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a b s t r a c t

Analysis of XRD patterns indicates that Ce3þ and Mn2þ in Ba9Sc2(SiO4)6 (BSS) presents preferably at the
Sc3þ and the Ba2þ site, respectively. Ba9Sc2(SiO4)6:Ce3þ (BSS:Ce3þ) exhibits an intense emission band
peaked at 383 nm. Codoping Mn2þ into this material can generate a red emission band at 615 nm of
Mn2þ through Ce3þ–Mn2þ energy transfers (ETs). To achieve the ET mechanisms, critical distance and
coefficient, the dynamical processes of the ET are investigated based on Inokuti–Hirayama model. For
Ce3þ concentration of 5 mol%, the corresponding rate constant and the critical distance are evaluated to
be 8.4�10�37 cm6 s�1 and 0.52 nm, respectively. The ET efficiency can reach 48%. The emission intensity
ratio of the Mn2þ to the Ce3þ is also studied to understand color-tunable luminescence as the blue Ce3þ

is excited by UV light. These results show the promising application of this phosphor for white LEDs.
& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Phosphor-converted white light emitting diode (pc-WLED) is
regarded as a new lighting source for the next generation. The
most current pc-WLEDs employ blue InGaN LEDs combined with
yellow-emitting Y3Al5O12:Ce3þ (YAG:Ce3þ) garnet phosphors
[1,2]. However, since lacking in a red component, the mixed light
emitted by this type has a poor color rendering index (Rao80) and
a high correlated color temperature (CCT45000 K). One of the
alternative ways to achieve white light with a suitable CCT and a
high Ra is the combination of ultraviolet (UV) LEDs with the red,
green and blue (RGB) multi-phased phosphors [3]. However, one
of the significant drawbacks of this way is the lacking in high
efficiency red phosphors.

Mn2þ is a kind of commonly used UV-excited red light
emission ion. Depending on the crystal field of the host materials
the emission spectrum of the Mn2þ ranges from green to deep red
(500–700 nm) [4,5]. However, the biggest obstacle for the applica-
tion of the Mn2þ used as good candidates for red phosphors is that
the d–d absorption transition is difficult to be pumped. Since this
transition is strongly parity forbidden, and therefore, seldom

Mn2þ singly doped hosts can act as applicable phosphors [6]. In
order to improve the emission intensity of Mn2þ , Ce3þ or Eu2þ is
widely used as sensitizers in many Mn2þ-doped hosts such as
KCaY(PO4)2:Eu2þ , Mn2þ [7], SrAl2O4:Ce3þ , Mn2þ [8], and Ca3Sc2-
Si3O12:Ce3þ , Mn2þ [9].

In 2009, a novel green-emitting phosphor of Eu2þ doped
Ba9Sc2(SiO4)6 (BSS) was reported by Nakano et al., which can be
used in pc-WLED [10]. In this paper, we report a strong UV-blue
emission in the range of 350–450 nm by doping Ce3þ into the BSS
host. By codoping Mn2þ into BSS:Ce3þ , furthermore, an intense
Mn2þ red emission band at 615 nm is achieved due to the effective
energy transfers (ETs) from Ce3þ to Mn2þ , which indicates that
BSS:Ce3þ , Mn2þ can also be used as red phosphors for white LEDs.

2. Experimental procedure

A series of Ba9Sc2(SiO4)6:Ce3þ , Mn2þ samples investigated in
this work were synthesized by solid state reactions. The constitu-
ent oxides or carbonates BaCO3 (99.99%), Sc2O3 (99.99%), SiO2

(99.99%), CeO2 (99.99%), MnCO3 (99.99%) were intimately mixed
according to stoichiometric ratios. The mixtures were sintered at
1350 1C for 3 h in a 5% H2þ95% N2 reductive atmosphere. XRD
data were collected using a Bruker D8 Advance diffractometer. To
clarify the preferable location of Ce3þ and Mn2þ in the BSS
structure, the high resolution XRD profiles were recorded with a
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step size of 0.00141 (2θ) in the range of 30–321. To perform the
phase purity of samples, XRD profiles were recorded in the range
of 15–751. Photoluminescence (PL), photoluminescence excitation
(PLE) and diffuse reflectance (DR) spectra were measured using a
Hitachi F-4500 Spectrometer equipped with a 150 W xenon lamp
under a working voltage of 700 V. Both the excitation and emis-
sion slits were set at 2.5 nm. In fluorescence lifetime measure-
ments, the third harmonic (355 nm) of an Nd-doped yttrium
aluminum garnet pulsed laser (Spectra- Physics, GCR 130) was
used as an excitation source for the Mn2þ lifetime measurement,
and the signals were detected with a Tektronix digital oscilloscope
(TDS 3052). The Ce3þ fluorescence lifetime was measured by
FL920 Fluorescence Lifetime Spectrometer with the time resolu-
tion of 2 ns.

3. Results and discussion

3.1. Crystal characterization

Ba9Sc2(SiO4)6 was firstly reported to be crystallized by Wang
et al. [11], which belongs to a rhombohedral system with space
group of R3 and lattice parameters of a¼9.8716(2) Å and
b¼21.9376 Å. There is only one site for Sc3þ and Si4þ with
coordination numbers (CNs) of 6 and 4 in BSS, respectively.
However, there are three sites for Ba2þ ions in the structure,
which are Ba(1), Ba(2), and Ba(3) with CN of 12, 9, and 10,
respectively. To clarify the location of Ce3þ and Mn2þ in the BSS
structure, samples with the nominal compositions of (Ba9�xCex)
Sc2(SiO4)6, Ba9(Sc2�xCex)(SiO4)6, (Ba9�yMny)Sc2(SiO4)6, and
Ba9(Sc2�yMny)(SiO4)6 (x¼0.01, 0.05, 0.10 and y¼0.05, 0.10, 0.20)
were prepared. The high resolution XRD patterns of these samples
were recorded and shown in Fig. 1. The XRD peaks of the series
samples with nominal Ce3þ occupations either at the Ba2þ sites
(Fig. 1(a)) or at the Sc3þ sites (Fig. 1(b)) shift to small angle regions
with increasing Ce3þ ions. This result indicates that crystal
expansions occur for Ce3þ presents either at the Ba2þ sites or at
the Sc3þ sites. While the XRD peaks of the samples with nominal
Mn2þ occupations at the Ba2þ sites (Fig. 1(c)) or at the Sc3þ sites
(Fig. 1(d)) shift to high angle regions with increasing Mn2þ ions.
This indicates that crystal contractions occur for Mn2þ presents at
either at the Ba2þ sites or the Sc3þ sites.

On the basis of the effective ionic radii of cations with different
CN reported by Shannon [12], the ionic radii of Ba2þ ions are 1.47,
1.52, and 1.61 Å with CN¼9, 10, and 12, respectively. The ionic
radius of Sc3þ is 0.745 Å with CN¼6. For Ce3þ , the radii are 1.01,
1.196, 1.25, and 1.34 Å with CN¼6, 9, 10, and 12, respectively. For
Mn2þ , the radius is 0.83 Å with CN¼6. In one word, both the ionic
radius of Ce3þ and Mn2þ are smaller than that of Ba2þ but larger
than that of Sc3þ . Accordingly, a lattice contraction takes place
when Ce3þ or Mn2þ substitutes for Ba2þ but a lattice expansion
takes place when Ce3þ or Mn2þ substitutes for Sc3þ . Therefore,
the lattice expansions observed in the replacements of Ce3þ either
for Ba2þ or for Sc3þ denote the preferable location of Ce3þ at the
Sc3þ sites, while the lattice contractions in the replacements of
Mn2þ either for Ba2þ or for Sc3þ denote the preferable location of
Mn2þ at the Ba2þ sites.

Fig. 2 presents the XRD profiles of Ba9(Sc1.95Ce0.05)(SiO4)6
(BSS:0.05Ce3þ), (Ba8.8Mn0.2)Sc2(SiO4)6 (BSS:0.2Mn2þ), and (Ba8.8
Mn0.2)(Sc1.95Ce0.05)(SiO4)6 (BSS:0.05Ce3þ , 0.2Mn2þ). No detectable
impurity phase is observed even at high doping concentration of
Ce3þ and Mn2þ , that is to say, all the samples remain to be the
single phase of the BSS (PDF no. 82-1119).

3.2. Photoluminescence and ETs

Fig. 3 displays the optical properties of Ce3þ and Mn2þ in the
BSS host materials. BSS:0.05Ce3þ exhibits an intense UV emission
band peaked at 383 nm (Fig. 3(b)). The band can be decomposed
into two Gaussian profiles peaked at 375 nm (26,670 cm�1) and
404 nm (24,750 cm�1) with energy difference of 1920 cm�1 (dash
lines in Fig. 3(b)). This band is attributed to transitions from the
lowest 5d energy level of Ce3þ to the 2F5/2 and 2F7/2 levels,
respectively. The PLE spectrum of BSS:0.05Ce3þ shows two peaks
at 328 and 247 nm. The asymmetric PLE band at 328 nm is
ascribed to the Ce3þ 4f-5d transitions, consisting with the DR
spectra of BSS:Ce3þ in Fig. 3(a). The other band at 247 nm may
come from the absorption of the BSS host matrix or it may also be
related to the high d-band of Ce3þ .

BSS:0.2Mn2þ exhibits a broad PL band peaked at 615 nm (Fig. 3
(c)), which can be assigned to the 4T1(4G)-6A1(6S) transitions of
Mn2þ . The corresponding PLE spectrum shows typical d–d transi-
tions of Mn2þ . The transition is forbidden and difficult to be
pumped, therefore, the emission is weak. It is noted that the Ce3þ

emission overlaps with the Mn2þ excitation. Thus ETs from Ce3þ

to Mn2þ are expected.

Fig. 1. XRD patterns of samples with the nominal compositions of (a) (Ba9�xCex)
Sc2(SiO4)6, (b) Ba9(Sc2�xCex)(SiO4)6, (c) (Ba9�yMny)Sc2(SiO4)6, and (d) Ba9
(Sc2�yMny)(SiO4)6 (x¼0.01�0.10 and y¼0.05�0.20). Fig. 2. XRD patterns of BSS:0.05Ce3þ , BSS:0.2Mn2þ and BSS:0.05Ce3þ , 0.2Mn2þ .
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To study the Ce3þ-Mn2þ ETs, the PL spectra for samples of
BSS:0.05Ce3þ , yMn2þ (y¼0.01–0.2) were measured. As Fig. 4
shows, the PL spectrum upon Ce3þ excitation at 328 nm exhibits
not only the Ce3þ emission at 383 nm but also the Mn2þ emission
at 615 nm. It is evident that the Mn2þ emissions in presence of
Ce3þ are enhanced over two orders of magnitude than that in the
Mn2þ singly doped BSS. With increasing Mn2þ concentration (y),
the Ce3þ emissions decrease while the Mn2þ emissions increase
and reach the strongest emission intensity at y¼0.2, which
indicates an effective Ce3þ-Mn2þ ETs.

The Ce3þ decay curves of BSS:0.05Ce3þ , yMn2þ monitored at
383 nm by using pulsed excitation at 328 nm can also give a strong
evidence for the Ce3þ-Mn2þ ETs. In principle, the Ce3þ-Mn2þ

ETs can shorten the lifetime of Ce3þ . As Fig. 5 shows, with
increasing y the decay becomes faster following the variation from
exponential to non-exponential pattern, which indicates the
typical effect of the Ce3þ-Mn2þ ETs.

When ET rate between a donor and an acceptor is proportional
to an inverse power of the distance r, α/rm, then based on the
Inokuti–Hirayama (I–H) model [13], the formula

IDðtÞ ¼ ID0ðtÞf ðtÞ ¼ ID0ðtÞexp � 4
3
πΓ 1� 3

m

� �
nAα

3=mt3=m
� �

ð1Þ

can be used to describe the depopulation of Ce3þ in the presence
of the Mn2þ . In the formula, ID0(t) is the decay function of donors
in the absence of acceptors, the function f(t) characterizes the loss
of excited Ce3þ due to one way ETs to the Mn2þ , α is a

microparameter for ETs, nA is the number of acceptor ions per
unit volume, and the interaction parameter m¼6, 8, 10 for dipole–
dipole, dipole–quadrupole, and quadrupole–quadrupole interac-
tion, respectively. From Eq. (1), log{ln[1/f(t)]} acts as a linear
function of log(t) with a slope of 3/m, and ln[f(t)] is proportional
to t3/m with a slope of �4πΓ(1–3/m)nAα3/m/3. The log–log plot of ln
[1/f(t)] vs. t for sample y¼0.2 is shown in Fig. 6(a). It is demon-
strated that the slop for t410 ns is 0.57, which indicating that m
should be regarded as 6 and the interaction mechanism for the ETs
is based on the dipole–dipole interaction. Fig. 6(b) shows the
ln[f(t)] vs. t1/2 for the samples of BSS:0.05Ce3þ , yMn2þ with y¼0.1
and 0.2. The constant α taken as 8.4�10�37 cm6 s�1 can be best
fitting to each of the two curves. Considering there are 9 Ba2þ ions
in the BSS host, the fractional concentration of Mn2þ is y/9. nA
is calculated by yNBa/9 with NBa¼1.458�1022 cm�3 being the number
of Ba2þ sites per unit volume in the BSS. The critical distance r0 for the
ETs can be calculated by the following equation [14]

α

r60
¼ 1

τ0
ð2Þ

where τ0 is the intrinsic lifetime of Ce3þ emission in the BSS that is
23.7 ns observed in BSS:0.05Ce3þ , which exhibits a pure exponential
decay. Using Eq. (2), r0 is calculated to be about 0.52 nm. In Fig. 6
(a) there is an increase of slope below 10 ns, forming a crossover [15].
The reason for this deviation is that Eq. (1) is not applicable for the
time less than 10 ns in the present sample, since the equation is based
on the assumption that the nearest distance between a donor and an
acceptor to be 0, leading to an infinite initial ET rate.

Both fluorescence lifetimes of Ce3þ (τ) and Mn2þ (τ1) for
BSS:0.05Ce3þ , yMn2þ with y¼0–0.2 are measured and repre-
sented in Table 1. The values of the lifetimes are obtained by
integrating the decay curves of which the initial intensities are
normalized. The lifetime of Mn2þ (τ1) remains nearly constant,
indicating Mn2þ concentration quenching not happened within
the range of Mn2þ contents interested in this work. Based on the
data represented in the Table 1, the ET efficiency η can be
calculated by using

η¼ 1� τ

τ0
ð3Þ

where τ is the lifetime of the donor in the presence of acceptor.
The result is illustrated in the inset of Fig. 5. With increasing y, the
ET efficiency increases gradually up to 48%.

Furthermore, the ET rate W between Ce3þ and Mn2þ can be
expressed as W¼1/τ�1/τ0 [9]. Due to the unchanged fluorescence
lifetimes of the Mn2þ ions listed in Table 1, the emission intensity
ratio of the red Mn2þ emissions (named R) to the blue Ce3þ

Fig. 3. DR spectra of BSS and BSS:0.05Ce3þ (a) and PL and PLE spectra of BSS:Ce3þ

(b) and BSS:0.2Mn2þ (c).

Fig. 4. PL spectra of Ce3þ and Mn2þ in BSS:0.05Ce3þ , yMn2þ (y¼0�0.20) upon
328 nm excitation.

Fig. 5. Fluorescence lifetimes of series of BSS:0.05Ce3þ , yMn2þ (y¼0�0.2) as a
function of Mn2þ concentration. The inset shows the ET efficiency dependence on
Mn2þ concentration.
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emissions (named B) can be expressed as R/B¼Wτ0, which is equal to
τ0/τ�1. As shown in Fig. 7, we plot R/B vs. τ0/τ�1 for the sample series
of BSS:0.05Ce3þ , yMn2þ with y¼0�0.2. These experimental data
exhibit a good proportional relationship where the R/B is normalized
to the sample for y¼0.2. This result indicates that the R/B ratio can be
governed by the ET dynamics upon the UV excitation.

4. Conclusions

In summary, a novel BSS:Ce3þ phosphor exhibits an intense
UV-blue emission in the range of 350–450 nm. Meanwhile, Mn2þ

shows an intense red emission band peaked at 615 nm in BSS:
Ce3þ , Mn2þ due to the effective Ce3þ-Mn2þ ETs. Non-radiative
ETs from Ce3þ to Mn2þ in the BSS is governed by an electric
dipole–dipole interaction. For Ce3þ concentration of 0.05, the
corresponding rate constant and the critical distance are evaluated
to be 8.4�10�37 cm6 s�1 and 0.52 nm, respectively. The ET
efficiency can reach 48%. The color-tunable luminescence with
enhanced R/B intensity ratios can be performed through ETs from
the blue Ce3þ to the red Mn2þ when the blue Ce3þ is excited by
UV light. These results indicate that BSS:Ce3þ , Mn2þ phosphor can
also be used as the red light source in the UV based white LEDs.
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Table 1
Fluorescent Lifetimes for Ce3þ (τ), Mn2þ

(τ1) in BSS:0.05Ce3þ , yMn2þ

y τ (ns) τ1 (ms)

0 23.7 /
0.01 22.4 17.1
0.05 20.6 17.4
0.10 17.2 17.5
0.15 14.4 17.5
0.20 12.4 17.3

Fig. 7. The proportional relationship between R/B and τ0/τ�1.
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