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Abstract

Ba1�ySryLa4�xDyx(WO4)7 (x = 0.04–0.2, y = 0–0.4) phosphors were prepared via a solid-state reaction, and their photoluminescence properties

were investigated. Under near-UV (388 nm) excitation, the emission spectra of BaLa4�xDyx(WO4)7 exhibited emission peaks in the visible region

at 453, 479, and 573 nm, which are assigned to the intra-4f-shell transitions from the (4M21/2 + 4I13/2 + 4K17/2 + 4F7/2! 6H13/2), (4F9/2! 6H15/2),

and (4F9/2! 6H13/2) transitions, respectively. The concentration quenching effect occurs when the Dy3+ concentration is x = 0.12 (3 at.%). A

partial substitution of Ba2+ by Sr2+ in Ba1�ySryLa3.88Dy0.12(WO4)7 can not only enhance the emission intensity of the emission spectra, but also

change the phonon relaxation rate and the site symmetry around the Dy3+ ions. The optimal condition is at y = 0.3 (Ba0.7Sr0.3La3.88Dy0.12(WO4)7),

with CIE coordinates of (0.332, 0.367), corresponding to a near-white color.
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1. Introduction

Oxide phosphors are widely used in solid-state lighting (SSL)

technology, such as white-light-emitting diodes (WLEDs), due

to their higher chemical stability and resistance to moisture

compared to those of sulfide phosphors [1,2]. Currently, the most

common WLEDs use an InGaN blue LED chip to excite a

yellow-emitting yttrium-aluminum garnet phosphor (YAG:Ce3+)

proper mixing of the excitation and emission lights produces

white light [3,4]. However, this type of white light is not

applicable for certain architectural lighting purposes due to its

low color rendering index (CRI) and chromatic aberration after a

long working period [5]. More recently, single-phase white-light-

emitting phosphors have received a lot of attention for

application in WLEDs under ultraviolet excitation, which is a

possible method to enhance the chromatic stability after a long

working period. The single-phase white-light-emitting phos-

phors can be obtained by mixing two-band emissions in the

visible range. Dy3+-doped phosphors have two dominant
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emission bands of blue and yellow. By adjusting the yellow-

to-blue intensity ratio to a suitable value, it is possible to obtain a

phosphor with near-white light [6].

For rare-earth ions with a partially filled 4f shell, the 4f

electrons are well shielded by 5s2 and 5p6 orbitals. Therefore,

emission transitions yield sharp lines in optical spectra [7].

Line-type f–f transitions of rare-earth-element-based phosphors

can narrow the emissions to the visible range, resulting in high

efficiency and high lumen equivalence. Trivalent dysprosium

has a 4f9 configuration and two dominant emission bands that

arise from the 4F9/2! 6H15/2 (blue) and 4F9/2! 6H13/2

(yellow) transitions. Unlike the blue 4F9/2! 6H15/2 transition,

the yellow 4F9/2! 6H13/2 emission transition belongs to a

hypersensitive transition and is strongly influenced by the

chemical environment surrounding Dy3+ (DJ = 2) [7–9]. When

doped into a suitable host lattice, Dy3+ shows a strong white

light emission with excitation bands located in the near-UV to

blue region. Hence, there has been growing interest in

developing Dy3+-doped phosphors with high absorption in

the near-UV to blue range.

Rare-earth tungstates have long attracted attention due to

their excellent luminescence properties [10,11]. A number of

Eu3+- and Tb3+-activated tungsten oxides have already been
d.
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Fig. 1. X-ray diffraction patterns of Ba1�ySryLa3.88Dy0.12(WO4)7 (y = 0–0.4).
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reported as phosphors [5,10–12]. However, no spectroscopic

characterizations of BaLa4(WO4)7:Dy3+ phosphors have been

reported. The basic structure of the monoclinic BaLa4(WO4)7

compound was confirmed by Evdokimov and Trunov [13], and

the compound was reported as a Eu3+-activated phosphor [14].

In the present work, the luminescence properties of

BaLa4�xDyx(WO4)7 are investigated. In order to improve the

optical properties of BaLa4�xDyx(WO4)7 phosphors, the effects

of substituting Ba2+ with Sr2+ are also studied.

2. Experimental procedure

Phosphors with compositions of Ba1�ySryLa4�xDyx(WO4)7

were synthesized via a standard solid-state reaction. The

starting materials were BaCO3 (Alfa Aesar), SrCO3 (Alfa

Aesar), La2O3 (SHOWA), WO3 (Alfa Aesar), and Dy2O3 (Alfa

Aesar) with purities of 99.99%. The raw materials were

weighed according to the stoichiometric ratio and ground by a

mechanically activated high-energy vibro-mill for 15 min with

zirconia balls in a polyethylene jar. The vibrating mill method is

used to modify the properties of materials, to enhance the

reactivity of materials, to produce advanced materials, and to

separate composite materials into their constituents. When

materials are subjected to intensive grinding, their structural

and microstructural characteristics greatly change. These

structural changes determine the reactivity of materials and

play an important role in subsequent processes. The vibrating

ball milling method can reduce reagent consumption, decrease

the decomposition temperature, and promote the recovery of

valuable components of materials [15]. After grinding, the

mixtures were calcined at 900 8C for 12 h in air with a heating

rate 5 8C/min and they were furnace cooled. The X-ray

diffraction (XRD) of the samples was examined on a Rigaku

Dmax diffractometer using Cu Ka radiation (l = 0.15406 nm)

with a source power of 30 kVand a current of 20 mA to identify

the phases of the product. The excitation and emission spectra

of the phosphors were measured with a Hitachi F-4500

fluorescence spectrophotometer using a Xe lamp as the

excitation source at room temperature. The Commission

Internationale de l’Éclairage (CIE) chromaticity coordinates

of the phosphors were calculated from their emission spectra

[16] under an excitation wavelength of 388 nm. All measure-

ments were carried out at room temperature.

3. Results and discussion

Fig. 1 shows the powder XRD patterns of Ba1�ySryLa3.88

Dy0.12(WO4)7 (y = 0–0.4) samples. All diffraction peaks are in

agreement with JCPDS card no. 29-0177 and no obvious

impurity phases appear, indicating that all the samples are

single-phase and isostructural to BaLa4(WO4)7. Fig. 2(a) shows

the lattice parameters for the substitution of La3+ by Dy3+ ions

in BaLa4�xDyx(WO4)7 (x = 0–0.12). The difference in the ionic

radius between La3+ ions (r = 1.16 Å) and Dy3+ ions

(r = 0.97 Å) resulted in a decrease of the lattice parameters.

The lattice parameters of Ba1�ySryLa3.88Dy0.12(WO4)7 (y =

0–0.4) estimated from XRD data were shown in Fig. 2(b). The
crystal structure gradually shrank along the a, b and c axes with

increasing Sr2+ content. A linear relationship between the

lattice parameters and the concentrations of Sr2+ ions was

found. This is caused by the difference in ionic radius between

Ba2+ (r = 1.52 Å) and Sr2+ (r = 1.36 Å). These results confirm

that Sr2+ and Dy3+ ions were incorporated into the

BaLa4(WO4)7 lattice by replacing Ba2+ and La3+ ions,

respectively. BaLa4�xDyx(WO4)7 (x = 0–0.12) and Ba1�ySry

La3.88Dy0.12(WO4)7 (y = 0–0.4) were considered to be solid

solutions because the variations in lattice constants satisfied

Vegard’s rule [17].

The excitation and emission spectra of BaLa4�xDyx(WO4)7

are shown in Fig. 3. The weak broad peak at 270 nm in the

excitation spectra is due to the charge-transfer state (CTS) from

O2� to Dy3+ [18]. The sharp excitation peaks from 300 to 420 nm

can be attributed to the intra-4f forbidden transitions from the

ground level 6H15/2 to higher energy levels of Dy3+ ions [19,20].

The most dominant excitation peak at 388 nm is assigned to the

(6H15/2! 4M21/2 + 4I13/2 + 4K17/2 + 4F7/2) transition. The avail-

able strong excitation channels in the near-UV region are suitable

for UV-LED conversion. The emission spectra consist of three

emission peaks in the visible region, at 453, 479, and 573 nm,

respectively, which are assigned to the intra-4f-shell transitions

of Dy3+ from the (4M21/2 + 4I13/2 + 4K17/2 + 4F7/2! 6H13/2),

(4F9/2! 6H15/2), and (4F9/2! 6H13/2) transitions, respectively



Fig. 2. The variations of the monoclinic lattice parameters (a, b, and c axis)

with (a) the Dy3+ content in BaLa4�xDyx(WO4)7 (x = 0–0.12) (in Å) and, (b)

Sr2+ content in Ba1�ySryLa3.88Dy0.12(WO4)7 (y = 0–0.4) (in Å).

Fig. 4. The relationship of grinding time and emission intensity of the 4F9/

2! 6H13/2 transition of BaLa3.88Dy0.12(WO4)7 under excitation at 388 nm.
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[21]. The Dy3+ concentration changes only the intensity of the

emission spectra. The maximum emission intensity was obtained

at x = 0.12. The 4F9/2! 6H13/2 hypersensitive transition is a

force electric dipole transition with DJ = 2, which is susceptible

to the crystal field and occurs only for a low-symmetry lattice

with no inversion center. However, the magnetic-dipole-

dominated transition 4F9/2! 6H15/2 is invariant to the environ-

ment and hardly varies with the crystal field strength because it is
Fig. 3. Excitation and emission spectra of BaLa4�xDyx(WO4)7 (x = 0.04–0.2).
parity-allowed [22–24]. Therefore, the emission intensity ratio of

the 4F9/2! 6H13/2 and 4F9/2! 6H15/2 transitions, called

asymmetry ratio, which can be used as a measure of the site

symmetry around the Dy3+ ions. In BaLa4�xDyx(WO4)7

phosphors, the emission from the 4F9/2! 6H13/2 transition is

more intensive than that from the 4F9/2! 6H15/2 transition,

revealing that Dy3+ ions occupied low-symmetry local sites with

no inversion center.

Fig. 4 shows the relationship of grinding time and emission

intensity of the 4F9/2! 6H13/2 transition of BaLa3.88-

Dy0.12(WO4)7 under excitation at 388 nm. The vibrating ball

milling method can produce unique and metastable materials

via a self-sustaining reaction of highly exothermic powder

mixtures. The method comprises four processes: (1) material

destruction; (2) formation of a new surface; (3) fine grinding;

and (4) transformation into a new material with a completely

different structure [15]. As shown in Fig. 4, the emission

intensity increased rapidly with increasing grinding time until it

reached to 20 min. When the grinding time was more than

20 min, the emission intensity increased slightly as grinding

time increased. The results show that increasing grinding time

can enhance the emission intensity.

The decay curves of the 4F9/2! 6H13/2 transition for various

Dy3+ concentrations in BaLa4�xDyx(WO4)7 under an excitation

wavelength of 388 nm are shown in Fig. 5. The decrease in the

emission intensity for Dy3+ concentrations greater than x = 0.12

is due to the concentration quenching effect in rare-earth-

element-doped systems caused by Dy3+–Dy3+ mutual interac-

tions [25]. As shown in Fig. 5, the decay curves diverge from a

single-exponential decay when the Dy3+ concentration is

increased to more than x = 0.12, indicating that more than

one relaxation process exists. The single-exponential decay

can be expressed as I = I0 exp(�t/t), where I0 and I are the

luminescence intensities at time 0 and t, respectively, and t is

the radiative decay time [26]. The radiative decay time

t includes contributions from the energy transfer rate Ptr,

multiphonon relaxation rate Aph, and radiative lifetime t0; i.e.,

1/t = Aph + Ptr + 1/t0. The single-exponential decay is due to



Fig. 5. Normalized decay curves of the 4F9/2! 6H13/2 transition for various

Dy3+ concentrations in BaLa4�xDyx(WO4)7 under excitation at 388 nm.

Fig. 7. Emission spectra of Ba1�ySryLa3.88Dy0.12(WO4)7 (y = 0–0.4) excited at

388 nm.
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Dy3+ ions occupying only one type of crystallographic site and

the radiative time and phonon relaxation rate being identical for

all Dy3+ ions [6]. However, at higher Dy3+ concentrations, the

activated centers have different local environments and the

associated ions relax at different rates, leading to resonant or

phonon-assisted cross-relaxations via matched energy levels

between two adjacent active centers. The cross-relaxation

scheme has been identified for Dy3+ as: 4F9/2 (Dy3+I) + 6H15/2

(Dy3+II) ! 6H9/2 (Dy3+I) + 6F1/2 (Dy3+II) [27,28], which is

shown in Fig. 6.
Fig. 6. Schematic diagram of cross-relaxation process between Dy3+ ions in

BaLa2WO7. The arrow indicates the amount of energy which is transferred from

one ion to the other.
In order to further enhance the luminescence properties of

BaLa4�xDyx(WO4)7, Sr2+ was introduced to substitute Ba2+ in

BaLa4�xDyx(WO4)7 to change the crystal field. The optimal

condition of BaLa4�xDyx(WO4)7 is x = 0.12 (BaLa3.88-

Dy0.12(WO4)7). Sr2+ was used to partially substitute Ba2+ in

BaLa3.88Dy0.12(WO4)7, producing compounds Ba1�ySryLa3.88

Dy0.12(WO4)7.

The emission spectra of Ba1�ySryLa3.88Dy0.12(WO4)7

(y = 0–0.4) phosphors under excitation at 388 nm are shown

in Fig. 7. Increasing Sr2+ concentration did not only change the

emission intensity of the emission spectra, but also change the

(4F9/2! 6H13/2)/(4F9/2! 6H15/2) asymmetry ratio. The emis-

sion intensity of the 4F9/2! 6H13/2 and 4F9/2! 6H15/2

transitions both increased with increasing Sr2+ concentration,

with a maximum at y = 0.3. Ba0.7Sr0.3La3.88Dy0.12(WO4)7 with

a (4F9/2! 6H13/2)/(4F9/2! 6H15/2) asymmetry ratio = 1.93,

and cell parameters a = 12.19 (Å), b = 11.87 (Å), and

c = 33.58 (Å). The Sr2+ is about 10.5% smaller than Ba2+,

therefore, a reduction in the lattice constant was reasonable.
Fig. 8. The dependence of asymmetry ratio on Sr2+ concentration in

Ba1�ySryLa3.88Dy0.12(WO4)7 under excitation at 388 nm.



Fig. 9. Normalized decay curves of the 4F9/2! 6H13/2 transition for various Sr2+ concentrations in Ba1�ySryLa3.88Dy0.12(WO4)7 (y = 0–0.4) under excitation

at 388 nm.
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The reduction in the a-axis was calculated to be about 0.64%

from y = 0 to y = 0.3, while the reduction in the b and c-axis

were 1.21% and 1.15%, respectively. The reduction in the

a-axis was much smaller than b and c-axis. Some induced

odd-parity distortions might be expected for Ba1�ySryLa3.88

Dy0.12(WO4)7 in the Sr-substituted compounds. As a conse-

quence, the luminescence properties and the local site

symmetry around the Dy3+ ions might be changed, and an

increased asymmetry ratio was expected. Fig. 8 shows the (4F9/

2! 6H13/2)/(4F9/2! 6H15/2) asymmetry ratio on Sr2+ concen-

tration in Ba1�ySryLa3.88Dy0.12(WO4)7 (y = 0–0.4) phosphors

under an excitation wavelength of 388 nm. The asymmetry

ratio increased from 1.77 to 1.92 as the Sr2+ concentration

increased from y = 0 to y = 0.4, revealing that the local

structural symmetry around Dy3+ ions significantly changed as

Sr2+ became incorporated into Ba1�ySryLa3.88Dy0.12(WO4)7.

The results indicate that the substitution of Ba2+ by Sr2+ in

Ba1�ySryLa3.88Dy0.12(WO4)7 can further enhance the emission

intensity and decrease the local environment symmetry around

Dy3+ ions. Since the relative intensities of the 4F9/2! 6H13/2

and the 4F9/2! 6H15/2 emission transitions can be tuned by the

Sr2+ content, the Commission Internationale de l’Éclairage

(CIE) chromaticity coordinates of Ba1�ySryLa3.88Dy0.12

(WO4)7 phosphors varied from (0.332, 0.367) at y = 0 to

(0.338, 0.372) at y = 0.4, corresponding to a near-white color.

At the same time, the quantum yield of BaLa3.88Dy0.12(WO4)7

(y = 0) and Ba0.7Sr0.3La3.88Dy0.12(WO4)7 (y = 0.3) were

calculated to be 0.47 and 0.51, respectively, under the UV

excitation at 388 nm.

Fig. 9 shows the decay curves of the 4F9/2! 6H13/2

transition for various Sr2+ concentrations in Ba1�ySryLa3.88

Dy0.12(WO4)7 under an excitation wavelength of 388 nm. The
decay rate varied with different Sr2+ concentrations, indicating

that the incorporation of Sr2+ into Ba1�ySryLa3.88Dy0.12(WO4)7

provided extra decay channels. The local environment and

phonon relaxation rate are different for Dy3+ ions at different

Sr2+ concentrations, which provided an evidence that the site

symmetry changed with increasing Sr2+ concentration.

4. Conclusion

Near-white-emitting phosphors Ba1�ySryLa4�xDyx(WO4)7

were synthesized via a standard solid-state reaction. The

excitation spectra show strong excitation peaks in the near-UV

region, making the phosphors candidates for UV-LED

conversion. The emission intensity of the 4F9/2! 6H13/2

transition is higher than that of the 4F9/2! 6H15/2 transition,

revealing that Dy3+ ions occupied low-symmetry local sites

with no inversion center in BaLa4(WO4)7. The concentration

quenching effect occurs when the Dy3+ concentration is

x = 0.12 (3 at.%), indicating that Dy3+ ions occupied single

crystallographic sites for Dy3+ concentrations below 3 at.%. A

partial substitution of Ba2+ by Sr2+ in Ba1�ySryLa3.88

Dy0.12(WO4)7 can not only enhance the emission intensity of

the emission spectra, but also change the phonon relaxation rate

and the site symmetry around the Dy3+ ions. The substitution of

Ba2+ by Sr2+ distorts the crystal. The optimal condition is at

y = 0.3 (Ba0.7Sr0.3La3.88Dy0.12(WO4)7) with cell parameters

a = 12.19 (Å), b = 11.87 (Å), and c = 33.58 (Å). The reduction

in the a-axis (0.64%) was much smaller than b (1.21%) and c-

axis (1.15%). The increase in the asymmetry ratio provided a

convincing evidence for the site symmetry degradation around

the Dy3+ ions in the Sr-substituted samples. Consequently, the

color of Sr-substituted phosphors, Ba1�ySryLa3.88Dy0.12(WO4)7
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can be tuned by increasing Sr2+ content. Ba0.7Sr0.3La3.88-

Dy0.12(WO4)7 with CIE coordinates at (0.332, 0.367),

corresponding to a near-white color.
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