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ABSTRACT: A novel reddish-orange-emitting Ba-
La,Si,Sg:Eu®* thiosilicate was prepared in a sealed fused silica
ampule and its crystal structure was refined using Rietveld
methods. The Bala,Si,Sg:Eu** phosphor is excitable over a
broad range from UV to blue (350—450 nm) and generated a
reddish-orange broadband emission peaking at 645 nm with a
quantum efficiency of ~24%. The thermal luminescence
quenching of BaLa,Si,Ss:Eu** was investigated over the
range 25 to 150 °C. This phosphor was utilized to incorporate
with two commercially available phosphors, blue BaMgA-
1,00;7:Eu* and green (Ba,Sr),Si0,:Eu*’, and a near-UV LED
chip (405 nm), a white light with Ra of ~94 was obtained.
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n recent years, new red-emitting phosphors for displays and

lighting have attracted much attention, because red light is
essential in generating high color rendering index (CRI) and
achieving lower correlated color temperature (CCT) warm
white light for general lighting applications.'™ In the
generation of a broad red emission with good color purity,
Eu?* and Mn** have been widely studied.>® The luminescence
of Eu**-activated phosphors could be excited over a broad
range from the ultraviolet (UV) to near-ultraviolet (near-UV)
regions and could be tuned from UV to red spectral regions.
The intense broadband excitation and emission were attributed
to the dipole-allowed 4f—5d electronic transitions of Eu*" ions.”
On the other hand, phosphor materials including inorganic
silicate compounds have been studied for use in various light
sources and displays. Up to now, silicate, silicon nitride, silicon
oxynitride, and thiosilicate materials have been reported.'™'®
Particularly, thiosilicate materials exhibit the advantage that a
relatively low synthetic temperature and various luminescence
wavelengths have been reported.">™>' The emission of
thiosilicate hosts doped with Ce®" and Eu*" covers the entire
range from blue (Ba,SiS,:Ce’"), green (Ca,SiS,:Ce’"), yellow
(Eu,SiS,), to red (Ca,SiS,:Eu*")."*"'8?! The thermal quench-
ing is limited for thisilicate materials, for examples, Ca,SiS,:Eu’*
retains 50% emission intensity at 200 °C," and Ba,SiS,:Ce®*
keeps 80% emission intensity at 150 °C compared to the room-
temperature case.'” It appears that thiosilicate materials can be
a potential candidate for white LEDs.

In our previous work, a novel cyan-emitting Ce*'-activated
Bal.a,Si,Sg thiosilicate phosphor has been studied.*” In this
research, we concentrate on the luminescence properties of
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BaLa,Si,Ss:Eu** thiosilicate phosphor and explored its potential
to serve as a new phosphor-conversion material for solid-state
lighting. Polycrystalline powder samples of (Ba,_,Eu,)La,Si,Sg
(0.005 < x < 0.05) was prepared by employing a solid-sate
reaction in a sealed fused silica ampule. Detailed experimental
methods are provided in the Supporting Information.

The Rietveld analysis was accomplished to verify the purity
of the phase and to acquire the detailed crystal structure
parameters of (BagggEug0,)La,S1,Ss. The single-crystal structure
data of La,PbSi,Sg** (ICSD No. 260733) were used as
reference for a reliable approximation of the real crystal
structure. There was no charge compensation issue for both
Eu®" and Ba®* ions were of the same ionic charges, and the
ionic radii (the coordination is 8) of Eu** (rg,2 = 125 pm) and
Ba®* (ry, = 142 pm) ions were also similar.”” According to the
mentioned reason, Eu** ions were incorporated in the Ba®" sites
of BaLa,Si,Sg. Figure la shows the SXRD patterns of as-
synthesized polycrystalline (BayggEug0,)L,5i,S, and the results
were refined by using the GSAS software.”*** The final
expected R-factor (R,y,) and the weighted profile R-factor (R,,)
converged to 9.76% and 6.62%, respectively, which revealed the
nice quality of the refinement.”® BaLa,Si,S; is isostructural with
PbR,Si,Ss (R =Y, La—Nd, Sm, Gd—Ho) crystallizing trigonally
in space group R3¢,”° in which a mixture of La and Ba atoms
have one crystallographic position and randomly occupy at a
single site (18e).
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Figure 1. (a) Observed intensities (cross), calculated patterns (red
line), Bragg positions (tick mark), and difference plot (blue line)
SXRD profiles for Rietveld refinement results of (BagosEuqg,)La,Si,Ss.
(b) Unit-cell crystal structure representation of (BaggsEug0,)L2,51,Sg,
and the coordination environment around Ba/LaSg (Ba/La/Eu atom,
green sphere; S atom, yellow atom; Si atom, white sphere).
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Moreover, the chalcogen atoms and the Si atoms fully
occupy at two sites (12¢, 36f) and one site (12c), respectively.
The crystallographic data and the selected atomic distances are
summarized and available in the Supporting Information (Table
S1 and S2). As shown in Figure 1b, the crystal lattice of
(BaggsBugg,)La,Si,Sg is composed of [SiS,] tetrahedral and
bicapped trigonal prisms of [(1/3Ba + 2/3La)Sg], which are
mutually connected by edges and corners.”® The coordination
polyhedron of Ba/LaSg consists of eight S and one Ba/La
atoms situated at the center of the bicapped trigonal prism with
a coordination number (CN) of 8.

The diffuse reflection spectra of as-synthesized polycrystal-
line BaLa,Si,S; and (BagesBugg,)La,Si,Sy are presented in
Figure 2. For the Bala,Si,S; host, the diffuse reflection (DR)
spectrum exhibits a high reflection in the wavelength range
from 500 to 800 nm, and its reflection intensity decreased in
the wavelength region from 250 to 500 nm. When 2 mol %
Eu** is introduced into the BaLa,Si,Sg host lattice, a notable
reduction of reflectance ranging from 250 to 450 nm was
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Figure 2. (a) Diffuse reflection (DR) spectrum of BaLa,Si,S, host. (b)
DR spectrum, PLE spectrum (A, = 645 nm), and PL spectrum (1, =
405 nm) of (BagggBug0,)La,S1,Sg. The insets show photographs of the
prepared phosphor taken under normal light (left) and 365 nm UV
light (right).
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obtained, which means the absorption is enhanced. A typical
excitation/emission spectra of (BaggsEug0,)La,51,Sg is repre-
sented in Figure 2b. The excitation spectrum of (BagggEuq,)-
La,Si,Sg shows broad absorption ranging from 250 to 500 nm,
which matches well with the emission of near-UV LEDs,
making (BagosEuyg0,)La,51,S; interesting for solid-state lighting.
In addition, the reddish-orange emission of the phosphor was
assigglsed to the parity-allowed 4f°5d' — 4f transition of Eu**
ions.

The excitation and emission spectra of (Ba;_,Eu,)La,Si,Sg
(0.005 < x < 0.05) are shown in Figure 3. With an increase of
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Figure 3. (a) Excitation spectra (4., = 645 nm) and (b) emission
spectra (1, = 405 nm) of (Ba,_Eu,)La,Si,Ss (0.005 < x < 0.05).

Eu?t dopant concentration, the maximal emission wavelength
shows a slight redshift; in contrast, the excitation spectra remain
almost the same. Meanwhile, the optimal Eu** concentration is
observed to be x = 0.02 (ca. 2 mol %) for the critical
concentration (x_), from which it can be utilized to discuss the
concentration quenching caused by the energy transfer
mechanisms, such as multipole—multipole interaction, ex-
change interaction and radiation reabsorption.”” For the critical
energy transfer distance (R.), the following expression can be
described. 33!

1/3
3V
Anx N ] 1

where V is the volume of the unit cell; x, is the critical dopant
concentration; N represents the number of total Eu?* sites in
the unit cell, respectively. In this case, V = 1990.49 A® x_ = 0.02
(ca. 2 mol %), and N = 6. As a result, the R_ of Eu®* was
calculated to be 31.64 A. Because the excitation and emission
spectra do not overlap very well and generally the exchange
interaction occurs in forbidden transition (the R. is usually
around S A). According to the Dexter theory, the nonradiative
concentration quenching between two nearest Eu** centers can
be speculated to take place via electric multipolar interactions.**

The decay curve of (BagggEugo,)La,5i,Sg phosphor moni-
tored at 645 nm under pulse laser excitation at 355 nm, as
shown in Figure 4. As, a result, it was found that Eu?* 4£°5d! —
4f” emission decays exponentially with lifetime ~0.3656 us and
similar to that usually observed (0.4—1.2 ys).>> The measured
decay lifetime value can be described by using the first-order
exponential equation.**

—t
I=lew (7) @

where I represents the luminescence intensities at time ¢, I; is
the luminescence intensities at time zero, and 7 represents the
decay lifetime.
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Figure 4. Decay curve of (BagggEuy0;)La,S1,Sg phosphor under 35§
nm excitation and monitored at 645 nm.

The internal quantum efficiency (IQE) of (BagosEugo,)-
La,Si,Sg was calculated to be ~23.73% under excitation at 405
nm. The obtained IQE can be further improved by
optimization of preparation conditions. Furthermore, the
temperature dependence of PL spectra for (BagggEugp,)-
La,Si,Sg under excitation at 405 nm over the range 25 to 150
°C were investigated and illustrated in Figure 5. The PL
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Figure 5. Temperature dependence of PL spectra for (BaggsEuy,)-
La,Si,Sg under excitation at 40S nm over the range 25—150 °C. The

higher right inset represents the In(I,/I-1) versus 1/kT plot and the
calculated activation energy (E,) for the phosphor.

intensity of (BagoegEugg,)La,5i,S is diminished at high
temperature compared to that discovered at room temperature
for the reason that increasing temperature may increases the
population of higher vibration levels, the density of phonons,
and the probability of nonradiative transfer.>> To verify the
origin of the temperature dependence PL intensity I(T), the
activation energy (E,) is related to the Arrhenius equation.

I(T) = #

1+ Aexp(—f—;) 3)

where I, and I(T) are the integrated PL intensity at room
temperature and testing temperature (25—150 °C), respec-
tively, and k is the Boltzmann constant. The value of E, for
(BagggFugg,)La,Si,Ss was estimated to be 0.2819 eV, as
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indicated in the higher right inset in Figure S. Recently, orange
to red-emitting phosphors have been widely researched. For
comparison, the luminescent properties of BaLa,Si,Sg:Fu’*,
Ca,SiS,;:Eu**, and SrS:Eu’* are given in the Supporting
Information (Table $3).'*'%%73% It can be found that the
full width at half-maximum (fwhm) of BaLa,Si,Sg:Eu®" is more
than 170 nm (58,823 cm™) broader than the others, which
implies that a higher CRI value may be obtained when
incorporated into pc-WLEDs. On the basis of the thermal
luminescence quenching results, the stability of thiosilicate is
comparable to that of binary sulfides.

To demonstrate the potential application of (Ba,_,Eu,)-
La,Si,Ss, the (BagggEugg,)La,Si,Sg phosphor was incorporated
into a pc-WLED device driven under forward bias current 350
mA with commercially available blue-emitting BaMgA-
1,00,,:Eu**’ phosghor, commercially available green-emitting
(Ba,Sr),Si0,:Eu*** phosphor, and a 405 nm near-UV LED
chip. The EL spectrum of this pc-WLED device is shown at
Figure 6a, and the whole visible spectral region could be
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Figure 6. (a) EL spectrum of the device using 405 nm LED chip with
blue-emitting BaMgAlmO”:Eu2+40 phosphor, green-emitting
(Ba,Sr),Si0,:Eu”**" phosphor, and red-emitting BaLa,Si,Sg:Eu**
phosphor. The inset shows the corresponding LED device photo-
graph. (b) CIE chromaticity coordinates of the used phosphors and
the fabricated LED are presented. The insets show the used phosphor
photographs recorded under 365 nm excitation.

obtained when excited by the near-UV LED. The correspond-
ing CCT, CRI, and CIE chromaticity coordinates (x, ) of this
pc-WLED device was found to be 5241 K, 93.73, and (0.3382,
0.3475), respectively, as illustrated in Figure 6.

In summary, we have prepared and investigated the novel
Eu®*-doped thiosilicate phosphor with compositions of
(Ba,_,Eu,)La,Si,Sg (0.005 < x < 0.05) for the first time. The
crystal structure, luminescence performance (ie, PL/PLE
intensity, chromaticity, IQE), decay lifetime, thermal lumines-
cence property, and performance of white LED device were
investigated and presented. The studies indicate that this novel
reddish-orange phosphor is a potential candidate for white
LED, especially for the generation of warm white light.
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