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Abstract

NaGd(MO,4)»:R (M=W, Mo, R=Eu’*, Sm**, Bi**) phosphors were synthesized by solid-state reaction. The structure and
photoluminescence properties of the samples were characterized using X-ray powder diffraction and fluorescence spectrophotometry.
The *Dy—F, transition of Eu®*, which led to a red emission of the phosphors, was dominantly observed in the photoluminescence
spectra. The doped Bi** and Sm>* efficiently sensitized the emission of Eu** and effectively extended and strengthened the absorption
of near-UV light with wavelengths ranging from 395 to 405 nm. In addition, energy transfers from Bi** to Eu’" and from Sm*>* to
Eu®™ occurred. The chromaticity coordinates of the obtained phosphors were close to the standard values of the National Television
Standard Committee (x=0.670, y=0.330). The results suggest that NaGd(WO4)2,y(MoO4)y:Eu3+, Sm**, Bi** is an efficient red-
emitting phosphor for light-emitting diode applications.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

White light-emitting diode (LED) is a promising light
source due to its many advantages, including low power
consumption, low voltage, long service life, high reliability,
environmental friendliness, and high energy efficiency.
Nowadays, use of near-UV LED chips to excite trichro-
matic phosphors based on red, green, and blue phosphors
is an acceptable solution because of their better chromo-
genic performance and low cost [1-3]. However, red-
emitting phosphors, the key phosphors that adjust chro-
mogenic performance and color temperature to obtain
high-purity white light, actually hinder large-scale applica-
tions of white LED [4,5]. Therefore, new red phosphors
that can be excited efficiently under the near-UV range of
approximately 400 nm with intense emission and appro-
priate Commission Internationale de L’Eclai (CIE) chro-
maticity coordinates need to be identified.

*Corresponding author: Tel./fax: +86 771 3233718.
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Two approaches can be used to broaden the absorption of
phosphors for near-UV LED at approximately 400 nm [6]:
The first approach involves co-doping Sm** and Eu’™" ions
in the phosphor, because Sm’>*/Eu’" ions present strong
absorption at approximately 405/395 nm and absorptions at
approximately 400 nm are expected to be broadened and
strengthened. The second approach, from the viewpoint of the
host compound, entails that each spectroscopic line is
generally expected to become narrow when rare earth ions
enter the lattice sites of a pure host compound. Tungstate and
molybdate adopt a scheelite structure in which sodium and
rare earth ions are disordered in the same site. Mo®" and
WO are coordinated by four oxygen atoms in a tetrahedral
site, and the rare earth/sodium site is eight coordinated, with
two sets of rare oxygen distances; the similar ionic radii of
tetrahedral Mo®™ (0.041 nm) and W°™ (0.042 nm) render it
possible to prepare solid solutions of the type NaGd
(WO,)>_ (M0Oy), [7-9]. The intensity of the °Dy— 'F,
emission of Eu’" activated at a wavelength of 396 nm has
been reported to increase for MEuW(WO,),_ (M0O,), (M =Li,
Na, K) when Mo®" was introduced to replace W™ [10,11].
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In light of the above-described approaches, this study
prepared NaGd(WOy), _ (M0O,):Eu®", Sm** phosphors
by solid-state reaction and analyzed their luminescence.
Moreover, Bi** was introduced as a co-activator to the
NaGd(WO,),:Eu®™ phosphor to strengthen and broaden
the absorption at approximately 400 nm [12,13].

2. Materials and methods
2.1. Synthesis

The phosphors were prepared by traditional solid-state
reaction. WOj3 (A.R. grade), MoOj; (A.R. grade), Na,CO;
(A.R. grade), Bi,O5 (A.R. grade), Sm>03 (99.99%), Gd,0;
(99.99%), and Eu,O3 (99.99%) were explored as starting
materials. Calculated raw materials were mixed homoge-
neously in an agate mortar and calcined at 900 °C for 5 h.

2.2. Characterization

The structures were identified by X-ray powder diffrac-
tion (XRD; Cuk,=1.5406 A; Rigaku/Dmax 2500, Rigaku
Corporation, Japan). Excitation and emission spectra were
recorded using a Hitachi F-2500 fluorescence spectro-
photometer with a Xe lamp as the excitation source. All
measurements were carried out at room temperature.

3. Results and discussion
3.1. XRD characterization

The crystal structure of the double tungstate and molybdate
compound AB(MO,), (A=Lit, Nat, KT, Rb™, Cs™;
B=trivalent rare earth ions) is similar to that of CaMoQy,
with the [MO3 ] oxyanion complex as the principal constitu-
tive element. The central M metal ion is coordinated by four
O’~ jons in tetrahedral symmetry (I4,/a) [8]. The XRD
patterns of NaGdgos(WO4)»Euids and NaGdyos(MoO,),:
Eug§s calcined at 900 °C are shown in Fig. 1. The figure also
shows that all diffraction peaks matched the standard data of
JCPDS 25-0829 [NaGd(WOy),] well. The XRD patterns of
NaGd os(M0Oy)»:Eug §s demonstrated that the phosphor is of
single phase and consistent with JCPDS 25-0828 [Nag sGd, s.
MoOy] when the sample was calcined at 900 °C and that the
doped Eu ion has little influence on the host structure.
Due to their different valence states and differences in ion
sizes between Eu’™ (0.107 nm) and Na™ (0.118 nm), Eu’*"
was expected to occupy the Gd** (0.105nm) site in these
phosphors.

3.2. Photoluminescent properties of NaGd;_ WO Eus"

Fig. 2 shows the excitation and emission spectra of the
NaGd, so(WO4)»:Eud %, phosphor. Specifically, it illustrates
that the excitation spectrum has two wide bands centered at
272 and 395 nm when emission was monitored at 616 nm.
The band at approximately 272 nm is attributed to the
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Fig. 2. Excitation (dey, =616 nm; left) and emission (Jex =395 nm; right)
spectra of NaGdy so(WO,)»:Eug .

charge transfer (CT) state of the O-W and O-Eu’"
interactions [14]. The band at approximately 395 nm is
ascribed to the intraconfigurational 4f—4f transitions of
Eu’" in the tungstate, and the strongest peak was at
395nm ("Fy—°Lg), indicating that NaGd, so(WO4)»:Eui L,
can be excited by InGaN chips efficiently. Under excitation
at 395 nm of UV light, the emission spectrum is described by
the °D, level to 'F, (J=0, 1, 2, 3, 4) line emissions of the
Eu®" ions. The magnetic dipole-allowed *Do—'F; transi-
tion at 593 nm was observed when the Eu®™ ion occupied
the site with center of symmetry. The emission line at 616 nm
corresponded to the electric dipole-forbidden *Dy—’F,
transition of the Eu® " ion, and this transition was observed
when the Eu’* ion was located in an asymmetrical cation
environment [15]. As shown in Fig. 2, the luminescence
intensity of the *Dy— 'F, transition was much stronger than
that of the *Do—F, transition, suggesting that the Eu®*
ion occupied the site without center of symmetry.
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Fig. 3. Emission (Aex=395 nm) spectra of NaGd, _ (WOy),:Eul* phos-
phors. The inset shows the effects of the Eu®"-doped concentrations on
the phosphors.

The effects of the Eu®*-doped concentrations in the
NaGd,_ (WOy4),:Euit (x=0.05, 0.10, 0.15, 0.20, 0.25,
0.30, 0.35, 0.40, 0.50, 0.60) phosphors on the relative
photoluminescent (PL) intensity are shown in Fig. 3. All
emission spectra except for relative intensity exhibited a
similar shape. The optimal doping concentration had to be
confirmed to obtain the maximum luminescent intensity.
Due to their different structures in various host materials,
the optimal doping concentrations for the Eu ions differed.
Fig. 3 (inset) shows the dependence of the integrated
emission intensity on the doping concentration of Eu’*.
It illustrates that the emission intensity first increased with
an increase in the doping concentration, reached its
maximum when x=0.50, and then decreased. This quench-
ing process is often attributable to the fact that the energy
of electron in an excited state will be transmitted to the
quenching center more easily when the concentration of
Eu’™ has reached a certain value [16-20]. The chromati-
city coordinates of the phosphor NaGd, so(WO4)»:Eui,
(Zex=395 nm) were calculated to be x=0.663, y=0.337,
which are close to the standard values of the National
Television Standard Committee (NTSC) (x=0.670,
y=10.330).

3.3. Photoluminescent properties of
NaGdy so(WOy),_,( MoOy),: Euj %y phosphors

Fig. 4 shows the emission spectra of NaGd so(WO4)2_,,
(MoO4)y:Eu8.J§0 (=0, 0.40, 0.80, 1.20, 1.60, 2.00) phos-
phors. Compared with the emission spectrum of NaGd s
(WO4)»:Eudt,, the relative intensity of the *Dy—F,
emission of Eu’t at 616 nm increased with increasing
Mo®" concentration and reached its maximum when
»=0.80. The luminescence intensity decreased at Mo®™
concentrations higher than 0.80, indicating that an oppor-
tune amount of MoO3 ~ can enhance the emission intensity
in NaGd, so(WO4)»:Eugt,. The fact that non-radiative
relaxation between neighboring Eu® ™ ions is much stronger
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Fig. 4. Emission (Aex=395nm) spectra of NaGd so0(WO4)2_(M0Oy),:
Eug %, phosphors.

10000
A, =395nm
8000 - —y0
y=0.005
= y=0.01
< 6000 y=0.03
= 7 y=0.05
S y=0.10
£ 0.01
2 4000 0.005
X 0
14 0.03
2000 4 0.05
ﬁ 0.10 _
0. Yoo AN
T T T T T Illll T T
250 300 350 400 450 500 550 600 650

Wavelength(nm)

Fig. 5. Excitation (4e,, =616 nm) and emission (Aex=395 nm) spectra of
NaGdo.so7)7(WO4)0.40(M004)|.fyoiEug.Jsro, SmiJr phosphors.

in molybdate than in tungstate can account for these results
[21-23]. The chromaticity coordinates of NaGdg 5o(WO4)1 20
(M0oO4)os0:Eugfy (ex=395nm) were calculated to be
x=0.664, y=0.336, which are close to the standard values
of the NTSC (x=0.670, y=0.330).

3.4. Photoluminescent properties of
NaGdy 5o ,( WOy) 1 30( M0Oy) g s0: Euy o, Smii*

Fig. 5 shows the excitation and emission spectra of
Sm>* co-doped in NaGdOASO—y(WO4)lA20(MOO4)O.80:Eu8A§Oa
Sm;jL (y=0, 0.005, 0.01, 0.03, 0.05, 0.10) phosphors. At
616 nm of emission, the broad band in the range of 250—
350 nm was assignable to the O—-W or O—->Mo CT
transition, whereas the lines in the range of 360-550 nm
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belonged to f-f transitions of Eu®* and Sm** ions in the

host lattices. The "Fy—°L¢ and "Fo— °D, transitions of
Eu’™ at 395 and 466 nm were two of the strongest
absorptions. The line at 405 nm was caused by the 6H5/2
—>4K11/2 transition of Sm>* [24]. The emission intensity
clearly increased with increasing Sm> ™ concentration and
reached its maximum when y=0.01, and the emission
intensity of NaGdg 49(WO4); 20(M0O4)o s0:Eug 5o, Smip
under 395 nm of excitation was 1.32 times stronger than
that of NaGd0_50(WO4)1.20(MOO4)01801E11(3)._§0. In the Eu3+*
Sm®* co-doped system, the characteristic emissions of
Eu’" under 395 nm of excitation could be dominantly
observed; in contrast, the 4G5/2—>6Hj, J=5/2, 7/2, 9/2)
intra-4 f transitions of Sm>" ion at approximately 570,
610, and 650 nm were not observable. These findings
demonstrate that the Sm>* ions can absorb energy and
efficiently transfer it to the Eu®™ ions [25-28].

3.5. Photoluminescent properties of
NaGdy 49— ,( WO4) 1 20( M0Oy) g s0: Eugy Y, Smigy i1, Biy ™
phosphors

The excitation and emission spectra of NaGdg49_,
(WO4)1 20(M0O4)g s0:Eug o, Smg 3y, Biy* (=0, 0.05, 0.10,
0.15, 0.20) phosphors are shown in Fig. 6. The figure
illustrates that the width of the peak at the CT bands of
Mo—0>" and W—>O?>" centered at ~288 nm widened
from 350-370 nm, which could be assigned to the Bi** —
O?~ CT band and the self-absorption of Bi** from ground
state 'Sy to the excited state °P, [29-31]. Compared with the
emission spectrum of NaGd0A49(WO4)1Azo(MoO4)0,gO:Eu3§0,
Sm3§;, the shape and location at 593 and 616 nm remained
unchanged with the introduction of Bi**, except for
emission intensity. The emission intensity of NaGdg49_
(WO4)1 20(M0O4)os0:Eug dp, Smp gy, Bip ™ phosphors gradually
increased with increasing doped Bi’" content but subse-
quently decreased, with the value reaching the maximum
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Fig. 6. Excitation (A, =616 nm; left) and emission (lex=395 nm; right)
spectra of NaGdo g, (WO4); 20(M0O4)o g0:Eu %o, Smg &1, Bi; © phosphors.

when y=0.05. The luminescence intensity decreased when
the Bi** doping ratio exceeded 5 mol%. At very low content,
the sensitization from Bi** to Eu’" increased with increased
Bi** content. After reaching the maximum, the energy
transfer between Bi*t ions became less efficient; therefore,
higher Bi*" doping concentrations dissipated the absorbed
energy non-radiatively instead of transferring the absorbed
energy from Bi** to Eu’™, resulting in less energy transfer
from Bi* " to Eu®™ [32-34].

The CIE chromaticity coordinates of NaGd(MOy),:R
(M=W, Mo, R=Eu’*", Sm**, Bi’") phosphors are listed
in Table 1. The chromaticity coordinates of NaGd, s
(WO4)»:Eup o,  NaGdg so(WO4)1.20(M0O4)g.s0:Eug 5,
NaGdy 49(WO4)120(M0O4)g s0:Eug b, Smp b1, and NaGdg 44
(WO4)1 20(M0O4)gs0:Eug fy, Smp i, Biggs approximated
NTSC standard values. The NaGdga9_,(WO4)i 20
(MoOy) 20:Eug 50, Smg 1, Bi;* phosphors broadened the
absorption band at approximately 400 nm and strength-
ened emission with good CIE chromaticity coordinates.

3.6. Fabrication of LED with the phosphors

The emission spectra of the original 395 nm-emitting
InGaN chip and the red-emitting LED with NaGd s
(WO4)>:Eup 4, NaGdy so(WO4)1 2(M0O4)g s0:Eug %, NaGdy 49
(WO4)120(M004)0.801EU3J§0, Sm?).JEb and  NaGdg 44
(WO4)1.20(MOO4)0.80:EU8.J§0a Smg};l, Bi8.465 under 20 mA
of forward bias are shown in Fig. 7. The band at
approximately 395 nm resulted from the emission of
the InGaN chip, and the shoulder peak located at
approximately 390 nm was caused by the absorption
of the red phosphor. The sharp peaks at 593, 616, 655,
and 703 nm originated from the emission of the coated
phosphors NaGdy so(WO4)»:Eug 55, NaGdo so(WO4)1 20
(M004).s0:Eug %o, NaGd.49(WO4)1.20(M00O4)g g0:
Eug 5o, Smg b1, and NaGdg 44(WO4); 20(M0O4)g s0:Eug 5,
Smg 61, Bigds, respectively. The results demonstrated
that the NaGdg44(WO4); 20(M0O4)o50:Eug S, Smp i,
Bi}}s phosphor could efficiently absorb the ~400 nm
excitation energy that the InGaN chip emitted, thereby
making it a good candidate for the red component of
trichromatic white LED applications.

4. Conclusions

The red phosphors NaGd(WO,),:Eu’ ", NaGd(WO,),_ e
(MoOy),:Eu’*, NaGd(WO,),_ (MoO,),:Eu’*, Sm**, and
NaGd(WO,),_ ,(MoOy),:Eu’ ", Sm>*, Bi** were synthesized
by solid-state reaction. The doped Sm** and Bi** proved
efficient in sensitizing the emission of Eu®" and extending the
absorption of near-UV light with wavelengths at approxi-
mately 400 nm. As the non-radiative relaxation between the
neighboring Eu®* ions was much stronger in molybdate than
in tungstate, the optimum Mo®* concentration was 0.80. Only
the characteristic transition emissions of Eu®t were detected,
indicating that the co-doped Bi** and Sm>* ions absorbed
and transferred energy to Eu’™ ions efficiently. In addition,



F. Mo et al. | Ceramics International 38 (2012) 6289-6294

Table 1

CIE chromaticity coordinates of NaGd(MOy4)»:R (M=W, Mo, R=Eu**, Sm**, Bi**) phosphors.

Sample Excitation (nm) CIE chromaticity coordinates
X y

NaGdogS(WO4)2Eu8$5 395 0.660 0.340
NaGdo,go(WO4)2:Eu8_T0 395 0.661 0.339
NaGdy s5(WO4)»:Eug {5 395 0.661 0.338
NaGdo,go(WO‘t)z:EuS_'{o 395 0.661 0.339
NaGd075(WO4)2Eu(3)§5 395 0.662 0.338
NaGdg 7o(WO.)»:Eui t 395 0.662 0.338
NaGdOSS(WO‘t)zEugJ{S 395 0.662 0.338
Ndeoﬁo(WO‘t)zEqu{o 395 0.662 0.337
NaGdy so(WO4)»:Eud 395 0.663 0.337
NaGd0,4O(WO4)2:Eu8_ZU 395 0.663 0.337
NaGdoso(WO4)| .60(MOO4)0.40:EUS.§0 395 0.663 0.337
NaGdo.so(WO4)1 20(M0O4)o.s0:Eug %o 395 0.664 0.336
NaGdy, 50(WO4)o.50(M0O4)o.1.20:Euig % 395 0.664 0.336
NaGd().S()(WO4)<).40(M294)1.501E11(3).-§0 395 0.664 0.335
NaGd0,50 (MOO4)2:EUO.50 395 0.664 0.335
NaGdo 405(WO4)0.40(M0O4)1 0:Eud %5, Sm3 dos 395 0.665 0.335
NaGdg 49(WO4) 40(M0Oy); 60:Eud o, Smi 395 0.665 0.335
NaGdy 47(WO4)o 40(M0O4)1 g0:Eug S0, Sm3 s 395 0.657 0.341
NaGdo.45(WO4)0.40(M004) 1 g0:Eug o, Smg b 395 0.664 0.336
NaGdy 40(WO4)o 40(M0O4); 60:Eug Ly, Sm3 o 395 0.663 0.337
NaGdo 4s(WO4)o.40(M0O.); 60: B o, Smgb1,Big 5 395 0.665 0.335
NaGdy 30(WO4)o.40(M0O4)1 60:Eug S, Sm3$1.Bid 1o 395 0.665 0.335
NaGdo 34(WO4)o.40(M0O4)1 s0:Eug %o, Smg d1,Big I 395 0.664 0.335
NaGdo 20(WO4)o.40(M0O4) 1 s0:Eug 3o, Smg§1,Bid 2o 395 0.664 0.336
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Fig. 7. Emission spectra of (a) the original 395 nm-emitting InGaN chip
and (b—e) the red-emitting LED with (b) NaGd0_5o(WO4)2:Eu3,§O, (c)
NaGdo.so(WO4)|.20(M004)0.801Eu(3)§07 (d) NaGdy.49(WO4)1.20(M0O4)g s0:
Eu(j)._'s-oa Smg.-(*)—l» and (e) NaGd0_44(WO4)1_2()(M004)()_8():Eu3_'§0, sm?).?)—la
Bi3§s. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

the chromaticity coordinates of NaGdgso(WO4)»Eudd,
NaGdo.so(WO4)1.20(M004)04801EU(3).J§03 NaGdg49(WOy)1 20
(M0O4)o.50:Eug 3o, Smg 1, and NaGdg 44(WO4); 20(M0O4)g so:
Eugdy, Smjd;, Bigds were (x=0.663, y=0.337), (x=0.664,
y=0.336), (x=0.665, y=0.335), and (x=0.665, y=0.335),

respectively, which approximated the red color standard
values mandated by the NTSC. This study has demonstrated
that the above-described phosphors hold considerable poten-
tial in white LED applications.
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