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Article history:

The photoluminescence behavior of a high efficient red phosphor GdsB(W,Mo)0q:Eu>* designed accord-
ing to crystal structure and electronic structure is presented in detail. The substitution of isolated WOg
group by MoOg makes the absorption band edge extend from 360 nm to 440 nm, as designed to fit the
excitation of near ultraviolet (NUV) LED chip, which could be interpreted by the density functional theory
calculations. The extreme low symmetry (C;) of Eu**(Gd®") site enables Eu>* ion to show dominant
electronic dipole transition *Dy — ’F, (~616 nm) with five apparent splitting peaks according to group
theory, which is almost 10 times stronger than that of commercial Y>0,S:Eu* upon ~385 nm excitation.
The outstanding thermal stability of photoluminescence of this phosphor up to 523 K may probably be
owed to the energy transfer from isolated MoOg groups to the well-dispersed Eu** ion separated by
BO3 groups. The performance of NUV white-LEDs package fabricated with a blue, green and this red phos-
phor is also demonstrated. It shows high color stability of the white light (CIE coordinate (0.320, 0.349),
CCT 6031K, at 20 mA) under the DC drive current varied from 20 mA to 350 mA, verifying the potential
application of the red phosphor in tri-color phosphors coated white-LEDs.
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1. Introduction

White LEDs (w-LEDs), considered as the next generation for gen-
eral lighting, have attracted much attention because of their unique
advantages, for instance, high color rendering index, long lifetime,
low power consumption, and environmental friendliness [1-4].
Remarkable progress has been made in the development of w-LEDs
with blue LED chip coated with yellow phosphor, while for that
assembled using a near ultraviolet (NUV) LED chip with tri-color
phosphors, which is viewed as a more promising approach to have
a better white light performance, is less investigated [3-5]. Some
phosphors are selected for NUV w-LEDs application, for instance,
BaMgAl;(0;7:Eu?* as blue phosphor, ZnS:Cu*,AI** as green phos-
phor, and Y,0,S:Eu®* as red phosphor [6]. However, the red phos-
phor Y,0,S:Eu" could not efficiently absorb NUV (370-400 nm)
light emitted by NUV LED chip, resulting in low emission efficiency
of this red phosphor and blocking the development of NUV w-LEDs
[7,8]. Therefore, it is very urgent to develop new efficient red
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phosphors for NUV w-LEDs [9-11]. Red phosphors with efficient
absorption of the NUV light and emitting light at 610 nm are con-
sidered the best choice for a light source with respect to luminous
efficiency and color rendering [8,12,13]. Recent theoretical analysis
has shown that four narrow emitting sources at 459 nm, 535 nm,
573 nm, and 614 nm, respectively, are needed to obtain high lumi-
nous efficiency, high color rendering index and low correlated color
temperature [14]. Particularly the red phosphor emitting 610-
620 nm with FWHM less than 20 nm is highly desirable [14,15].
For this, Eu>" ion is the perfect and unique choice. Moreover, the
temperature dependence of photoluminescence is also significant
since it has great influence on the light output. Meanwhile, color
rendering index of phosphor-coated w-LEDs is also influenced by
temperature, which is a significant issue for device application
since the w-LEDs devices radiate much heat [16].

Compounds with the MO, group (M is a high valence dg ion),
such as vanadates, molybdates, tungstates, are widely used as
hosts for Eu**-doped red phosphors. These hosts could efficiently
absorb UV light through the charge transfer state (CTS) of MOy
group and easily transfer the absorbed energy to Eu®* for red
emission. Tungstates widely attract people’s interests due to its
high melting point, excellent thermal stability and excellent
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photoluminescence properties [17-21]. It is reported that
EusBWOg borotungstate exhibits attractive red emission perfor-
mance [7]. While it shows sharp line-shape excitation characteris-
tic in the NUV region, which is not desirable for those NUV LED
chips produced by different corporation or different manufacturing
batches with different emitting wavelengths. The charge transfer
band (CTB) of isolated WOg group in EusBWOg locates at about
270-330 nm, and the substitution of WOg group by MoOg group
would tune the CTB of the borotungstate to the desired NUV region
as demonstrated in other cases [8,15,22-25]. To avoid the use of
expensive and highly concentrated Eu* ions, Gd;BWOy is utilized
as phosphor host. The well-defined single site of the cations
(Gd3*/Eu>* B> W) [ 7,26] makes it easier to discuss the relationship
between the structure and photoluminescence properties, which
would open a perspective to design novel red phosphors. This work
will give insight into the crystal structure-electronic structure-
photoluminescence behavior of Gds;B(W,Mo)Og:Eu* and its
performance in the fabricated w-LEDs application.

2. Experiment
2.1. Sample preparation

Nominal Gdy94BW; 40o:xM0°®",0.06Eu>" (x=0-0.4) and Gds_ ,BWqge0o:
0.20Mo®*,yEu>* (y = 0.06-1.20) powder samples were synthesized through a high-
temperature solid-state reaction technique. The starting materials were MoOs (ana-
lytical reagent, A.R.), Euy05(99.99%), Gd,03(99.99%), WO3(A.R.) and H3BO3(A.R.).
The stoichiometric amounts of the starting materials according to nominal formu-
lae Gd;94BW;_,09:xM0®*,0.06Eu** (x = 0-0.40) and Gds_,BW( 904:0.20Mo®*,yEu**
(y = 0.06-1.20) were mixed and ground thoroughly in an agate mortar. The mixture
was firstly preheated at 500 °C for 5 h, then at 1100 °C for 10 h to eliminate the
evaporation of MoOs, and finally fired at 1200 °C for 10 h to form the single-phased
GdsB(W,Mo0)0g in a muffle furnace with several intermediate grindings. In here
3 mol% excess of H3BO; was added as flux to accelerate the reaction.

2.2. Characterization

Phase identification of the obtained products were analyzed by means of a Phi-
lips PW1830 X-ray powder diffractometer (XRD) using graphite monochromator
and Cu Ka (/4 =1.54056 A) radiation at 40 kV and 40 mA. XRD data for refinement
were collected on a Bruker D8 ADVANCE X-ray diffractometer with Cu target and
Ni filter. The step-scan mode was used with setup of 40 KV x 40 mA, step 0.01°,
0.2 s/step. Rietveld refinement was conducted by TOPAS-Academic program. Dif-
fuse reflection spectra were measured on Hitachi U-3010 spectrophotometer with
BaS0O, as a reference. Theoretical calculations based on density functional theory
(DFT) were conducted by the Vienna ab initio simulation package [27] with the fro-
zen-core projector-augment-wave (PAW) method [28]. The generalized gradient
approximation [29] and 2 x 1 x 3k points were employed in the calculations. The
energy cutoff of the plane wave basis was set to 450 eV. The convergence criterion
for the electronic energy was 10~*eV and the structures were relaxed until the
Hellmann-Feynman forces were less than 0.02 eV/A. The excitation and photolumi-
nescence (PL) spectra were recorded on the Jobin-Yvon TRIAX320 spectrometer
equipped with a 450-W xenon lamp as the excitation source and a Hamamatsu
R928 photomultiplier tube as detector. The temperature-dependent PL spectra
were measured on the same spectrofluorimeter equipped with an additional TAP-
02 High-temperature fluorescence instrument (Tian Jin Orient-KOJI instrument
Co., Ltd.). Decay curves were recorded on an Edinburgh FLS920 spectrofluorometer
with a pF900 flash lamp as the excitation resource and a thermo-electronic cooled
red sensitive Hamamatsu R928 photomultiplier tube as detector. NUV w-LEDs were
fabricated by coating proper amounts of red phosphor of GdsB(W,Mo)0g:Eu®*, a
green phosphor of BaMgAl;(0,7:Eu?*,Mn?* (Lab-prepared) [30] and a blue phosphor
of alkaline earth chloroborate (Lab-prepared) [31] on an NUV LED chip (~385 nm,
EP-U4545K-A3) as the primary light source. The commercial Y,0,S:Eu phosphor
(REO-1, Dalian Luminglight Co., Ltd., China) is used for the comparison with the
as-prepared GdsB(W,Mo)Og:Eu®* phosphor. The optical properties of w-LEDs were
performed by YF1000 lamp complete analysis system under a forward-bias current
of 20-350 mA at room temperature (RT).

3. Results and discussion
3.1. XRD patterns and crystal structure

Some typical XRD patterns of Gd,g4sBW;_,09:xM0®",0.06Eu>*
(x=0, 0.10, 0.20, 0.40) powder samples are demonstrated in

Fig. 1. The standard card of GdsBWOg (JCPDS 50-1859) is also given
for comparison. The XRD pattern of Gd,¢sBWO4:0.06Eu>* sample
(red curve) agrees well with the standard card of GdsBWOg (black
curve) in Fig. 1, indicating that the samples is single-phased and
the crystal structure is not significantly changed when the dopant
ions incorporate into the host. Owing to the similar radii and the
same electrovalence for Eu>* and Gd**, we deduce that Eu®>* ion
substitutes for Gd3* ion in the host. The XRD patterns of
Gd.94BW;_,09:xM0°%*,0.06Eu>" (x=0.10, 0.20) (magenta curve,
cyan curve) powder samples are also consistent with the standard
card of Gd3BWOyq (black curve). While for the sample with high Mo
content x=0.4, additional peaks of impurity phase (Gd;MoOs,
JCPDS file 26-0656) appear. The result suggests that the W-Mo
solid solution range x in this phosphor is no larger than 0.40. To
investigate the crystal structure, the Rietveld refinement of XRD
pattern of Gd,g4BW¢g009:0.20M0%",0.06Eu>* was performed (see
Fig. 2), and the results are listed in Table 1. This compound has a
space group of P6;, with lattice parameters of a=b=8.5571A,
c=5.4079 A, and cell volume of 342.93 A3, Every cation has only
one crystallographic site, and the Gd/Eu site has an extremely
low symmetry C;. The isolated (W/Mo)Og groups and the isolated
BO; groups with dispersive Eu>* ions are arranged along Cg rotation
axis (c axis), as depicted in Fig. 3.

3.2. Diffuse reflection spectra, electronic structure and
photoluminescence behavior

Diffuse reflection spectra of Gdjo4BW;_4O9:xM0®*,0.06Eu>*
(x =0, 0.05, 0.10, 0.20, 0.25) phosphors are shown in Fig. 4. It can
be seen that Gd,4BWO4.0.06Eu®>" has a strong absorption band
in the range of 240-360 nm, which is mainly ascribed to the CTS
of WOg group [8,15,22-25]. With the increase of Mo content x,
the absorption band gradually shifts to the long wavelength, reach-
ing a maximum value of 440 nm when x = 0.20. Apparently, the
redshift is owing to the CTS of MoOg group [8,15,22-25], and the
gradual redshift implies there is interaction among MoOg groups
[24]. To make better understand of this redshift, DFT calculations
of electronic structure of Gd3BWOg and Gd3BWqggMo0g 2009 Were
conducted and their band structures are depicted in Fig. 5(a) and
(b), respectively. It is clear that some defect levels are formed in
the band gap of Gd3BWj ggMog 2009 compared to that of Gd;BWO,,
which could be responsible to the redshift shown in Fig. 4. The
partial density states, as shown in Fig. 5(c), indicate that the defect
bands are attributed to the incorporation of Mo, in line with the
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Fig. 1. XRD patterns of the Gd, g4BW;_409:xM0%*,0.06Eu>* (x =0, 0.10, 0.20, 0.40)
series. For comparison, the standard card of Gd;BWOq (JCPDS 50-1859) is also
presented.
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Fig. 2. The experimental (blue dotted line) and calculated (red solid line) XRD patterns and their difference (gray solid line). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Table 1
The crystallographic data of the sample from the Rietveld refinement results.
Compounds Gd3B(W,Mo0)0g
Space group P65
a (A) 8.5570(9)
¢ (A) 5.4078(9)
Cell volume (A3) 342.93(4)
Rwp 3.68%
Atoms Wyckoff position X y z Site symmetry
Gd/Eu 6¢ 0.3579(9) 0.0828(8) 0.2118(8) G
W/Mo 2b 0.3333(3) 0.6666(7) 0.2500(0) Cs
B 2a 0.0000(0) 0.0000(0) 0.7800(0) G
o1 6¢c 0.1887(1) 0.0663(1) 0.8424(1) G
02 6¢c 0.2757(4) 0.3613(8) 0.7567(8) G
03 6¢ 0.1675(5) 0.4952(4) 0.4697(2) G
100
90
80
X 704
]
2 60
[
© 50
@
(=
¢ 404
30
20
10 T LI S sy B S tmae mass e e s ey
Fig. 3. The sketch of Gd3B(W,Mo)Oy crystal structure along c axis. 200 300 400 500 600 700 800
Wavelength (nm)

corresponding experimental observation. Meanwhile, we found
that the valence bands are dominated by oxygen while the conduc-
tion bands are mainly contributed by W/Mo (Fig. 5(c)), in line with
the earlier reports that the gap is correlated to the CTS of WOg and
MoOg groups [8,15,22-25].

Typical PL spectra of selected Gd,.4BW¢g009:0.20M0%",0.06-
Eu?* upon excitation of 385 nm light (red curve) and Gd,.¢4sBWOq:
0.06Eu>* upon excitation of 340 nm light (black curve) are
described in Fig. 6(a). Emission peaks at 578, 588-598, 610-622,
650, 701-704 nm are assigned to Do — ’F; (J = 0-4) transition of
the Eu?* ion, respectively. The dominant electronic dipole transi-
tion of °Dy — ’F, suggests that Eu>* ion locate at the site without
a symmetric center, which is coincident with the crystallographic
data in Table 1. According to group theory and character tables,

Fig. 4. Diffuse reflection spectra of Gd, 04BW;_,09:XxM0®*, 0.06Eu* (x = 0, 0.05, 0.10,
0.20, 0.25) phosphors.

the C; symmetry of Eu**(Gd*") site (see the seven-coordinated
polyhedron in the insert of Fig. 6(a)) would result in five splitting
peaks for Dy — ’F, electronic dipole transition. There are three
irreducible representations (A + A + A) for electric dipole transition
Hamiltonian, five irreducible representations (A+A+A+A+A) for
’F, level and one irreducible representation for >D, level when Eu®*
ion locates at a site with C; symmetry. Therefore, the direct prod-
uct of initial state wavefunction and final state wavefunction
(WU(®Do) | W(’F,)) has five irreducible representations (A+A+A+
A +A), each of which could be contained in the three irreducible
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Fig. 5. Band structures of Gd;BWOq (a) and the doped system Gd;BWygoM0p 2009 (b), along with the projected density states (PDOS) of the doped system (c). Here the
chemical ratio should be considered for the relative intensity of PDOS of the doped system since only the PDOS of one atom for each element are shown in (c).
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Fig. 6. (a) PL spectra of Gd,.04BWq,5009:0.20M0°%*, 0.06Eu>* sample under 385 nm excitation (red curve) and Gd, ¢4sBWOs: 0.06Eu>* sample upon excitation of 340 nm light
(black curve). The inset shows the C; symmetry of Eu**/Gd>* site. (b) PLE spectra monitoring 616 nm emission of Gd ¢4BW;_409:xM0®*, 0.06Eu>* (x = 0, 0.05, 0.10, 0.20, 0.25)
phosphors. (c) The luminescence decay curves monitoring emission at 616 nm for Gd,4BW04:0.06Eu>" under 340 nm excitation and for Gd,4BW;_,09:xMo®*, 0.06Eu>*
(x=0.10, 0.20) upon 385 nm excitation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

representations (A + A + A) of electric dipole transition Hamiltonian
and thus all five splitting transition peaks are deduced theoreti-
cally. This is evidenced in Fig. 6(a) and in accordance with previous
work [26]. The electronic dipole transition of >Dy — ’F, at ~616 nm
is desirable for tri-color phosphors coated NUV w-LEDs. The
excitation spectra monitoring 616 nm emission of Gd; 94BW;_,Oo:
xMo®",0.06Eu>" (x = 0, 0.05, 0.10, 0.20, 0.25) phosphors in Fig. 6(b),
are composed of a broad band and some sharp lines. For Gd;g4-
BWOg: 0.06Eu>" sample, broad excitation band locates at 240-
360 nm. With the increase of Mo content (x), the broad excitation
band gradually extends to the long wavelength due to the CTB of
MoOg groups [9], which is consistent with the diffuse reflection

spectra. The broad bands originate from CTB of WOg groups for
Gd.94BW;_40g:xM0°%*,0.06Eu>" (x=0) sample and from MoOg
groups for Gd,o4BW;_,09:xM0%",0.06Eu®>" (x=0.05, 0.10, 0.20,
0.25) samples, manifesting that energy transfer process take place
from WOg/MoOg groups to Eu®* ions. The strong sharp lines are the
characteristic intra-configurational 4f-4f transitions of Eu*:
395 nm (’Fy — °Lg) and 465 nm (“Fy — °D-), indicating that the
low symmetry of Eu>" site would break down the parity of f orbital
function and result in large increase of the parity-forbidden 4f-4f
transition rate. The redshift is beneficial to NUV w-LEDs applica-
tion because it matches well with the emitted wavelength of
NUV LED chips [8]. Thus the optimum concentration for Mo in
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phosphor Gd, 04BW;_,09:xM0%*,0.06Eu>" is 0.20. Fig. 6(c) presents
the luminescence decay curves by monitoring emission at 616 nm
for Gdj.04BW;_x09:xMo0®*, 0.06Eu>* (x=0.10, 0.20) (blue curve,
magenta curve) upon 385 nm excitation and for Gd; 94BW04:0.06-
Eu>* under 340 nm excitation (cyan curve). The luminescence life-
time of Gd,g4BWOq:0.06Eu®>" phosphor is about 740 ps, which
decreases slightly with the introduction of Mo. It may be caused
by some defects introduced by Mo in the lattice, which act as non-
radiative relaxation centers.

Fig. 7(a) illustrates the Eu>* concentration dependence of
616 nm emission intensity of Gds_,BWjgo0g:0.20Mo®",yEu?*
under excitation at 385 nm. With the increase of Eu*" concentra-
tion (y), the 616 nm emission intensity increases firstly and
reaches a maximum value around y = 0.80, then decreases due to
the concentration quenching [32], as seen in Fig. 7(a). Thus the
optimum concentration y for Eu*>* ion in phosphor Gd3_yBW go-
09:0.20M0°* yEu" is 0.80. The emission intensity of optimal phos-
phor is almost 10 times stronger than that of commercial
Y,0,S:Eu®* upon the excitation of ~385 nm NUV light, as seen in
Fig. 7(b). The thermal performance of phosphor is also a significant
technological parameter for phosphors applied in w-LEDs [33],
especially in high power devices [34]. The junction temperatures
of typical LEDs can be higher than 373 K. Normally, if there is ther-
mal quenching of a phosphor at T> 373 K, emission color would
shift [35]. Fig. 7(c) demonstrates the dependence of 616 nm emis-
sion intensity of Gd, 20BW¢ g009:0.20M0°",0.80Eu* on the temper-
ature upon 465 nm (red curve) and 385 nm (blue curve) excitation.
For 465 nm excitation corresponding to the f-f transition of Eu>*,
the intensity almost keeps constant up to 423K, and then
decreases dramatically with the increase of temperature to
300 °C (decrease to about 60% of the initial value at 300 K when

S. Dong et al./Journal of Alloys and Compounds 610 (2014) 402-408

the temperature reaches 523 K). The sharp decrease at high tem-
perature is due to the temperature quenching effect of Eu>* lumi-
nescence caused by energy migration and transfer to
nonradiative traps in the host lattice [7]. While under the
385 nm excitation corresponding to the CTS of MoOg group, the
intensity could maintain constant up to 523 K. There exists energy
transfer from isolated MoOg group to the well-dispersed Eu>" upon
excitation at 385 nm. The energy transfer would alleviate the
decrease caused by temperature quenching effect of Eu* itself.
The outstanding thermal performance of the phosphor is highly
desirable for NUV w-LEDs application.

3.3. w-LEDs performance

To evaluate the application of the red phosphor Gds.
B(W,Mo)0g:Eu®* in NUV w-LEDs, we fabricated the w-LEDs device
consisting of the as-prepared red phosphor GdsB(W,Mo0)0g:Eu®", a
chloroborate blue phosphor [31], an aluminate green phosphor
[30] and a NUV LED chip (emission wavelength ~385 nm). The
photos of the above mentioned phosphors under a 365 nm UV
lamp are illustrated in Fig. 8(a). Intense red, blue and green light
are observed. Images of fabricated w-LEDs lamp without and with
a 20mA DC drive current are shown in Fig. 8(b) and (c),
respectively. Bright white light from the LED driven by a 20 mA
direct current (DC) is observed by naked eyes and the emission
spectrum of the w-LEDs lamp is demonstrated in Fig. 8(d). The
Commission Internationale de I'Eclairage (CIE) chromaticity coor-
dinate of the lamp operated at 20 mA is calculated to be (0.320,
0.349), locating at the white region as depicted in Fig. 8(e). The cor-
related color temperature (CCT) is 6031 K, very close to that of the
daylight [12].
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Fig. 7. (a) The dependence of 616 nm emission intensity under excitation at 385 nm for Gdg,yBW0_3009:0.20M06+' yEu®* on the concentrations (y) of Eu>* ions. (b) PL spectra
comparison between Gd, 20BW g009:0.20M0°%*, 0.80Eu* (red curve) and commercial red phosphor Y,0,S:Eu?* (blue curve) under excitation at 385 nm. (c) The dependence of
616 nm emission intensity under 465 nm (red curve) and 385 nm (blue curve) excitation for Gd,0BWqg009:0.20M0%*, 0.80Eu>* on the temperature (Both data are
normalized at 300 K). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The color stability of the w-LEDs lamp under various DC drive
current were performed and the results are depicted in Fig. 9. Both
the chromaticity coordinate x and y decline gradually with a larger
trend for y, and the CCT varies from 6031 K to 8726 K under the DC
drive current varied from 20 mA to 350 mA (Fig. 9a). The integral
intensities of red, green and blue component of the white light
(see Fig. 8d) gradually increase with the raise of DC drive current,
however, the green component (green phosphor) shows a larger
saturation effect as demonstrated in Fig. 9b. In general, the chro-
maticity of the lamp is highly stable when the DC drive current
varies in a large range from 20 mA to 350 mA, as seen in Fig. 9c,
indicating that the as-prepared red phosphor is a potential candi-
date for tri-color phosphor-coated w-LEDs.

4. Conclusions

In conclusion, we have developed a novel red phosphor Gds.
B(W,Mo)0g:Eu3* for NUV w-LEDs. The incorporation of Mo to this
phosphor leads to the extension of the excitation band to the
NUV region, which is ascribed to the CTS of MoOg group and evi-
denced by the DFT calculations. The phosphors exhibit strong
and dominant electronic dipole transition >Dy — ’F, of Eu®* with
five obvious splitting peaks, which could be corresponded to the
C, site symmetry in the crystallographic data and interpreted by
group theory. The integral emission intensity of the optimal
phosphor is about 10 times higher than that of commercial red
phosphors Y,0,S:Eu**. The outstanding thermal stability of photo-
luminescence of these phosphors is probably owed to the energy
transfer from isolated MoOg groups to the well-dispersed Eu®*
ion separated by BO3 groups. NUV w-LEDs package is fabricated
and the white light performance under various DC drive current
is investigated. The research verified the potential application of
the red phosphors Gds;B(W,Mo)Og:Eu®>* in tri-color phosphor
coated NUV w-LEDs.
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