 °C, 700 °C, 800 °C, 900 “C, 1000 °C) for 6.5 h to obtain
the desired samples. The optimal sintering temperature was
determined to be 800 C.

2.2 Characterization methods

The crystal structure of the samples was tested using a
Rigaku SmartLab X-ray diffractometer (XRD) from Japan.
The anode metal used was Cu, with a working voltage and
current of 40 kV and 40 mA, respectively. The scanning
range was (10-80)°. The excitation and emission spectra
of the samples were analyzed using a HORIBA Fluoro-
max-4 spectrofluorometer. All tests were conducted at room
temperature.

3 Results and Discussion

3.1 Crystal structure and XRD Analysis
of the Phosphors

Figure 1 shows the crystal structure of
SrBaMo00,:0.16Eu’" is represented.Fig. 2 shows the XRD
spectra obtained under the same sintering time of 6 h and
the same doping concentration at different sintering tem-
peratures. From Fig. 1, it can be observed that the main
diffraction peaks match well with the JCPDS No. 08-0482
standard card, with lattice constants a=b=5.3887 A
c=11.9759 A, a= B=v=90°, and space group 141/a (88)
[11]. This indicates the formation of SrBaMoO4 phase,
which belongs to the tetragonal scheelite-type structure.
The main peak position of SrBaMoO4 relatively stable
at different sintering temperatures,suggesting minimal
change in the crystal structure with varying calcination
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Fig. 1 Structure of SrBaM004:0.16Eu3 + crystal
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Fig.2 XRD spectra of SrBaMoO4:0.16Eu3 +sintered at 600°C,
700°C, 800°C, 900°C, and 1000°C respectively

temperature. From Fig. 1 and Table 1, it can be seen that at
a sintering temperature of 600°C, there are some impurity
peaks, and the main peak at around 27.7° aligns with the
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Table 1 XRD data of the samples at different sintering temperatures

Sample 20 Diffraction peak FWHM
intensity

600 °C 6h 2717 2753 0.121

700 °C 6h 2717 3413 0.16

800 °C 6h 271 4043 0.112

900 C 6h 271 3807 0.114

1000 C 6h 27.17 3378 0.118

main peak of the material obtained under high-temperature
conditions, albeit with weak intensity. The indicats poor
crystallinity and incomplete reaction under the sintering
condition of 600°C. As the sintering temperature increases,
the intensity of the diffraction peaks becomes more pro-
nounced, indicating an enhanced crystallinity of the mate-
rial. At a sintering temperature of 800°C, the diffraction
peaks reaches their maximum intensity, and the full width
at half maximum (FWHM) of the peaks is minimized.
However, further increase in temperature to 1000°C leads
to a decrease in the intensity of the diffraction peaks, indi-
cating poorer crystalline phase compared to that obtained
under the sintering condition of 800°C

The Fig. 3 illustrates the XRD analysis of
SrBaMo0,:0.16Eu*". Upon observing the XRD pattern
of the sample, it is evident that it closely matches the char-
acteristic peaks of the standard JCPDS card No. 08-0482
for SrBaMoO,, This indicates the absence of any other
impurity phases. Formation, it suggests the formation of
the tetragonal scheelite structure phase of SrBaMoO,, and
the small amount of Ba** and Eu** doping has not impact
on the crystal structure of the material. It belongs to the
I41/a (88) space group [12]. The lattice constants of the
sample are calculated and listed in Table 2. From the table,
it is observed that the lattice parameters gradually decrease
with the increase of Ba>* concentration. The grain size
was calculated using the Scherrer equation, D = KA/
PCOSO, where K is the Scherrer constant (0.89), A is the
wavelength of Cu Ka radiation (0.1540 nm), f is the full
width at half maximum, 0 is the diffraction angle, and D
represents the grain size. According to calculations, the
grain size is 5.3 ym.

Figure 4 shows the SEM images of SrBaM00,:0.16Eu**
samples sintered at different temperatures: 600°C, 800°C,
900°C, and 1000°C. It is clear from the images that the aver-
age grain size of the samples increases with higher sinter-
ing temperatures. The average grain size of the sample sin-
tered at 800°C is approximately 3.85 pm, while it increases
to about 5.3 um at a temperature of 1000°C. Temperature
plays a significant role in the solid-state reaction, impacting
the reaction and expansion capabilities of the material, thus
resulting in continuous grain growth (Table 3).
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Fig. 3 XRD spectra of StBaM004:0.16Eu3 +

3.2 Optical Properties of SrBaM00,:0.16Eu>*

Figure 5 displays the excitation spectrum of
SrBaMo00,:0.16Eu®" at a monitoring wavelength of
615 nm. Within the wavelength range of 350-550 nm,
all samples exhibit narrow absorption peaks attributed to
the 4f-4f transitions of Eu®*. Specifically, two prominent
peaks are observed at 394 nm ("F;-’Lg) and 464 nm ("F-
SD,) [13-15]. Although the positions of the excitation
peaks remain mostly consistent at different temperatures,
the intensity of the emission varies. The emission spectra

Table 2 Cell parameters of the samples StBaMo0,:0.16Eu>*

Sample Cell parameters

ad)y A c(A) v(A)
Sry71Bay ;M00,:0.16Eu®*  5.8203 5.8203 12.2012 413.32
Sty6:Bay»;M00,:0.16Eu* 54027 54027 12.1758 355.4
Sry.60Bay 1;M00,:0.16Eu®* 54863 5.4863 11.8073 355.39
Sty 45Bag 4;M00,:0.16Eu®" 59235 59235  9.6663 339.17

@ Springer



667 Page4of10

X.Chenetal.

Fig.4 The SEM of SrBaMoO4:
0.16Eu3 + sintered at a 600°C, b
800°C, ¢900°C, and d 1000°C

Table3 The CIE color coordinates of SrBaMoO,:0.16Eu**under
excitation at 464 nm

Excitation wavelength of the sample (nm) CIE Coordinates
X y
Sty 7,Bag ;;M00,:0.16Eu** 464 0.633 0.3585
St ¢.Baj ,7M00,:0. 16Eu** 464 0.6434 0.3521
Sr0.53Ba0'37MoO4:0.16Eu3+ 464 0.6174 0.3687
St 45Baj 4;M00,:0. 16EBu** 464 0.5974 0.3819
Sty §sM00,4:0.16Eu** 464 0.6305 0.3602
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Fig.5 Excitation spectra of SrBaMo0O4:0.16Eu3 +at different sinter-
ing temperatures
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Fig.6 Emission spectra(394 nm) of SrBaMoO4:0.16Eu3+at differ-
ent sintering temperatures

of SrBaMo00,:0.16Eu** under excitation at 394 nm and
464 nm are present in Fig. 6 and 7, respectively. From
Fig. 6, it is evident that the emission peaks from 585 to
660 nm consist of several sharp peaks, with the primary
emission peak located at 615 nm, which is the character-
istic emission peak of Eu**. As the sintering temperature,
the emission intensity enhances, reaching its maximum
at 800 ‘C. However, when the sintering temperature sur-
passes 1000°C, the emission performance of the sample
deteriorates. Solid-state reactions are influenced by vari-
ous factors. Firstly, the temperature affects the contact
area, surface area between solid phases, and the struc-
tural differences between the product and reactant phases.



Luminescent and thermal Stability Properties of SrBaM00,:0.16Eu* Phosphor for...

Page50f10 667

1400 -

7\.eX=464 nm

1200 |-

1000

800

600

400

Intensity (a.u.)

200

590 600 610 620 630 640

Wavelength (nm)

Fig.7 Emission spectra(464 nm) of SrBaMoO4:0.16Eu3+ at differ-
ent sintering temperatures

Additionally, temperature, crystal structure, and defects
affect the diffusion rate of ions through different phases,
particularly the product phase. Hence, sintering tempera-
ture plays a vital role in determining the rate of solid-state
reactions. From XRD Fig. 2, it can be seen that the crys-
tallinity of the sample sintered at 800°C is higher than that
sintered at 1000 ‘C. Furthermore, SEM Fig. 4 also reveals
that the average grain size of the sample sintered at 800 'C
is smaller compared to that sintered at 1000 ‘C. Gener-
ally, there is a positive relationship between solid-state
reaction and temperature; a higher temperature enhances
the reaction force and expansion force of the material,
resulting in larger thermal motion of particles and a sig-
nificantly increased self-diffusion coefficient, thus accel-
erating sintering. In conclusion, the optimal sintering
temperature for StBaMo0,:0.16Eu** material is 800 C.

Infrared spectroscopy, specifically Fourier-transform
infrared spectroscopy (FT-IR), is a crucial method for
characterizing samples and providing insight into their
structural properties. Figure 8 shows the infrared spec-
trum of the sample SrBaMo00Q,:0.16Eu’" obtained after
sintering at 800 °C for 6.5 h, as shown in Fig. 8. There
are two strong absorption bands observed: the strong
absorption peak at approximately 813.92 cm~! is char-
acteristic of the MoO42_ group in the infrared spectrum.
The MoO,>~ group consists of molybdenum ions sur-
rounded by four coordinated oxygen ions, exhibiting a
tetrahedral Mo—O symmetry with the v3 anti-symmetric
stretching vibration at 414 cm™', Furthermore, there is
a weaker absorption peak observed at 1614 cm™!, which
corresponds to the bending vibration of H-O-H, which
is a characteristic vibration of water. These observations
indicate that the sample possesses the complete crystal
phase structure of SrBaMo00,:0.16Eu’".
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Fig.8 FT-IR spectrum of SrBaMo0O4:0.16Eu3 +

3.3 The optical properties of SrBaM00,:0.16Eu>*

The excitation spectrum of SrBaMo0,:0.16Eu** monitored
at 615 nm is displayed in Fig. 9 The graph clearly indicates
that the wide excitation band ranging from 250 to 330 nm,
observed in the excitation spectrum, belongs to the ultravio-
let region. This band is primarily composed of O?~-Mo®*
charge transfer (CTB) and O*~-Eu’* charge transfer (CTB).
The sharp excitation lines in the range of 330 nm to 550 nm
belong to the near-ultraviolet to visible light region and can
be attributed to the characteristic spectral lines of the activa-
tor Eu?* in the 4f-4f transition. Among these sharp excita-
tion lines, the most prominent ones are at 394 nm, 464 nm,
and 535 nm, corresponding to the transitions 7F0—>5L6,
7F0—> 5D2, and 7F0—> 5D1 [16]. Furthermore, when the Ba>*
doping concentration is equal to 0.27, the intensity of the
excitation peaks reaches its maximum value. This indicates
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Fig.9 The excitation spectrum of StBaMo004:0.16Eu3 + monitored at
615 nm
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that SrBaMoO4:0.16Eu3Jr can be effectively excited by
464 nm visible light.

As shown in Fig. 10, the emission spectra of
SrBaMo0,:0.16Eu®* under excitation at 394 nm and 464 nm
are presented. From the graph, the emission spectra obtained
from exciting the SrBaM00,:0.16Eu>* samples at 464 nm
wavelengths exhibit identical characteristics and positions.
The emission spectra of SrBaMo00,:0.16Eu** consist of
a series of Eu** emission peaks, which are characteristic
peaks of Eu®*. The peaks observed at 611 nm and 615 nm
correspond to the °Dy—"F; J=0, 1, 2, 3, 4) transitions of
Eu’*. Specifically, the transition at 611 nm corresponds to
the magnetic dipole transition of °Dy— F,, and Dy — F,
for electric dipole transition (615 nm). From Fig. 10 it can
be observed that the emission peak at 615 nm is the domi-
nant peak, indicating the forced electric dipole transition
D, — 'F, in Eu*, suggesting the presence of Eu** occu-
pying an asymmetric center position. With an increase in
the Ba2* content, the relative luminescence intensity of the
samples reaches its maximum at 615 nm, and when the Ba**
doping concentration is 27 mol%, The lattice type remains
unchanged. The lattice type remains unchanged. However,
when the Ba** doping concentration exceeds 27 mol%,
the luminescence intensity of the material decreases. This
decease may be attributed to the inherent matrix charac-
teristics of molybdate, leading to concentration quenching.

3.4 Thermal analysis of SrBaM00,:0.16Eu>*

Thermal luminescent analysis was conducted on fluorescent
powder to gain insights into its impact on light radiation and
color rendering index. In this study, the temperature charac-
teristics of SrBaM00,:0.16Eu’" were analyzed, specifically
examining its thermal stability. The sample was excited at
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Fig.10 The comparison of the emission spectra of

SrBaMo04:0.16Eu3 + under excitation at 464 nm
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394 nm, and the luminescent intensity at 615 nm was meas-
ured at temperatures of 30 °C, 50 °C, 75 °C, 100 °C, 125 °C,
150 °C, 175 °C, 200 °C, 225 °C, 250 °C, and 275 °C. The
variation in luminescent intensity with temperature is shown
in Fig. 11(a). From the graph, it can be observed that the
characteristic emission peaks corresponding to the Dy, —'F,
and °D,— 'F, transitions of Eu®* ions can be seen at differ-
ent temperatures [17], the 5D0—>7F2 transition exhibits the
highest intensity among the observed transitions. However,
as the temperature rises, the luminescent intensity of the
sample progressively diminishes. the temperature depend-
ence is shown in the insert of Fig. 11(a). Accompany with
the temperature rises from 30 °C to 125 °C, the lumines-
cent intensity decreases rapidly, indicating temperature
quenching. However, no change in the emission spectral
peak position is observed. This phenomenon is attributed
to the increase in lattice thermal vibrations with tempera-
ture, resulting in an increased probability of non-radiative
transitions and a decrease in the luminescent intensity [18,
19]. However, the rate of non-radiative electron transitions
is also dependent on temperature to some extent. For the
SrBaMo0,:0.16Eu’" sample, when the temperature reaches
100 °C, the luminescent intensity is approximately 72.11%
of the initial intensity. At a temperature of 175 °C, the lumi-
nescent intensity decreases to approximately 35.27% of the
initial intensity. The temperature at which the luminescent
intensity decreases to around 50% of the initial intensity is
defined as the thermal quenching temperature, denoted as
T 0.5. For SrBaM00,:0.16Eu’", T is approximately 422 K.

The thermal quenching activation energy (AE) can be
determined using the Struck and Fonger model, which cal-
culates the relationship between the luminescent intensity
(I(T)) and the initial intensity (I;).

K [ .S AEN]™
el dee (55) v

According to Eq. 1, where A is the radiative decay rate of
Eu’*, S is the thermal quenching rate, By incorporating the
Boltzmann constant (KB), a constant S/A, and the activa-
tion energy of thermal quenching (AE), we can transform it
into Eq. 3.3. By calculating the results, we obtain the plot
of In[Iy/I(T)—1] against I/(KBT) as shown in Fig. 11(b),
which leads to the determination of the activation energy of
thermal quenching (AE) as 0.302 eV.
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Fig. 11 a The emission spectra
of SrBaMo004:0.16Eu3 + at
394 nm excitation wavelength
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3.5 Colorimetric analysis of the sample

(a) SrBaMoO,:Eu’

Wavelength (nm)

B Experiment data
Fitting Line data

R’=99.46%

22 24 26 28 3% 32 34 36

From Fig. 12, it is evident that the calculated color coordi-
nates of the sample, the calculated color coordinates of the
sample SrBaMoO,:0. 16Eu*t (x=0.6434, y=0.3521) are
closer to the National Television System Committee (NTSC)
standard (x =0.670, y=0.330) compared to the sample
SrBaMo00,:0.16Eu®* without Ba** doping (x =0.6305,
y=0.3602) [20]. Figure 12 also demonstrates that as the
Ba”* doping concentration increases, the color coordinates
shift towards the red region, and when the doping amount
reaches 47 mol%, the color coordinates shift back. The

UT(K

)

sample with a Ba®* doping concentration of 27 mol% exhib-
its the highest relative luminescence intensity.

4 Theoretical calculation results
and analysis

Figure 13 illustrates the calculated band structure, and
Table 4 presents the corresponding band gap values. The
band gap of SrMoQO, is determined to be 3.6817 eV, which
is in close agreement with the previously reported calculated
value of 3.59 eV. From Table 4, it can be observed that the
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Fig. 12 The color coordinate chart of the samples (where a represents
x=0.47, b represents x=0.37, ¢ represents x=0.17, and d represents
x=0.27)

Energy(eV)

Energy(eV)

doping of Eu*" in SrMoO, increases the band gap value
from 3.6817 eV to 3.7131 eV. However, the co-doping of
Ba’" and Eu’* in SrBaMoO, reduces the band gap value
from 3.7131 eV to 3.6804 eV. This decrease can be attrib-
uted to the presence of numerous oxygen defects and surface
metallic clusters caused by Ba** doping. As the grain size of
the sample increases, the crystal band gap decreases. With
the reduction in the host band gap, with the increased par-
ticipation of electrons in the emission process of Eu**, there
is an overall enhancement in the emission spectral intensity.
Additionally, as the crystal band gap decreases, electrons in
the valence band are more easily excited to the ground state,
thereby contributing to the excitation process of Eu** and
further enhancing the emission spectral intensity.

To further investigate the luminescence mechanism of
the samples, the total and partial density of states (DOS) of
the studied phosphors are presented in Fig. 14. The figure
clearly depicts a significant overlap between the O-p and V-d
states indicates the covalent nature of the bond. The conduc-
tion band is mainly composed of Mo-d states and Sr-f states
from the Fermi level, along with some contributions from
O-p states. The total and partial DOS after Eu** doping are
shown in Fig. 14. In the case of Eu-doped StBaMoO,, the
valence band is primarily dominated by O-p, Mo-d, Eu-p,

Energy(eV)

Fig. 13 a Calculated band structure of StMoO4, b Calculated band structure of StMoO4: Eu3 +, and ¢ Calculated band structure of SrBaMoO4:

Eu3 +
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Table4 Band gap values of SrMoO4, SrMoO4: Eu’*, and SrBa-
MoO4: Eu**

Material Band gap(eV)
StMo0O4 3.68
SrtMoO4:Eu** 3.71
SrBaMoO4:Eu** 3.68

and Eu-d states, while the conduction band is mainly con-
tributed by Mo-d and Sr-f states, with some additional con-
tributions from O-p, Eu-p, and Eu-d states. From Fig. 14, it
can be observed that the replacement of Ba** in the system
leads to enhanced overlapping between the Mo-d and O-p
orbitals near the Fermi level (— 5 to 0 eV), strengthening the
covalent bond. Consequently, this heightened probability of
electron transition intensifies the absorption of UV light.

5 Conclusion

Fabrication of SrBaMo00,:0.16Eu*" phosphors was per-
formed using a high-temperature solid-phase method. The
optimal conditions for preparation were investigated. Dif-
ferent concentrations of Ba>* ions were used in the synthe-
sis of SrBaMo00,:0.16Eu’" phosphors. According to CIE
calculations, as the Ba>* doping concentration increased,
the color coordinates shifted towards the red region. How-
ever, when the doping amount reached 47 mol%, the color
coordinates shifted back. The sample with a Ba** doping
concentration of 27 mol% exhibited the highest relative
luminescence intensity. The temperature characterisation
of SrBaM00,:0.16Eu’**reveals that the thermal quenching
temperature of the samples, T, ;=422 K, and the activation
energy of the thermal quenching, AE=0.302 eV. VASP cal-
culations revealed that Ba** doping resulted in a reduction of
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Fig. 14 a Calculated total density of states (DOS) and partial density of states (PDOS) for StMoO4, b Calculated total DOS and PDOS for
SrMoO4: Eu3 +, and ¢ Calculated total DOS and PDOS for SrBaMoO4: Eu3 +
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the band gap of SrBaMoO4:O.16Eu3+, leading to a redshift in
the charge transfer absorption band of [MoO4]2_. Moreover,
Ba®* doping decreased the host band gap. The high-temper-
ature solid-phase method allowed for increased participation
of electrons in the luminescent center of Eu>* ions, result-
ing in enhanced energy transfer efficiency. Density of states
calculations confirmed that Ba>* doping enhanced the cova-
lence of the Mo—O bond, thereby increasing the likelihood
of electron transitions.
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