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ABSTRACT

Dysprosium-activated Sr3RE;(BO3)4 (RE=Y, La, Gd) phosphors were synthesized by a high temperature
solid-state reaction method. The phase uniformity of the phosphors was characterized by X-ray pow-
der diffraction (XRD) and the luminescence characteristics were investigated. The excitation spectra at
575 nm emission show strong spectral bands in the region of 300-500 nm. The emission spectra of the
phosphors with 365 nm excitation show three bands centered at 484 nm, 575 nm and 680 nm, which
originate from the transitions of Fg;, — ®Hys2, 4Fgj2 — 6Hy3 and #Fg, — Hy1p2 of Dy?*, respectively. The
effect of Dy3* concentration on the emission intensity of the phosphors was investigated. The fluores-
cence decay curves for 4Fg, — ®Hy3p; excited at 365 nm and monitored at Aem of 575 nm were measured.
The decay times decreased slowly with increasing Dy3* doping concentration due to a trap capturing to
resonance fluorescence transfer of the activated ions and due to the exchange interactions between acti-
vated ion pairs. In order to determine the type of interaction between activated ions, the concentration
dependence curves (Ig(I/x) versus Igx) of Sr3RE;(BO3),:Dy>* (RE=Y, La, Gd) were plotted. The concen-
tration quenching mechanism of the Fgj; — 6Hy3)> (575 nm) transition of Dy3* is the d-d interaction. All

results indicate these phosphors are promising white-color luminescent materials.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the common way to fabricate white light emit-
ting diodes (W-LED) is to use a blue-emitting GaN chip to pump
a YAG:Ce3* phosphor or an ultraviolet InGaN chip to excite blue-
, green-, and red-emitting multiphase phosphors [1,2]. However,
there are some drawbacks to these combinations, for example,
white-emitting color changes with input powder and temper-
ature, low color rendering index and low color reproducibility
[3,4]. In addition, W-LEDs are fabricated by using two or three
different kinds of phosphors and reabsorption of emission wave-
lengths leads to a decrease in luminous efficiency [5]. Therefore,
in order to solve these problems, it is essential to exploit single-
phased full-color-emitting phosphors for UV-pumped white LED
[6]. At present, single-phased white light emitting phosphors are
receiving a great deal of attention [7-9]. Among these phosphors
investigated, borates are good candidates due to their low synthetic
temperatures, stabilities, and low costs [10].

The hosts Sr3Y,(BO3)4 has orthorhombic structure with a Pc21n
space group. The structure of Sr3Y,(BO3 )4 is formed by isolated BO3
triangles, strontium-oxygen polyhedra, and Y-oxygen polyhedra.
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The trivalent rare-earth ions occupy two different crystallographic
sites and each has an eightfold coordination to form YOg polyhedra
[11,12]. The structure information for Sr3Y,(BOs3)4 indicates that
the longer distance between the rare-earth ions maybe accommo-
date higher doping concentration.

Dysprosium ion with a 4f° configuration has complicated f-block
energy levels and between these levels various transitions result in
sharp line spectra [13-15]. Dy3* ion exhibits three visible emis-
sion bands including a blue emission at 484 nm, corresponding to
the 4F9/2 — 5H15/2 transition, a yellow emission at 575 nm, corre-
sponding to the hypersensitive transition *Fg, — SHy3, (AL=2;
AJ=2), and a weak red emission at 665 nm, corresponding to the
4Fgj2 — SHyy transition. Thus Sr3RE;(BOs3)4:Dy3* (RE=Y, La, Gd)
should be useful as a single-phased full-color-emitting phosphor
for UV-pumped white LED.

Li et al. reported the preparation and luminescent proper-
ties of Sr3Y,(BO3)4:Dy3* [16]. However, to our knowledge, little
detailed information is available on luminescent properties of
borate-based phosphors Sr3RE,(BO3)4:Dy3* (RE=Y, La, Gd), espe-
cially the concentration quenching mechanism of Dy3*. In this
paper, Sr3RE;(BO3)4:Dy3* (RE=Y, La, Gd) phosphors were pre-
pared by a high temperature solid-state reaction method and a
detailed study was carried out on the luminescence properties
of the phosphors and the concentration quenching mechanism of
Dy3*.
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2. Experimental

Dy, 03 (99.99%), Y203 (99.99%), La; 03 (99.99%), Gd>03 (99.99%), SrCO3 (99.0%),
H3B0;3 (99.5%) and ethanol (99%) were used as starting materials. Sr3Y,(BO3)4:Dy3*
were synthesized by a high temperature solid-state reaction method in air. The
chemical equation for the reaction is:

3SrCO;3 +4H3BOs +(1 —X/Z)Y203 +x/2Dy203

= Sr3Y, x(BO3)s: Dy,>* +3C0;, 4+ 6H,0

Stoichiometric amount of starting materials were mixed thoroughly by using
ethanol as medium for a homogeneous mixing in an agate mortar. The homogeneous
mixture was then transferred into an alumina crucible and heated at 1250 °C for 2 h.
Other samples using La, 03 or Gd, 03 instead of Y,03 were synthesized by the same
process.

The phase purity and phase structure of the powder samples were characterized
by X-ray powder diffraction spectroscopy (XRD), using a BDX 3300 X-ray diffrac-
tometer with Ni-filtered CuKo radiation at 30 kV and 20 mA. A scan rate of 8°/min
was applied to record the patterns in the 26 range of 10-70°.

Excitation and emission spectra of Dy3*-activated Sr3RE;(BO3)4 (RE=Y, La, Gd)
phosphors at room temperature were determined with RF-5301 fluorophotometer
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Fig. 1. The XRD patterns of Sr3Y,(BO3)s:Dy>* (A), Sr3Lay(BOs3)4:Dy3* (B), and
Sr3Gd,(B0s3)4:Dy>* (C) phosphors.
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Fig. 2. Excitation spectra of Sr3Y»(BOs3)4:Dy3* (A), SraLay(B03)4:Dy3* (B), and Sr3Gd;,(BOs3)4:Dy3* (C) phosphors at 575 nm emission.
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Fig. 3. Emission spectra of Sr3Y»(BO3)4:Dy3* (A), Sr3Lay(BO3)4:Dy3* (B), and Sr3Gd,(BO3 )4:Dy3* (C) phosphors with 365 nm excitation at different doping concentration, and
emission spectra for the three above phosphors each containing the same amount of doped Dy3* (8 mol%) (D).
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Fig. 4. The dependence of the 575 nm emission intensity of Sr3Y2(B03)4:Dy3* (A), Sr3Lay(B0O3)4:Dy3* (B), and Sr3Gd,(BO3 )4:Dy>* (C) phosphors on Dy3* concentration.

with a 450-W xenon lamp as the excitation source. The luminescence decay curves
were obtained with a Lecroy Wave Runner 6100 Digital Oscilloscope (1 GHz) using a
tunable laser (pulse width =4 ns, gate =50 ns) as the excitation source (Contimuum
Sunlite OPO).

3. Results and discussion

Polycrystalline samples of Sr3Y,(B03)4:Dy3",
Sr3Lay(BO3)s:Dy3*, and Sr3Gd,(BO3)4:Dy3* phosphors were
obtained as described above. The XRD patterns for these samples
with 8mol% Dy3* are presented in Fig. 1. All the prepared sam-
ples have the similar XRD patterns and show similar crystalline
structure. It is well known that rare earth ions have similar radius,
coordination structure and physical-chemical properties. When
RE3* (RE=Y, La, Gd) is replaced by Dy3*, the crystal structure
does not change dramatically [16,17]. For example, the XRD
pattern for Sr3Y,(BOj3)4:Dy3* is consistent with XRD patterns
reported in literature [16]. Most of the peaks can be assigned to
the Sr3Y,(BO3)4 phase. The cell parameters of Sr3Y,(BO3)s are
a=0.87nm, b=1.60nm, and c=0.74nm (DICVOL91 program). The
Sr3Y,(B03)4 is in an orthorhombic phase with a Pc21n space group,
which indicates that the Dy3* ion has replaced the site of Y3* ions in
this host. In other words, the doping with Dy3* ions does not form
new phases during the synthesis.The Dy3* ions have entered the
host lattice of Sr3Y2(BO3)4 and do not change the crystal structure.
The same is true for SrsLay(BO3)4:Dy3* and Sr3Gd,(BOs3)4:Dy3*
structures.

The excitation spectra of the Sr3RE;(BO3)4:Dy3* (RE=Y, La, Gd)
phosphors monitored at 575 nm are shown in Fig. 2. All the excita-
tion spectra show similar features, so Sr3Y,(BO3 )4:Dy3* will be used
for discussion purposes. There are some sharp absorption peaks
in wavelength region of 300-500 nm, which are due to excitation
of the f-f shell transitions of Dy3* [15]. The several band peaks
at 326 nm, 350 nm, 365 nm, 387 nm, 426 nm, 453 nm and 473 nm
correspond to the transitions from the ground state 61—[15/2 to the
excited states 4[(]5/2; 4P7/2; 4P3/2; 4F7/2: 4G21/2; 4H]5/2: and 6F9/2,
respectively, and the maximum excitation wavelength is located at
350nm [15,16,18].

Fig. 3 shows the emission spectra of the Sr3RE,(BO3)4:Dy3*
(RE=Y, La, Gd) phosphors with 365nm excitation
[Sr3Y2(BO3)4:Dy>" (A); Sr3Laz(B03)4:Dy3* (B); Sr3Gdy(B03)4:Dy>*
(C), respectively]. The emission spectra were measured in the
range of 410-700nm. Again, all three emission spectra show
similar features, Sr3Y,(BO3)4:Dy3* will be discussed as repre-
sentative. Three emission bands peaked at 484 nm, 575 nm and
680nm are observed. The blue emission at 484 nm is related to
4Fgj, — ®Hys5, magnetic dipole transition, the yellow emission
at 575nm is ascribed to 4F9/2 — 5H13/2 electric dipole transition,
and the weak red band peaked at 680 nm corresponds to the
4Foj2 — ®Hyypp transition [19,20]. Within these emission transi-
tions, the yellow band and the blue band are the predominant

transitions. The 4F9/2 — GHB/Z transition is hypersensitive (AL=2;
AJ=2), and it can be influenced by its microscopic environment
so its intensity strongly depends on the host, but the intensity
of the #Fg; — SHys), transition is less sensitive to the host. The
spectra and peak assignments for Sr3Lay(BO3)4:Dy3* (Fig. 3B) and
Sr3Gd;y(B03)4:Dy3* (Fig. 3C) are similar to Sr3Y,(BO3)4:Dy3*.

The emission intensities for the three phosphors with a Dy3*
doping concentration of 8 mol% were compared and the results are
shown in Fig. 3D. The La,(BO3)4:Dy3* has the highest intensity at
575 nm and the Sr3Y2(BOj3)4:Dy3* has the lowest.

The effect of the Dy3* concentration on the emission intensity
of the 4Fg — ®Hy32 (575nm) transition with 365nm excitation
is shown in Fig. 4. Here again all the three graphs show similar
trends and it is obvious that the luminescent intensities of all three
phosphors are strongly affected by the ratio of doped Dy3* (2, 4,
6, 8, 10, or 12 mol%). The emission intensities increased rapidly
with increasing Dy3* concentration until the concentration reached
8 mol%. At concentrations above 8 mol% the intensities decreased.
In other words, when the Dy3* concentration was 8 mol%, the
Sr3RE;(B0O3)4:Dy3* (RE=Y, La, Gd) phosphors exhibit the highest
emission for the 4Fg, — ®Hy3p, (575 nm) transition.

In order to analyze on the mechanism of concentration
quenching, the fluorescence decay curves for Sr3Gd(BO3 )4:xDy3*
were measured. Fig. 5 shows the fluorescence decay curves for
4Fgj2 — OHy3p; excited at 365nm and monitored at 575nm. The
results indicate that the presence of Dy3* produces weak quenching
in the Sr3Gd,(B0s3)4:xDy3* phosphors even at low doping concen-
trations. Each of the five decay patterns consists of a fast decay and
a subsequent slow decay with a long decay tail. The initial intensi-
ties of the fast component in the Sr3Gd,(BO3 )4:xDy3* phosphors are
affected by the ratio of Dy3* doping. The initial intensity increases
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Fig. 5. The decay curves of the phosphorescence at 575 nm in Sr3Gd,(BO3)4:xDy3*
after UV excitation at 365 nm.
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Fig. 6. Relationship between the Ig(I/x) and Igx of Dy3* for Sr3Y»(BO3)4:Dy3* (A), Sr3Lay(BO3)4:Dy>* (B), and Sr3Gd,(BO3)4:Dy3* (C) phosphors (Aex =365 nm).

withincreasing Dy3* concentration until 8 mol%is reached and then
at higher Dy3* concentrations the initial intensity decreases.

The fast decay component of the fluorescence decay curves for
Sr3Gd,(BO3)4:xDy3* was fitted using a single exponential formula
and the decay time is on the order of microseconds. As indicated
in Fig. 5, the decay times of Dy>* ions were determined to be 534,
525,513,478 and 540 s for Sr3Gd;(B03 )4:xDy3* withx=0.02, 0.04,
0.06, 0.08 and 0.10, respectively. The decay times decrease slowly
with increasing Dy3* doping concentrations up to 8%. This can be
attributed to two reasons. The first is that with increasing con-
centrations of doped ions, the activated ions density around the
quenching center is increased, which can result in a trap capture
to resonance fluorescence transfer of the activated ions [21]. The
other reason is that the exchange interactions between activated
ions pairs results in the shorter decay times as the concentra-
tion of activated ions increases as proposed by Ronda and Amrein
[22].

However, for Sr3Gd;(BO3)s:xDy3* when x=0.10, the phos-
phor has a smaller luminescent intensity but a longer decay
time. This result suggests the decrease of luminescent intensity
for Sr3Gd,(BO3)4:xDy3* phosphors with higher Dy3* concentra-
tion can not simply be attributed to concentration quenching.
It may be that the fluorescence capturing effect is stronger in
higher Dy3* doped phosphors and thus concentration quenching
is enhanced.

In order to determine the type of interaction between activated
ions, the Sr3RE,(BO3 )4:Dy3* (RE=Y, La, Gd) phosphors were excited
at 365nm and the emission intensities (I) of the 4Fg; — SHys);
(575nm) transition were measured. Concentration dependence
curves of Ig(I/x) versus Igx were then plotted and are shown
in Fig. 6. The slopes of the linear section of the concentration
quenching curves are —1.33, —1.29, —1.38 for Sr3Y,(BO3)4:Dy3",
Sr3Lay(B0s3)4:Dy3* and Sr3Gd,(BO3)4:Dy3*, respectively. They are
all located in [-2,—1]. According to the theory of Huang and Lou
[23], the concentration quenching mechanism of the 4F9/2 — 6H13/2
(575 nm) transition of Dy3* in Sr3RE»(BO3)4 (RE=Y, La, Gd) is the
d-d interaction. This result is in agreement with Dexter’s theory
[24].

4. Conclusions

In conclusion, phosphors of Sr3RE>(BO3 )4 (RE=Y, La, Gd) doped
with Dy3* jon were designed and successfully synthesized by
a high temperature solid-state reaction method. The excitation
spectra at 575 nm emission have several bands in the region of
300-500 nm, which are coupled well with the emission of UV
LED (350-410nm) and blue LED (450-470nm). Under 365 nm
excitation, three emission bands centered at 484 nm, 575 nm and

680nm are observed and they correspond to the transitions of
4F9/2 — 6H15/2, 4F9/2 — 6H13/2, and 4F9/2 — 6H]]/2 of Dy3+, respec-
tively. The emission intensity of the 575 nm emission increases
rapidly with increasing Dy3* concentration up to 8 mol%. When
the Dy3* concentration is above 8 mol% concentration quench-
ing occurs. The fluorescence decay curves for 4F9/2—>6H13/2
excited at 365nm and monitored at 575nm were measured.
The decay times decrease slowly with increasing Dy3* doping
concentration due to trap capturing to resonance fluorescence
transfer of the activated ions and due to the exchange inter-
actions between activated ion pairs. In order to determine the
type of interaction between activated ions, the concentration
dependence curves (lg(I/x) versus lgx) of Sr3RE;(BO3)s (RE=Y,
La, Gd) were plotted. The concentration quenching mechanism of
the 4Fg;, — 5Hy3; (575nm) transition of Dy3* is a d-d interac-
tion. All of these results show that Sr3RE;(B0O3)4:Dy3* (RE=Y, La,
Gd) are promising full-color-emitting phosphors for UV-pumped
w-LED.
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