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a b s t r a c t

A series of Ce3+ doped novel borate phosphors MSr4(BO3)3 (M = Li or Na) were successfully synthesized
by traditional solid-state reaction. The crystal structures and the phase purities of samples were char-
acterized by powder X-ray diffraction. The optimal concentrations of dopant Ce3+ ions in compound
MSr4(BO3)3 (M = Li or Na) were determined through the measurements of photoluminescence spectra
of phosphors. Ce3+ doped phosphors MSr4(BO3)3 (M = Li or Na) show strong broad band absorption in
ACS:
8.20.−e
8.55.−m

eywords:

UV spectral region and bright blue emission under the excitation of 345 nm light. In addition, the tem-
perature dependences of emission spectra of M1+xSr4−2xCex(BO3)3 (M = Li or Na) phosphors with optimal
composition x = 0.05 for Li and x = 0.09 for Na excited under 355 nm pulse laser were also investigated.
The experimental results indicate that the M1+xSr4−2xCex(BO3)3 (M = Li or Na) phosphors are promising
blue emitting phosphors pumped by UV light.
hosphor
orate
uminescence

. Introduction

In the last few years, white light emitting diodes (w-LEDs) have
egun replacing incandescent and fluorescent lights in a number
f niche applications due to their advantages in energy saving,
elated environmental benefits, and the steadily dropping cost
1–3]. Currently, most commercially available w-LED products in
he market are fabricated by coating a layer of yellow emitting
hosphor YAG:Ce [(Y1−aGda)3(Al1−bGab)5O12:Ce3+] on blue LED
hips, which suffers from a poor color rendering index (Ra < 80)
nd high color temperature (Tc > 4500 K) due to the deficiency of
he green and red light [4]. In order to overcome these drawbacks,
hree-band w-LEDs with high Ra and the tunable color temperature
ere proposed by pumping tricolor (red–green–blue) phosphors
ith near-UV LED chips, which is based on the working mechanism

f fluorescent lamps [5]. Though tricolor phosphors used for fluo-
escent lamp have been investigated in detail, the present tricolor

mitting phosphors could not be efficiently excited by near-UV
ight. It is an urgent task to hunt for some novel tricolor phos-
hors those can be excited by near-UV light and emit required
isible light. For the phosphors used in near-UV white LEDs,

∗ Corresponding author.
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the basically requirements are strong absorption in the near-UV
range and high conversion efficiency. Moreover, high chemical and
physical stabilities are also important for improving the lifetimes
of w-LEDs [6].

Up to now, BaMgAl10O17:Eu2+ (BAM:Eu2+) is still regarded as the
preferred blue-emitting phosphor for white light emitting diodes
based on the near-UV LED. However, the synthesis of BAM:Eu2+ is
usually at temperature as high as 1300–1600 ◦C for several hours,
which leads to the increase of w-LEDs cost [7]. It is necessary to
search for a new blue phosphor with low cost and efficient blue
emission excited in the near-UV range. As an important family of
luminescent material host, borate has attracted much attention
not only owing to its excellent thermal stability, environmental
benignity, and potential low-cost synthesis, but also a number of
compounds with different structures can be selected [8]. Novel
cubic borates MSr4(BO3)3 (M = Li or Na) have been firstly syn-
thesized by Wu, but there are few reports on the luminescent
properties of rare earth ions doped these compounds [9,10]. Among
rare earth ions, Ce3+ is an efficient activator for the phosphors
applied in the field of lighting because the luminescence color of the

3+
Ce doped phosphor can be tuned from red to UV region, which
due to the 5d energetic position of Ce3+ is sensitive to the host
lattice [11,12]. In this work, photoluminescent properties of Ce3+

doped MSr4(BO3)3 (M = Li or Na) were investigated in detail, which
exhibits bright blue emission under the excitation of UV light.

dx.doi.org/10.1016/j.jallcom.2011.01.194
http://www.sciencedirect.com/science/journal/09258388
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and 409 nm), II(446 and 453 nm), III(431 and 433 nm), and IV(479
ig. 1. XRD patterns of samples LiSr4(BO3)3 (a), Li1.05Sr3.9Ce0.05(BO3)3 (b),
aSr4(BO3)3 (c) and Na1.09Sr3.82Ce0.09(BO3)3 (d).

. Experimental

Polycrystalline powder samples were prepared by a solid-state reaction tech-
ique at high temperature and CO reducing atmosphere. Raw materials include
rCO3, Li2CO3, Na2CO3, H3BO3 (3 mol% in excess to compensate for evaporation) and
eO2, all starting materials were analytical grade. Considering the size of Sr2+ radius,

t is believed that the doping ions Ce3+ are expected to occupy the Sr2+ crystallo-
raphic sites rather than the Li+ or Na+ sites in MSr4(BO3)3 (M = Li or Na) crystal cells.
dditionally, apart from the size effect, a larger valence difference between Ce3+ and
i+ is also not favorable for Ce3+ replacement of Li+, as observed in Li2SrSiO4:Ce3+

13]. The excessive Li2CO3 or Na2CO3 was used as charge compensator in LiSr4(BO3)3

nd NaSr4(BO3)3, respectively, in order to maintain charge neutrality of the crystal.
herefore, the nominal composition of present samples are M1+xSr4−2xCex(BO3)3

M = Li or Na). For the preparation of the present phosphors, stoichiometric amounts
f raw materials with the nominal composition were intimately mixed and placed
n a small covered corundum crucible. Then the small crucible was placed in a large
uter crucible and buried in carbon sticks in order to reduce Ce4+ to Ce3+. Afterwards,
he large crucible with its contents was placed in a muffle furnace under ambient
tmospheres and fired at 750 ◦C for 8 h. The commercial blue phosphor BAM:Eu2+

as purchased from NICHIA Corporation (Japan).
The structure and phase purity of sintered samples were identified by powder

-ray diffraction (XRD) analysis using an X’Pert PRO advanced automatic diffrac-
ometer with Cu-K� radiation operated at 40 kV and 40 mA. The measurements of
hotoluminescence (PL) and photoluminescence excitation (PLE) spectra were car-
ied out using a JASCO FP-6500 fluorescence spectrophotometer equipped with a
50 W xenon lamp as the excitation light source. PL spectra of all samples were
ested three times to reduce the error. Their PL properties at higher temperature
ere evaluated using the same spectrophotometer with a homemade heating cell
nder the excitation of 355 nm pulsed laser. To eliminate the second-order emission
f the source radiation, a cut-off filter was used in the process of measurement.

. Results and discussion

The diffraction pattern is usually used to identify the crystal
tructure and the phase purity of sample. Fig. 1 shows the XRD
atterns of samples MSr4(BO3)3 (M = Li or Na) with and without
opants sintered at 750 ◦C for 8 h in the CO reducing atmosphere.

n this study, concentration of Ce3+ is varied from x = 0 to 0.11, and
he XRD patterns of all samples are similar. Here, only XRD patterns
f samples Li1.05Sr3.9Ce0.05(BO3)3 and Na1.09Sr3.82Ce0.09(BO3)3 are
isplayed as representatives. As shown in Fig. 1, all of the diffrac-
ion peaks are in good agreement with those of MSr4(BO3)3 (M = Li
r Na) in Ref. [9] and no detectable impurity phase is observed.
his result illuminates that all these samples show similar crys-
al structures and the introduction of dopants does not cause any
ignificant changes in the host structure, and the Sr2+ ions can

e partially replaced by Ce3+ without change of crystalline struc-
ure. Comparing XRD patterns of LiSr4(BO3)3 and NaSr4(BO3)3, it
s clearly observed that the two samples adopt cubic structure and
re iso-structural. However, a slight shift in 2� value towards the
Wavelength (nm)

Fig. 2. PLE and PL spectra of Li1.05Sr3.9Ce0.05(BO3)3 (a) and Na1.09Sr3.82Ce0.09(BO3)3

(b).

lower angle is found with completely substitution of Li+ by Na+,
since the size of Na+ (0.95 Å) is larger than that of Li+ (0.60 Å)
[14].

Ce3+ doped MSr4(BO3)3 (M = Li or Na) phosphors show blue
emission at room temperature under the excitation of UV light.
The PLE and PL spectra of phosphors Li1.05Sr3.9Ce0.05(BO3)3 and
Na1.09Sr3.82Ce0.09(BO3)3 are presented in Fig. 2(a) and (b), respec-
tively. The excitation spectra of the samples (monitored at 420 nm
for the former and 427 nm for the latter) are broad, and cover the
spectral region from 200 to 400 nm. It can be seen that the exci-
tation spectra consist of three broad bands with peaks at about
265, 290 and 345 nm (342 nm for M = Na), respectively, which are
ascribed to the crystal field splitting of Ce3+ 5d orbits [15]. The
emission spectra of the samples shows a broad asymmetric blue
emission band with a maximum at 420 and 427 nm for LiSr4(BO3)3
and NaSr4(BO3)3 under the UV excitation, respectively, which are
attributed to the 4f0 5d1–4f1 (2F5/2 and 2F7/2) transitions of Ce3+. The
Stokes shift can be roughly estimated by assuming that the excita-
tion band is the mirror image of the emission band. Therefore, the
Stokes shifts of Li1.05Sr3.9Ce0.05(BO3)3 and Na1.09Sr3.82Ce0.09(BO3)3
are calculated as about 5175 and 5820 cm−1, respectively [16]. In
addition, there is a minor red shift for the emission wavelength of
Ce3+ in the compound NaSr4(BO3)3 in comparison with that of Ce3+

in LiSr4(BO3)3 compound, which can be understood in terms of the
crystal field theory with the substitution of Li+ by Na+ [17].

The ground state configuration of the Ce3+ (4f1) ion yields two
levels, viz. 2F5/2 and 2F7/2, thus the emission spectrum of Ce3+ in one
specific lattice site usually shows a typical double-band shape and
the energy difference between the two bands is about 2000 cm−1.
In the compounds MSr4(BO3)3 (M = Li or Na), there are two different
crystallographical sites for Sr atoms. The Sr (1) atoms are coor-
dinated to six oxygen atoms, forming distorted octahedral, while
the Sr (2) atoms are eight-coordinated to oxygen atoms, forming
two-capped trigonal prisms and sharing planes and edges with
the adjacent Sr(2)O8 polyhedra and Sr(1)O6 octahedra, respectively
[9]. For the Ce3+ doped compounds MSr4(BO3)3 (M = Li or Na), Ce3+

ions are proposed to enter the Sr2+ sites, thus it is reasonable for
Ce3+ to occupy two different Sr2+ sites. To analyze the asymmet-
ric emission spectra, Gaussian peak fitting was carried out. Fig. 3
shows Gaussian curve fitting of the emission spectra those could
be de-convoluted into four Gaussian peaks those are bands I(408
and 480 nm) in LiSr4(BO3)3 and NaSr4(BO3)3, respectively. Bands I
and II come from the emission of Ce3+ at one specific site referred
to Ce (1); and the bands III and IV are attributed to the emission of
the other Ce3+ center, named as Ce (2). The energy gap between the



C. Guo et al. / Journal of Alloys and Compounds 509 (2011) 4871–4874 4873

550500450400350

(a)

III

II

I

In
te

n
si

ty
 (

a
.u

.)

Wavelength (nm)

III
II

I

(b)

F
e
d

b
t
b
C
fi
o
t
c
m
n
t
C
C
o

M
(
3
i
i
a
o
s
t
q
b
i
w
o

R

w
o
c
a
t
t
a
i
i
p
C
r
e

200175150125100755025
20

40

60

80

100

In
te

ns
ity

 (
a.

u.
)

Temperature (oC)
ig. 3. Emission spectra of Li1.05Sr3.9Ce0.05(BO3)3 (a) and Na1.09Sr3.82Ce0.09(BO3)3 (b)
xcited at 345 nm at RT with four deconvoluted Gaussian peaks. Inset: the depen-
ence of PL intensity on the concentrations of Ce3+.

ands I and II or the bands III and IV is close to 2000 cm−1 in the
wo samples, which is in agreement with the spin orbit splitting
etween the two 2F multiplets of the Ce3+ ground state. The center
e (1) is proposed to occupy the site of Sr (1) with a weaker crystal
eld, whereas the other center Ce (2) can be due to enter the sites
f Sr (2) with a stronger crystal field [18]. Because the energy posi-
ion of the lowest Ce3+ 5d1 level can be controlled by modifying the
rystal strength that depends on site size, coordination environ-
ent, and so on. For the same cations, the large anion coordination

umber will lead to the strong crystal field strength, thus the crys-
al field splitting will generally increase. Therefore, the emission of
e (2) should have a red-shift in comparison with that of Ce (1) and
e (2) occupy the site of Sr (2), where eight O2− anion coordinated
ne Sr2+ [19].

Insets of Fig. 2(a) and (b) show the dependences of
1+xSr4−2xCex(BO3)3 (M = Li or Na) phosphors PL intensities

defined as the integrated area intensities in the range of
65–550 nm) on the concentrations of Ce3+ (x) dopant. With

ncreasing Ce3+ concentration, the intensity of the blue emission
ncreases and reaches a maximum at about 5 at.% in LiSr4(BO3)3
nd 9 at.% in NaSr4(BO3)3. Above this concentration, the intensity
f the blue emission decreases. It is believed to be the shorter and
horter distance between Ce3+ ions with increasing concentration
hat introduced the concentration quenching. The concentration
uenching phenomena will not occur if the average distance
etween the identical Ce3+ ions is so large that the energy migration

s hampered, thus the critical distance is an important parameter
hich can be estimated from geometrical consideration with help

f the following formula [20]:

c ≈ 2
(

3V

4�xcN

)1/3
(1)

here V is the volume of the unit cell (in Å3), xc is the atom fraction
f activator at which the quenching occurs, the so-called optimum
oncentration, and N is the number of cations, which can occupy
unit cell. According to our experimental results and the crys-

al structures of the compounds MSr4(BO3)3:Ce3+ (M = Li or Na),
he values of V, N and xc are 3341.8 Å3, 16, 0.05 for LiSr4(BO3)3
nd 3474.7 Å3, 16, 0.09 for NaSr4(BO3)3 [9], respectively. The crit-
cal distance Rc is found to be about 20 and 16 Å, respectively. It

s believed that the concentration quenching of the present com-
ounds is mainly due to the non-radiative transition among the
e3+ ions, which may occur because of the exchange interaction,
adiation re-absorption, or multipole–multipole interaction. The
xchange interaction is generally responsible for the energy trans-
Fig. 4. The dependence of the normalized PL intensities of Li1.05Sr3.9Ce0.05(BO3)3 (a)
and Na1.09Sr3.82Ce0.09(BO3)3 on temperature. Inset: the dependence of PL spectra of
phosphor with optimal composition on temperature excited by 355 nm pulse laser.

fer of forbidden transitions and the typical distance is about 5 Å
[11]. Because the 5d–4f transition of Ce3+ ion is allowed and the PLE
and PL spectra do not overlap (Fig. 3(a) and (b)), the non-radiative
transitions among the Ce3+ ions take place via electric multipolar
interactions according to Dexter theory [21,22].

In the working process of LEDs, especially high-power w-LEDs,
the temperature of LED chip increases up to about 200 ◦C, there-
fore the thermal stability of phosphor is one of important issues
to be considered. A lower thermal quenching effect is in favor
of keeping chromaticity and brightness of white light output.
Fig. 4 shows the temperature dependences of PL intensities of
MSr4(BO3)3:Ce3+ (M = Li or Na) with optimal composition excited
by 355 nm pulse laser. As the increase of temperature, the PL inten-
sity slowly decreases. With heating the phosphor up to 100 ◦C, the
emission intensity remains at about 86% and 73% of that at room
temperature for NaSr4(BO3)3 and LiSr4(BO3)3, respectively, which
indicates that phosphor NaSr4(BO3)3:Ce3+ shows more excellent
chemical stability than that of LiSr4(BO3)3:Ce3+. As comparison,
the curve of PL intensity of BAM depends on the temperature has
been published in Ref. [23], and the PL intensity of BAM at 100 ◦C
is decreased to about 85%. And the value is close to the present
blue emitting phosphor NaSr4(BO3)3:Ce3+. Thus NaSr4(BO3)3:Ce3+

can serve as a promising phosphor for high power LED applica-
tion. Generally, the thermal quenching of emission intensity can
be explained by configurational coordinate diagram. The excited
luminescent center is thermally activated through phonon inter-
action, and then thermally released through the crossing point
between the excited state and the ground state in configurational
coordinate diagram. This non-radiative transition probability by
thermal activation is strongly dependent on temperature result-
ing in the decrease of emission intensity [24]. Insets of Fig. 4
show the dependences of PL spectra of NaSr4(BO3)3:Ce3+ (up) and
LiSr4(BO3)3:Ce3+ (down) on the temperature. It is observed that the
emission wavelengths of the Ce3+ in the compounds MSr4(BO3)3
(M = Li or Na) shift to shorter wavelength with increasing temper-
ature. This blue-shift may be due to the increase of the bond length
between luminescent centers and its ligand ions at high tempera-
ture, which results in a decreased crystal field and a high-energy
shift [23,25].

In order to compare with commercial blue emitting phosphor

BaMgAl10O17:Eu2+ (BAM:Eu2+), Fig. 5 gives the PL (�ex = 345 nm)
spectra of M1+xSr4−2xCex(BO3)3 (M = Li or Na) phosphors with
optimal composition (x = 0.05 and 0.09 for M = Li and Na, respec-
tively) and the commercial BAM:Eu2+ that is currently used as
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ig. 5. PL spectra (�ex = 345 nm) of Li1.05Sr3.9Ce0.05(BO3)3 (a), Na1.09Sr3.82Ce0.09(BO3)3

b) and the commercial blue emitting phosphor BAM.

he blue emitting phosphor for w-LEDs based on UV InGaN chip.
he integrated emission intensities of Li1.05Sr3.9Ce0.05(BO3)3 and
a1.09Sr3.82Ce0.09(BO3)3 are 81% and 107% of the reference BAM.
esults indicate that the PL intensities of present blue emitting
hosphors are close to that of commercial blue phosphor BAM, and
he synthesis temperature is lower at least about 600 ◦C than that
f BAM [7].

. Conclusions

Novel blue borate phosphors of M1+xSr4−2xCex(BO3)3 (M = Li
r Na) have been synthesized by using the standard solid-
tate method. The two optimal compositions are found to be
i1.05Sr3.9Ce0.05(BO3)3 and Na1.09Sr3.82Ce0.09(BO3)3. The phosphors
how strong broad absorption bands in UV range, and the bright
lue emissions are obtained with UV 345 nm as excitation light.

he thermal stability of sample Na1.09Sr3.82Ce0.09(BO3)3 is proved
o be higher than that of Li1.05Sr3.9Ce0.05(BO3)3. On the basis of the
bove experimental results, it is believed that the present borate
hosphors are potential blue emitting phosphor for UV excited
-LEDs.
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