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a  b  s  t  r  a  c  t

Eu2+ and  Eu2+–Mn2+ codoped  (Ba,Sr)Mg2Al6Si9O30 phosphors  have  been  synthesized  by  solid  state  reac-
tion,  and their  luminescent  properties  are  investigated.  Under  the  excitation  of  330  nm,  it  is  observed
that  the emission  of  Eu2+ consists  of  two  emission  bands,  located  at around  370  and  450  nm,  which  are
attributed  to two  Eu2+ centers  (Eu2+(I)  and  Eu2+(II))  ions  substituting  for  two  different  Ba2+ and  Mg2+ sites,

2+ 2+ 2+
eywords:
olid state reactions
hosphors
uminescence
nergy transfer

respectively.  As  Sr gradually  substitutes  Ba , the emission  bands  of  Eu (I) shift  to longer  wavelength
whereas  the  emission  bands  of  Eu2+(II)  exhibit  no  change.  This  phenomenon  is discussed  in  terms  of the
crystal-field  strength.  A  detail  analysis  on  the  energy  transfer  from  Eu2+ to  Mn2+ in SrMg2Al6Si9O30 host
is  presented,  which  indicates  the  energy  of the  red  emission  of  Mn2+ is  derived  mainly  from  Eu2+(I).  We
have  also  demonstrated  that  BaMg2Al6Si9O30:Eu2+, Mn2+ exhibits  better  thermal  quenching  properties
than  that  of  SrMg2Al6Si9O30:Eu2+, Mn2+ because  of  bigger  activation  energy.
. Introduction

The quest for new light-emitting-diode (LED) converted phos-
hors has triggered active research efforts in the investigation
f phosphors suitable for UV light excitation. For example, Eu2+

nd Eu3+ as efficient sensitizers have been widely studied for LED
n different hosts [1–6]. While, in order to obtain higher color-
endering index and tunable correlated color temperature, doubly
oped luminescent material based energy transfer is considered
o be an effective alternative for white LEDs. As we  known, Mn2+

oped luminescent materials have wide-range emissions from 500
o 700 nm depending on the crystal field of the host materials
7–9]. They could be good candidates for red phosphors, but the
isadvantage of the Mn2+ ions is that their d–d absorption tran-
ition is difficult to pump since it is strongly forbidden. Thus, it
s necessary to enhance the emission intensity of Mn2+ doped

aterials by introducing Eu2+, would possibly overcome the draw-
acks mentioned above. Recently, many phosphors with energy

ransfer mechanism of Eu2+/Mn2+ have been synthesized and inves-
igated in many hosts, such as Ca9M(PO4)7 (M = La, Y, Gd, Lu)
nd Ca10K(PO4)7 [10–15],  they utilized the Eu2+ → Mn2+ energy
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transfer (ET) to improve the emission intensity of Mn2+. Yang
et al. have observed the energy transfer from Eu2+ to Mn2+ in
BaMg2(PO4)2, where the Mn2+ shows red emission when substi-
tuting for Mg2+ site [16].

In this work, Eu2+ and Eu2+–Mn2+ codoped in
(Ba,Sr)Mg2Al6Si9O30 phosphors are synthesized and their lumines-
cent properties are investigated. The different emission bands of
these phosphors are presented, and their origins are to be revealed
through the crystal field strength. Energy transfer from Eu2+ to
Mn2+ in SrMg2Al6Si9O30 occurs and is systematically investigated
by the photoluminescence excitation and emission spectra, and
lifetimes. Thermal quenching properties of BaMg2Al6Si9O30:Eu2+,
Mn2+ and SrMg2Al6Si9O30:Eu2+, Mn2+ are studied.

2. Experimental

2.1. Synthesis

The (Ba0.96 − xSrx)Mg2 − yAl6Si9O30 ((B,S)MAS):0.04Eu2+, yMn2+ phosphors were
synthesized by a high-temperature solid-state reaction [17,18]. The constituent
oxides or carbonates BaCO3 (99.9%), SrCO3 (99.9%), Al2O3 (99.9%), SiO2 (99.9%),
MgO  (99.9%), Eu2O3 (99.99%), and MnCO3 (99.99%) were employed as the raw
materials, which were mixed homogeneously by an agate mortar and pestled

for  30 min, placed in a crucible with a lid, and then sintered in a tubular
furnace at 1300 ◦C for 4 h in reductive atmosphere (10% H2 + 90% N2 mixed
flowing gas). When x = 0 and 0.96, the obtained Ba0.96Mg2 − yAl6Si9O30:0.04Eu2+,
yMn2+ and Sr0.96Mg2 − yAl6Si9O30:0.04Eu2+, yMn2+ phosphors were abbreviated as
BMAS:0.04Eu2+, yMn2+ and SMAS:0.04Eu2+, yMn2+, respectively.

dx.doi.org/10.1016/j.jallcom.2011.10.065
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. The representative XRD patterns of the (B,S)MAS:0.04Eu2+ samples.

.2. Characterization

The structure of sintered samples was  identified by an X-ray powder diffrac-
ometer (Rigaku D/MAX-2500 V), using Cu K� radiation (� = 1.54056 Å). A step size
f  0.02◦ (2�) was used with a scanning speed of 4◦/min. The measurements of photo-
uminescence (PL) and photoluminescence excitation (PLE) spectra were performed
y using a Hitachi F4500 spectrometer equipped with a 150 W xenon lamp under a
orking voltage of 700 V. The excitation and emission slits were both set at 2.5 nm.

n  fluorescence lifetime measurements, the third harmonic (355 nm)  of an Nd-doped
ttrium aluminum garnet pulsed laser (Spectra-Physics, GCR 130) was used as an
xcitation source, and the signals were detected with a Tektronix digital oscilloscope
TDS 3052).

. Results and discussion

.1. Phase analysis

Fig. 1 presents the representative XRD patterns of the
B,S)MAS:0.04Eu2+ samples. All of the diffraction peaks
re indexed to the standard data of BaMg2Al6Si9O30 and
r0.91Mg2Al5.82Si9.18O30 (JPCDS card no. 83-0740 and 83-0741)
19] and no diffraction peaks from the raw materials are detected,
ndicating that the increasing x do not significantly influence the
tructure. (B,S)MAS crystallize in hexagonal structure with space
roup P6/mcc and have two type independent cation sites, 12-fold
oordinated M2+ (M = Ba or Sr) site and 6-fold coordinated Mg2+

ite. In our previous work, it is demonstrated that the PL spectrum
f Eu2+ in BMAS exhibits two PL bands, which indicates Eu2+ ions
n different sites [20]. Therefore it is speculated that Eu2+ ions can
nly substitute Ba2+/Sr2+ and Mg2+ sites despite the ionic radius
f Mg2+ is too small for Eu2+. In addition, some published papers
lso reported that Eu2+ can substitute Mg2+ sites [21–23],  such as
n Ba2Mg(BO3)2.

.2. Luminescence properties of (B,S)MAS:Eu2+

The PL spectra of the (B,S)MAS:0.04Eu2+ phosphors with vary-
ng Sr2+ ions concentrations (x) are illustrated in Fig. 2. The PL

pectra consist of two bands: Eu2+(I) of a shorter wavelength emis-
ion is assigned to Eu2+ occupying Ba2+ or Sr2+ with weak crystal
eld and Eu2+(II) of a longer wavelength emission corresponds
o Eu2+ occupying Mg2+ with strong crystal field. In the case of
Fig. 2. The PL spectra of the (B,S)MAS:0.04Eu2+ phosphors with varying Sr2+ ions
concentrations (x) at the excitation wavelength of 330 nm.

BMAS:0.04Eu2+, one band is located around 370 nm with a full
width at half maximum (FWHM) of 26 nm,  and the other band is
positioned at 450 nm with a FWHM of 125 nm,  these results are in
agreement with our previous work [20]. By changing the x value
from 0.2 to 0.96, the emission peaks of Eu2+(I) shift gradually to
longer wavelength from 376 to 388 nm and the FWHM increases
from 26 nm for BMAS:0.04Eu2+ to 41 nm SMAS:0.04Eu2+. This phe-
nomenon can be explained in terms of the crystal field. The crystal
field strength is increased with a decrease in bond length by replac-
ing with smaller M cations; Dq ∝ 1/R5 where Dq is the crystal field,
R is the bond length between a center ion and ligand ions [24].
Therefore, in the present system, the crystal field strength will
be larger as Sr2+ substitutes Ba2+, which results in the redshift of
Eu2+(I) of longer wavelength. While the PL peaks of Eu2+(II) keep
unchanged because Eu2+(II) ions always occupy Mg2+ with similar
crystal field environments. It is also noticed that the relative inten-
sity of Eu2+(II) decreases remarkably. It suggests that Sr content (x)
did affect the distribution of Eu2+ in different sites. In fact, the ionic
radii Eu2+(1.17 Å for CN = 6, 1.26 Å for CN = 12) is much bigger than
Mg2+ (0.72 Å, CN = 6), but much smaller than Ba2+ (1.61 Å, CN = 12)
in BMAS. It is therefore understood that a part of Eu2+ ions can sub-
stitute Mg2+ sites, leading to the 450 nm emission. As the increase
of Sr amount, Eu2+ substitution for Mg2+ should be limited because
the ionic radii of Sr2+ (1.44 Å, CN = 12) are more closer to Eu2+, which
finally results in the decrease of Eu2+(II) emission.

Decay curves of BMAS:Eu2+ and SMAS:Eu2+ phosphors are
depicted in Fig. 3. The decay time of Eu2+(I) in SMAS:Eu2+ is little
shorter than that in BMAS:Eu2+, due to the increase in non-radiative
rates caused by the increase in the phonon coupling [24]. As a
result, the shorter decay time of SMAS:Eu2+ results in the increase
in FWHM of the emission spectrum of Eu2+(I) as seen in Fig. 2. This
is similar to the results observed in case of (Ba,Ca)2SiO4:Eu2+ [25].

3.3. Luminescence properties and energy transfer in
2+ 2+
(B,S)MAS:Eu , Mn

Fig. 4 shows the PL spectra of (B,S)MAS:Eu2+, Mn2+ with varying
Sr content x (x = 0, 0.2, 0.4, 0.6, 0.8, 0.96) at fixed Eu2+ and Mn2+
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Fig. 3. Decay curves of BMAS:Eu2+ and SMAS:Eu2+ phosphors.

oncentrations. Under the excitation of 330 nm,  the emission spec-
ra of (B,S)MAS:Eu2+, Mn2+ appear not only as a strong band of the
u2+ ions range from 350 to 600 nm but also as a red band peaking
t 610 nm of the Mn2+ ions. With increasing x concentration, the
mission bands at 610 nm do not change, which result from little
hanges in the crystal field around Mn2+.

In our pervious work, we have demonstrated that energy trans-
er from Eu2+ to Mn2+in BMAS host matrix. Thus, in this study, we
ocus on investigating the energy transfer in SMAS host. The PL
pectra of Eu2+ and the PLE spectra of Mn2+ singly doped phosphors
re shown in Fig. 5(a) and (b). SMAS:Mn2+ exhibits a very weak
ed emission band peaking at 610 nm originating from 4T1–6A1
ransition of Mn2+ with its PLE peaks at 355 and 406 nm,  corre-
ponding to the forbidden transitions from the ground state 6A1(6S)
o 4T2(4D) and (4A1(4G), 4E(4G)) levels of Mn2+, respectively [26].
ig. 5(c) shows the PLE and PL spectra of SMAS:0.04Eu2+, 0.2Mn2+,
he PLE spectrum monitoring the red emission of the Mn2+ is more
imilar to that monitoring the Eu(I) emission, indicating the energy
ransfer occurred mainly from Eu2+(I) to Mn2+. In order to further
nvestigate the energy transfer process between the Eu2+ and Mn2+
ons in SMAS, a series of samples are prepared. Fig. 6 shows the PL
pectra of SMAS:0.01Eu2+, yMn2+ phosphors with different doping
ontents y, which were measured at the excitation wavelength of

ig. 4. The PL spectra of (B,S)MAS:0.04Eu2+, 0.2Mn2+ with varying Sr content x (x = 0,
.2, 0.4, 0.6, 0.8, 0.96) at fixed Eu2+ and Mn2+ concentrations.
Fig. 5. The excitation and emission spectra of SMAS:Eu2+(a), SMAS:Mn2+ (b) and
SMAS:Eu2+, Mn2+(c) phosphors.

330 nm.  With the doping Mn2+ concentration increasing, the emis-
sion intensity of the Mn2+ ions increases systematically and reaches
saturation when y is equal to about 0.24. These results indicate that
the energy transfer from the Eu2+ to Mn2+ ions.

The fluorescence lifetimes of 370 (�1), 470 (�2) emissions in
SMAS:0.01Eu2+, yMn2+(y = 0, 0.04, 0.08, 0.12, 0.16, 0.2 and 0.24) are
measured and presented in Fig. 7(a) and (b). The reduction of the
lifetimes for Eu2+ at different luminescence center with increasing
Mn2+ concentrations are observed, which is a strong evidence for
the energy transfer from the Eu2+ to Mn2+ ions.

The energy transfer processes can be described as follows: the
three emitting centers at 370, 470, and 610 nm are labeled by 1,
2, and 3, respectively, and the energy transfer from their center is
considered. The energy transfer efficiency can be obtained using
�Eu–Mn = 1 − �/�0, as shown in Fig. 7(a) and (b) inset. It can be seen
that the values of �13 and �23 gradually increase and reach to 30%
of Eu2+(I) and 21% of Eu2+(II) for Mn2+ concentrations at y = 0.24.
In continuous excitation, the number of Eu2+ excited state rate
equation for center 1, 2 with 3 has the relationship as:
W13n1 + W23n2 = n3

�3
(1)

Fig. 6. The PL spectra of SMAS:0.01Eu2+, yMn2+ phosphors with different doping
contents y at the excitation wavelength of 330 nm.
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Fig. 7. The fluorescence lifetimes of Eu2+(I) (�1) (a) and Eu2+(II) (�2) (b) in
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in Fig. 10.  An activation energy of Eu2+ in BMAS:Eu2+, Mn2+ is
MAS:0.01Eu2+, yMn2+ (y = 0, 0.04, 0.08, 0.12, 0.16, 0.2 and 0.24). Inset: the energy
ransfer efficiency (�Eu–Mn) with different doping Mn2+ contents.

where ni and Wi3 are population of center i and energy transfer
ate from center i to center 3, respectively. �3 is the fluorescence
ifetime of Mn2+. If the emission intensity and radiative transition
ate of center i are denoted by Ii and � i, the intensity ratio of the
ed emission of Mn2+ to the emission of Eu2+ is determined by the
ollowing equation:

I3
I1 + I2

= �3�3

(
W13I1

�1(I1 + I2)
+ W23I2

�2(I1 + I2)

)
(2)

here W13 = 1/�1 − 1/�10, W23 = 1/�2 − 1/�20; �10 and �20 is the
uorescence lifetime of Eu2+(I) and Eu2+(II) in absence of Mn2+,
espectively. The I3/(I2 + I1) integral intensity ratio of the Mn2+

mission to the Eu2+ emission can be calculated according to the
mission spectra in Fig. 6. The �1 and �2 are obtained from intrinsic
ifetime measurements of 370 nm and 470 nm emissions, respec-
ively, in SMAS:0.005Eu2+ to avoid concentration and nonradiative
ransition effects. �3 has been measured and nearly unchanged for
ifferent Mn2+ concentrations. The I3/(I2 + I1) intensity ratios at var-

ous Mn2+ concentrations are calculated using Eq. (2) and scaled to
he maximum, as presented in Fig. 8. For comparison, the intensity
atios obtained directly from the emission spectra are also given in
ig. 8. It can be seen that the calculated data are in good agreement

ith the experimental ones. Noteworthy, since the energy of Mn2+

an be estimated using Eq. (2) from the contribution of Eu2+(I) and
u2+(II), it is found that the contribution of Eu2+(I) is 7 times larger
Fig. 8. Calculated and experimental ratios of I3/(I1 + I2) intensity ratios at various
Mn2+ concentrations. The ratios are scaled to the maximum.

than that of Eu2+(II) for SMAS:0.04Eu2+, 0.2Mn2+ sample, further
implying the energy of Mn2+ mainly come from Eu2+(I).

3.4. Thermal stability study of BMAS:Eu2+, Mn2+ and SMAS:Eu2+,
Mn2+ phosphors

In the white LED application, a low-temperature quenching
effect is in favor of keeping the chromaticity and brightness of white
light output. The temperature-dependent emission intensity of the
optimized BMAS:0.04Eu2+, 0.2Mn2+ and SMAS:0.04Eu2+, 0.2Mn2+

samples are shown in Figs. 9 and 10.  As the temperature rises from
30 ◦C to 150 ◦C at which the white LEDs usually work, the emission
intensity of both the Eu2+ and Mn2+ emissions remains at about
88% of that measured at room temperature, which are nearly as
good as YAG:Ce in terms of their thermal quenching properties [20].
The decrease in emission intensity with increasing temperature
originates from a temperature-dependent phonon-coupling factor,
which can be explained by thermal quenching at configurational
coordinate diagram [24]. The excited luminescent center is ther-
mally activated through phonon interaction, and then thermally
released through the crossing point between the excite state and
the ground state. It is noticed that the PL intensity of BMAS:Eu2+,
Mn2+ decreases slower than that in SMAS:Eu2+, Mn2+ phosphor as
temperature rises. This behavior is understood in terms of two
reasons: first, in the configurational coordinate diagram, in the
case of BMAS:Eu2+, Mn2+ to SMAS:Eu2+, Mn2+ activation energy
decreases with increasing Stokes shift, leading to decreasing the
nonradiative barrier from the excited state to the ground state, con-
sequently the samples are quenched at lower temperature. Second,
the vibrational frequency will increase as Ba2+ ions are completed
substituted by Sr2+ ions. The higher vibrational frequency enhances
the crossover relaxation from the excited state to the ground state
[27]. According to the classical theory of thermal quenching, the
temperature dependent PL intensity can be described by the equa-
tion

I(T) = I(0)
1 + A exp (−�E/kBT)

(3)

with constant A, activation energy �E  and Boltzmann constant kB

[28]. The experimental data are well fitted by Eq. (3),  as shown
0.25 eV, which is bigger than that for SMAS:Eu2+, Mn2+ phosphor
with �E  = 0.14 eV. In addition, an activation energy of Mn2+ in
BMAS:Eu2+, Mn2+ and SMAS:Eu2+, Mn2+ are both 0.17 eV. This is
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Fig. 9. The temperature-dependent emission intensity of the BMA
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ig. 10. Temperature dependence of PL intensity of Eu and Mn in
MAS:0.04Eu2+, 0.2Mn2+ and SMAS:0.04Eu2+, 0.2Mn2+ under excitation at 330 nm.
he dots and squares are experimental data and the lines are fitting functions.

hy the BMAS:Eu2+, Mn2+ phosphor exhibits a better temperature
haracteristic.

. Conclusions

In summary, we have synthesized a series of
Ba,Sr)Mg2Al6Si9O30:Eu2+ and (Ba,Sr)Mg2Al6Si9O30:Eu2+, Mn2+

hosphors by solid state reaction. Their luminescent properties are
2+
nvestigated. (Ba,Sr)Mg2Al6Si9O30:Eu show two emission bands,

orresponding to Eu2+ ions doped into two different cation sites in
ost lattices. When the crystal phase of the phosphors gradually
hanges from BMAS to SMAS, the shorter wavelength emission
S:0.04Eu2+, 0.2Mn2+ and SMAS:0.04Eu2+, 0.2Mn2+ samples.

bands are redshifted due to the increase in crystal field of Eu2+(I),
while the longer wavelength emission bands do not change
because of little change of Eu2+(II) in crystal field. The energy
transfer from Eu2+ to Mn2+ in (Ba,Sr)Mg2Al6Si9O30 host matrix is
demonstrated leads to the following results: (1) the energy of the
red emission of Mn2+ is considered to come mainly from Eu2+(I)
and (2) the ratio of the red emission of Mn2+ to the emission of Eu2+

by experiment is consistent with the theoretical calculation basing
on energy transfer and lifetime measurements. We  have also
demonstrated that BaMg2Al6Si9O30:Eu2+, Mn2+ exhibited better
thermal quenching properties than that of SrMg2Al6Si9O30:Eu2+,
Mn2+ because of bigger activation energy.
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