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Abstract: A series of alkaline earth borophosphate phosphors,
(Ba,Sr);BP;0;, doped with Eu’* ions, were synthesized by a solid state
reaction. Two emission bands at 465 nm and 520 nm were attributed to the
f—d transitions of doped Eu®* ions occupying in two different cation sites in
host lattices and emission color variation was observed by substituting the
M?** sites, which was rationalized in terms of two competing factors of the
crystal field strength and bond covalence. Green and bluish-white pc-LEDs
were fabricated by combination of a 370 nm near-UV chip and
composition-optimized ~ Ba;BP;0;:Eu®*  and  (Ba,Sr);BP;0,,:Eu**
phosphors, respectively. The series of phosphors may serve as a promising
green and bluish-white luminescent materials used in fabrication of near
UV-based white pc-LEDs.
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1. Introduction

Nowadays, phosphor-converted light-emitting diodes (pc-LEDs) are potential candidates for
solid-state lighting due to their excellent properties such as brightness, long lifetime, low
applied voltage and high power efficiency [1-3]. Pc-LEDs can be easily fabricated by
combining a blue or an ultraviolet (UV) LED chip with down-converting phosphors to
generate white light. The first commercial pc-LED has been produced by the combination of
blue LED with yellow-emitting cerium doped yttrium aluminum garnet (Y AG:Ce) phosphor.
However, this approach suffers from thermal quenching, poor color rendition and narrow
visible range. Thus, much attention has been paid for the generation of white light, through a
combination of red, green and blue phosphors with UV or near-UV (365-410 nm) LED. From
the perspective of good color render index, seeking for highly efficient R/G/B-emitting
phosphors under excitation wavelength in range of 350-410nm is important. Currently, the
commonly used green-emitting phosphors for white LEDs are sulfide phosphors, such as
ZnS:Cu, Al [4] and SrGazS4:Eu2+ [5], which show poor chemical stabilities against humidity
and strong degradation upon LED chip pumping. Therefore, it is urgent to develop new green
phosphors with comparatively modest synthesis and superior performance than sulfides.

In the last decade many borophosphates were reported and structurally characterized. The
main structure features of borophosphates include planer BO; triangles or BO, tetrahedron
sharing corners with PO, trtrahedra leading to a great variety of different structures with one-,
two-, and three-dimensional anion complexes [6]. The divalent rare-earth Eu’* ion has the 4f
electronic configuration at the ground states and the 4f°5d"' electronic configuration at the
excited states. The broadband absorption and luminescence of Eu’* are due to 4f’—4f°5d'
transitions. The emission of Eu®*, strongly dependent on the type of host lattices, can vary
from the ultraviolet to the red spectral range. The luminescence of Eu** ions in alkaline earth
borophosphates with M**BPOs; (M** = Ca, Sr, and Ba) composition have been studied by
several groups [7-9] and these studies revealed that the Eu**-doped borophosphates could be
photoluminescent materials with high efficiency. The absorption and emission bands of
activators Eu®* can also be well controlled by varying the crystal field or the bond covalence
depending on site size, site symmetry and coordination environment of activator ions [10].
Ba;BP;0, was first prepared and structurally characterized by Kniep et al. [11]. The complex
anion consists of linked tetrahedra only. In detail, central “vierer” single chains (BO, and PO,
in alteration) run parallel to [001]; the two remaining oxygen vertices of each BO, tetrahedron
are shared with a terminal PO, tetrahedron. Ba;BP;0;, contains wide channels in which the
barium ions are located. In this work, we report the luminescence of Eu2+-doped Ba;BP;0,,
Sr;BP;0;, and (Ba,Sr);BP;0;,. The emission color variation attributed to the two emission
bands of Eu’ are also discussed from the perspective of crystal field strength and the
covalence of hosts. Green and bluish-white pc-LEDs were also fabricated by combination of
370 nm LED chips and the as-synthesized phosphors.

2. Experimental

In this study, polycrystalline phosphors with compositions of (Baj.,,SryEu,);BP;0,, were
synthesized by a conventional solid state method. The raw materials were BaCO; (>99.9%,
Aldrich), SrCO; (>99.9%, Aldrich), H;BOs (99.9%, Aldrich), NH,;H,PO, (>99%, Merck), and
Euy05 (99.99%, Aldrich). Stoichiometric amounts of reactants were first well ground and
intimately mixed in the requisite proportions; all powder samples were sintered at 950°C for 8
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h in a reducing atmosphere of 15% H, and 85% N, in a furnace. The obtained products were
pulverized for further characterizations.

The phase purity and crystal structure of as-prepared samples were characterized by
powder X-ray diffraction (XRD) analysis with an advanced automatic diffractometer (Bruker
AXS D8) with Cu Ka radiation (A = 1.5418 A) operated at 40 kv and 20 mA. The XRD data
for phase identification were collected in 20 range from 10 to 80°. The measurements of PL
and PL excitation (PLE) spectra were performed by using a Spex Fluorolog-3
spectrofluorometer (Instruments S.A., Edison, N.J., USA) equipped with a 450 W Xe light
source and double excitation monochromators. The powder samples were compacted and
excited under 45° incidence, and emitted fluorescence was detected by a Hamamatsu
Photonics R928 type photomultiplier perpendicular to the excitation beam. The spectral
response of the measurement system was calibrated automatically on startup. To eliminate the
second-order emission of the source radiation, a cutoff filter was used in the measurements.
The CIE chromaticity coordinates for all samples were determined by a Laiko DT-100 color
analyzer equipped with a charge coupled device (CCD) detector (Laiko Co., Tokyo, Japan).
The electroluminescence (EL) spectra, color rendering index (CRI), and luminous efficiency
of pc-LEDs were obtained at room temperature by using an integrating sphere (EVERFINE
PHOTO-E-INFO Co. LTD).

3. Results and discussion
3.1 XRD profile analysis
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Fig. 1. XRD patterns of (Ba;.,SryEu,)3sBP301, with (a) x =0,y =0; (b) x=0.08,y =0; (c) x =
0.08, y =0.46; (d) x =0.08, y = 0.92 and Ba;BP;0;, (JCPDS file no. 085-0258).

The XRD patterns of the Ba;BP;0;, and the composition-optimized phosphors of
(Bag 92Eu0,08)3BP301, (Bag46ST0.46EU0,08)3BP3012, and  (Sro9Eug03)3sBP301, are shown in
Fig. 1. The diffraction peaks of Ba;BP;0y,, (BaggEuges);BP;01, and
(Bag.46510.46EU003)3BP30, were found to be an orthorhombic structure and agree well with
that reported by Shi et al. [12] and JCPDS card no. 085-0258. Among all M;BP;0, (M =
Ca*, Sr**, and Ba2+) phases, only Ba;BP;0,, was obtained as a single phase, whereas other
analogues of Ca** and Sr** were unknown phases or mixtures of known phases [12,13]. As
shown in Fig. 2, Ba”* ions have two different coordination numbers (CNs). Ba(1) and Ba(2)
are eleven-coordinated ten-coordinated, respectively. According to the matching of ionic
radii, the Eu”* ions are expected to replace the Ba’* ions in the host of Ba;BP;0,,.

#119642 - $15.00 USD  Received 6 Nov 2009; revised 26 Dec 2009; accepted 27 Dec 2009; published 15 Jan 2010
(C) 2010 OSA 1 February 2010/ Vol. 18, No. 3/ OPTICS EXPRESS 1890



Fig. 2. Schematic representation for coordination of two different Ba** sites in Ba;BP;O)» (Ba
atoms, black spheres; O atoms, grey spheres).

3.2 PLE and PL spectra ofM3BP3012:Eu2+ (M = Ba, Sr) phosphors
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Fig. 3. PLE and PL spectra of (Bag¢Eugs)3BP301, phosphor. (Ax. = 355 nm, Aem, = 505 nm).
The dotted lines are Gaussian decomposition curves

Figure 3 displays the PLE and PL spectra of (Bagg,Eugs);BP30, obtained at room
temperature. The results show a broad emission band extending from 450 to 600 nm, which
can be considered as a superposition of two Gaussian components with wavelengths peaking
at 465 nm (P1) and 520 nm (P2), respectively. Two peaks merged at 505 nm where they were
overlapped as a single band. The emission at 465 nm can be attributed to the Eu® ion
occupying in the laI%er Ba(1) site with a weaker crystal field, whereas that peaking at 520 nm
can be due to the Eu”" ions in the smaller Ba(2) site with a stronger crystal field. The emission
of (Bag¢,Eug05);BP30;, with intense and broad features were mainly originated from 5d—4f
transition of Eu”* ions due to the strong coupling of the 5d electron with host lattice.

Figure 4 shows the PLE and PL spectra of (SrygEug5);BP;01, at room temperature. It
exhibits a broad emission band extending from 400 to 450 nm, which could be considered as a
superposition of two Gaussian components with wavelengths peaking at 400 nm (P1) and 440
nm (P2), respectively. The two peaks merged at 420 nm and they overlapped and merged as a
single band. The PLE spectra of (Bagg,Eug5);:BP30;, and (Srg¢,Eug05);BP30,, show broad
band ranging from 300 to 400 nm, attributed to the 4f"—4f°5d" transition of Eu** ions. The
broad excitation band well matches with the emission spectral range of NUV LED (350-400
nm).
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Fig. 4. PLE and PL spectra of (Srp9:Eu0,0s);BP30;, phosphor. (Aex. = 355 nm, Aen, = 420 nm).
The dotted lines are Gaussian decomposition curves.

3.3 Effect of Eu’* concentration on luminescent properties of (Ba;_.Eu,);BP;0,

Figure 5 shows the PL spectra as a function of the Eu®* concentration (x) for the
Ba3BP301Z:xEu2+ph0sphors. The data indicated that (Bagg,Eugg)3;BP50,, is the optimized-
composition. When considering the mechanism of energy transfer in oxide phosphors, Blasse
[14] pointed out that if the activator is introduced solely on Z ion sites, x. is the critical
concentration, N the number of Z ions in the unit cell and V is the volume of the unit cell, then
there is on the average one activator ion per V/x.N. The critical transfer distance (R.) is
approximately equal to twice the radius of a sphere with this volume:

1/3
G = N) ey

Taking the values of V (2255 A%, N (16), and x. (0.08), the R, was calculated to be 15 A.
It was believed that the decrease in the PL intensity for samples with x of 0.08 was mainly due
to the non-radiative transition among the Eu** ions, which may occur because of exchange
interaction, radiation reabsorption, or multipole-multipole interaction [15,16]. The exchange
interaction is generally responsible for the energy transfer of forbldden transitions and the
typical distance is about 5 A [15]. Because the 5d—4f transition of Eu®* ion is allowed and the
PLE and PL spectra were not well overlapped [Fig. 3 (a) and 3(b)], the non-radiative
transitions among the Eu”* ions took place via electric multipolar interactions according to
Dexter theory [16,17]. The emission intensity (/) per activator concentration (x) can be
expressed by the following equation [15,16]:

1 k
¥ A @

where k and f are constants for each interaction for a given host lattice; § = 6, 8, 10 for
dipole—dipole, dipole—quadrupole, quadrupole—quadrupole interactions, respectively. Figure 6
illustrates the I/x dependence upon x on a logarithmic scale. The dependence of log(//x) on
log(x) was found to be relatively linear and the slope (-6/3) was determined to be —1.92. Thus,
the value of  could be calculated as 5.76, which was close to 6. This indicated that dipole—
dipole interaction dominated the concentration quenching mechanism of Eu** emission.
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Fig. 5. Comparison of PL spectra for (Ba, <Eux);BP30,, phosphors.
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Fig. 6. The log(/xg.2+) dependence of log(xg.2+) on a logarithmic scale.

3.4 Effect of Sr** concentration on photoluminescence of (Bag.g.,Sr,Eu,0s)3sBP30;

Figure 7 shows the PL spectra of (Bagg,.,SryEug3);:BP;01, (y = 0, 0.092, 0.276, 0.46, and
0.92). With substitution of Ba** for Sr** (i.e., from Ba;BP;0,,:Eu** to Sr;BP;0,,:Eu*"), the
emission bands of longer wavelength show blue-shifting, whereas these of shorter wavelength
show red-shifting. This observation could be explained in terms of two competing factors: the
crystal field and the bond covalence [10].
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Fig. 7. Comparison of PL spectra of (Bag.¢2-ySr,Euy 03)sBP30, phosphors.

02 03 04 05 06 07 08

Fig. 8. CIE chromaticity diagram for (a) (Bag¢,Euo,0s)3:BP301> and (b) (Bag.46S10.46Eu0.08)3BP3012
excited at 355 nm. The inset shows the (a) (BagoEuges):BP;O;; and (b)
(Bap46510.46EU0,03)3BP301, photos taken under 365 nm excitation in a UV box.

The crystal field strength increases with decreasing bond length by replacing Ba** with
smaller Sr™* cations. The correlation between the crystal field strength and bond length is
given in the following equation [18],

D, = 3Ze*"/5R’ (3)

where Dy is the crystal field strength, R is the bond length between a center ion and ligands.
Therefore, the increase in the crystal field could results in red shift for 5d—4f transition of
Eu2+, as indicated by Kim et al. [18] In addition, the observed blue shift could be explained in
terms of the decreasing nephelanxetic effect [19]. With the decrease in the degree of
covalence of Eu—O bonds in the order of Ba and Sr, less negative charge transfer to Eu** ions
and thus increase the energy difference between the 4f and the 5d levels. Thus, the degree of
covalence in the Eu—O bonds was decreased with substitution of Ba®* with smaller Sr**
cations and, consequently, the blue shifting of the Eu** emission band resulted.
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In the case of Ba3BP3012:Eu2+ to Sr3BP3012:Eu2+, the size difference between the M(2)
site and ionic radius of Eu** ion were too much larger than that between the size difference of
M(1) site and that of Eu** ion. The symmetry of ligand ions surrounded Eu** ions was slightly
distorted and their crystal fields were relaxed. Since ligand ions should not effectively exert
the crystal field on Eu** ions occupying the M(2) sites. Consequently, the bond covalence
effect in M(2) site was dominant and the covalence decreases in order of Ba** > Sr** so that
the slightly blue shift of Eu**(2) emission at longer wavelength was observed. On the other
hand, the difference between the size of M(1) site and ionic radius of Eu?* ions was smaller
than that between the size of M(2) site and that of Eu** ions. The Eu®* ions occupying the
1ar§er M(1) site are dominantly affected by the crystal field causing the slightly red shift of
Eu™*(1) emission at shorter wavelength.

Figure 8 shows the Commission International de I’Eclairage (CIE) chromaticity diagram
with empirical CIE coordinates under excitation at 355 nm. The chromaticity coordinates of
composition-optimized phosphors, (Bag¢yEug 05);BP301, and (Bag 46510 46EUg.05):BP301,, were
found to be (0.26, 0.41) and (0.26, 0.31), respectively. The inset shows photographs for green
(BaggrEug 03);BP30,, and bluish-white (Bag4651)46EU0,08);BP30;, phosphors under 365nm
excitation.

3.5 Packaging of Pc-LED

In order to investigate the EL properties of our phosphors in near-UV-based LED, green and
bluish-white pc-LEDs, with the surface mount device (SMD), were fabricated by combining
(Bao‘nguO'og)3BP3012 and (Ba0446Sr0,46Eu0‘08)3BP3O12 with near-UV LED ChipS (370 nm),
respectively. The phosphor blend was made by dispersing respective phosphor with 1:1 by wt
% in a transparent silicone resin, and pc-LEDs were then fabricated by coating the LED chips
with the epoxy resin. Their optical properties of the pc-LEDs were evaluated under a power of
1.1 watt at room temperature. Figure 9(a) is the EL spectrum of the as-fabricated green pc-
LED. The emission band at 505 nm was clearly observed in the EL spectrum of the green pc-
LED with the CIE coordinates of (0.26,0.40). As shown in Fig. 9(b), there are two bands at
420 nm and 505 nm in the EL spectrum of the bluish-white pc-LED with CIE coordinates of
(0.25, 0.27). The luminous efficiency was found to be 5.2 Im/W for the green pc-LED and 5.1
Im/W for the bluish-white pc-LED, respectively.

(b) (@

0.8
0.6

0.4+

Intensity (a.u.)

0.2+

0.0

T T T T T T
400 450 500 550 600 650
Wavelength (nm)

Fig. 9. EL spectra of (a) green LED fabricated with (Bag¢:Eu03);BP30;, and (b) bluish-white
LED fabricated with (Bag4eSro46Eu0,08)3BP3012. The inset shows the green LED and bluish-
white LED, both driven by a 350 mA current.

A qualitative criterion of the ability to display the colors of an irradiated object in a natural
way is the color rendering index (CRI) [20]. The CIE coordinates, CRIs, and luminous
efficiency of pc-LEDs are summarized in Table 1. Table 1 displayed the CRIs of the
combination of near-UV LED with (Bag4¢Srg46Eu0,03)3BP301,, which gives a Ra of 81. The
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CRI values based on the combination of near-UV LED with (Bag 46519.46EU0 03)3BP301> (Ra =
81) was found to be higher than that of commercial pc-LED (Harvatek Co. LTD, HT-
P278BPV) that combining blue LED with YAG:Ce (Ra = 75).

Table 1. The comparison of commercial pc-LED and those were prepared by combining
(Bag.g2Eu0,08)3BP3012 and (Bay.46S19.46E10,08)3sBP301> with NUV LED.

Luminous efficiency

pc-LED Power (watt) CIE (x,y) Ra (Im/W)
Near-UV LED + 1.1 (0.26, 0.40) 56 5.2
(Bapg:Eu0,08):BP301,
Near-UV LED + 1.1 (0.25,0.27) 81 5.1
(Bap.46S10.46Eu0,08)3BP3012
Blue LED + YAG:Ce (HT- 2.3 (0.32,0.33) 75 28.1
P278BPV)

For the application of high power LEDs, the thermal stability of phosphor is one of
important issues to be considered. Temperature dependence of PL spectra for
(Bag.grEug 03)3BP50,, under excitation at 355 nm is shown in Fig. 10. The inset displays and
compares the thermal quenching property of (Bagg,Euy 03);BP30;, along with YAG:Ce* and
Ba28i04:Eu2+ phosphors. As shown in Fig. 10, (Bagg,Eus);:BP;0,, exhibits good thermal
stability as well as YAG:Ce™ and is superior to that of silicate phosphor. The results indicate
that for high power LED application, (Bagg,Eus3);BP;0,, could serve as a promising
phosphor.
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Fig. 10. Temperature dependent PL spectra for (Bagg:Eugs);BP;0;, excited at 355 nm. The
inset shows the relationship PL intensity and temperature for (Bagg,Eugs);BP30;,. For
comparison, commercial YAG:Ce™ and Ba,SiOsEu** are also tested under their optimal
excitation.

Figure 11 shows the decay curves for (Ba; Eu,);BP;O0\, with various x and
(Srp.92Eug,03)3BP501,, respectively. We could successfully fit the decay curves based on the
following multiple exponential equation,

I=Aexp(h+ A, exp(h) (4)
T, T

1 2

where [ represents the fluorescence intensity; A; and A, are constants; ¢ is time; 7; and 7, are
the decay times for the exponential components, respectively. By using fitting function, the
parameters are calculated and summarized in Table 2. These results revealed that the decay
curves of Ba;BP;0;:xEu were independent of Eu®* concentration. In addition, the decay
curves could be well fitted by two-component exponential equation, indicating Eu** occupied
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two different sites in Ba;BP;0;, and Sr;BP;04, hosts. The results were consistent with PL
data presented in Fig. 3 and 4. Table 2 summaries the corresponding parameters in these two
phosphors, showing that z; andz, are ~100 ps and ~1200 ps for Ba3BP3012:Eu2+ and ~186 us
and ~2872 ps for Sr3BP3012:Eu2+, respectively.
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Fig. 11. The decay curves of as-synthesized phosphors excited at 355 nm and (a) monitored at
505 nm: (Ba,Euy);BP;0;, and (b) monitored at 420 nm: (Sr9,Eug5);BP3015.

Table 2. Comparison of decay times for (Ba;..\Eu,);BP30; and (Sr¢.9:Eu003):BP3012.

Decay time (7, pus) and constants (A)

Compositions vy - - -
(BaossBus01)sBP;O. Jrot 8 o s
(Bag94Eu06):BP301, 617,87 8895 23)4,5 112,150.
(Bag9:Eus):BP:01, 417,66 241 06 104,4 816,557,
(BaggoEuq.10):BP301, 414,79 A771 07 254,0 316,237,
(Ba ssEug.12):BP:0 1 014,93 .201 11 503,9 215 1260.
(Sto.92E0,08)3BP30 12 1,978 .25186 588 125,872.

4. Conclusion

In summary, a series of intense green and bluish-white emitting phosphors,
(Ba,Sr)3BP3012:Eu2+, were synthesized by a conventional solid state reaction.
(Bag 9,Eug,03)3BP501, and (Srg¢,Eug 03)3BP301, showed emissions attributed to Eu* occupying
in two sites with different coordination in the host lattices. Broad excitation band extending
from 300 to 400 nm matches the emission spectral range of near-UV LEDs. Bright green and
bluish-white LEDs were fabricated by the combination of 370 nm near-UV chips and the
composition-optimized phosphors. The series of (Ba,Sr);BP;O,:Eu** could serve as a
promising green and bluish-white phosphor used in fabrication of near-UV excited LED. The
high CRI values of the pc-LED demonstrate that (Baj 46510 .46Eu0 05)3BP501, phosphor may be
suitable for application in solid-state lighting.
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