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A series of thermal-stable Ce3*, Mn2*-codoped barium strontium lithium silicate (BSLS) phosphors was
synthesized by a high-temperature solid-state reaction. The XRD patterns of this phosphor seem to be
a new phase that has not been reported before. BSLS:Ce3*, Mn?* showed two emission bands under
365 nm excitation: one observed at 421 nm was attributed to Ce3* emission, and the other found in red
region was assigned to Mn?* emission through Ce3*-Mn?* efficient energy transfer. The Mn?* emission

shifted red along with the replacement of barium by strontium, which was due to the change of crystal
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field. A composition-optimized phosphor, BSLS:0.10Ce3*, 0.05Mn2* (Ba =65), exhibited strong and broad
red-emitting and supreme thermal stability. The results suggest that this phosphor is suitable as a red
component for NUV LED or high pressure Hg vapor (HPMV) lamp.

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

1. Introduction

Recently, commercial phosphor converted (pc-) WLEDs made
by means of blue-LED plus YAG:Ce yellow phosphors suffer some
weaknesses, such as poor color rendering index and low sta-
bility of color temperature [1]. White UV-LEDs fabricated by
UV-LED chips coated with red-green-blue tri-color phosphors
could conquer the afore-mentioned problems owing to the invisible
emission of the LED chip and white color generated by phos-
phors [2]. The blue and green phosphors, such as Cas(POy4)3Cl:Eu2*,
BaMgAl;40,3:Eu?*/Mn?*, BaMgAl¢07:Eu?*/Mn?*, etc. are com-
mercially available and could meet the requirements of NUV
excitation in terms of spectra [3]. However, the identified red
phosphors for NUV white LED application are scarce. The exci-
tation efficiency of the existing red-emitting phosphors such as
YVO,4:Eu3* and Y, 0,S:Eu3* declines dramatically in the NUV region.
Besides, the emission of Eu3* is sharp lines, which is not favorable to
generate white light with high luminous efficiency and good color
rendering index [4]. Therefore, exploring new red phosphors is a
prerequisite for NUV-LED applications.

Mn?2* ion exhibits broad-band red emission due to its 4T; — 6A;
transition in a suitable host [5]. However, it has a weak emis-
sion because its d-d absorption transition is spin forbidden
when Mn?* is solely doped [6,7]. In general, the method to
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enhance the emission intensity of Mn2* is by introducing sensi-
tizer Eu?*/Ce3* because of its high efficiency for both excitation
and emission in many hosts, like Ba3MgSi,Og [8], BaMg,Si, 07
[9,10] and MgSiO3 [11]. Typically, Eu2*/Ce3* can transfer its
absorbed energy fully or partly to Mn2*, consequently orange-
reddish [12,13] or single-phase-full-color [14,15] phosphors can
be obtained. Hence, Eu2*/Ce?* and Mn2* co-doped luminescent
materials have been studied extensively over the past few years
[16-18]. For instance, Chen and co-workers firstly synthesized
the tunable blue-white-red Ca;oK(PO4)7:Eu2*, MnZ* phosphor and
investigated the energy transfer mechanism [19]. Later, they fur-
ther reported the red-emitting CagqY(POy);:Ce3*, Mn2* phosphor
for fluorescent lamp application [20].

In recent years, the luminescent properties of silicate materials
have been widely investigated because of the advantages such as
excellent thermal and chemical stability [21,22]. Especially, many
Eu?*/Ce3* and Mn?* co-doped silicate red phosphors have been
studied, such as BasMgSi;Og:Eu?*, Mn2* [23], MgYSi,O5N:Ce3",
Mn?2* [24], CaSiO3:Eu2*, Mn2* [25], Ca3Al,Si; OgCly:Eu2*, Mn2* [26],
and so on.

McKeag and his coworkers reported the emission spectra
of Ce3*, Mn%*-codoped barium strontium lithium silicate (BSLS)
[27,28], however, no further research about its luminescent prop-
erties was made. In this paper, a series of BSLS:Ce3*, Mn2*
phosphors was synthesized by solid-state reactions and the photo-
luminescence (PL) properties were investigated in detail. These
phosphors exhibit broad and strong red emission under NUV exci-
tation. The red emission wavelength of Mn2* can be adjusted by
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Table 1
The mole ratio and weight of raw materials for BSLS:Ce?*, Mn?* (Ba=65, Sr=10)
phosphor.

Raw materials Molar ratio Weight (g)
BaCO3 65 0.6413
SrCO3 10 0.0738
SiO, 50 0.1500
Li,COs 10 0.0370
CeO, 10 0.0850
MnCOs 5 0.0290
NH,4Cl (flux) 10 0.0267

changing the Ba2*/Sr%* ratio, which is explained by the change of
crystal field. The composition-optimized phosphor, BSLS:0.10Ce3",
0.05Mn?2* (Ba=65), shows the strongest red emission and the best
thermal stability.

2. Experimental

The BSLS:Ce3*, Mn2* phosphors were prepared by solid-state reaction. The mole
ratio and weight of raw materials BaCO3 (A. R.), SrCO3 (A. R.), LiCO3 (A. R.), SiO;
(A. R.), MnCO3 (A. R.) and CeO; (99.99%) for Ba=65, Sr=10 sample are shown
in Table 1. The mole percentage of BaCOs3, SrCO3 and MnCOs varies (Ba=75-~0;
Sr=0-~75; Mn=0-~11), while those of other raw materials remain constant. They
were thoroughly mixed by grinding, then sintered at 900°C in a reducing atmo-
sphere (N:H; =90:10) for 3 h.

X-ray powder diffraction (XRD) patterns of the products were recorded on
a Rigaku D/max-IlIA diffractometer with Cu K, radiation (1 =1.5403A). Photo-
luminescent excitation and emission spectra, lifetime measurement, as well as
temperature-dependent PL spectra of all the phosphors were recorded on an EDIN-
BURGH FLS920 Combined Fluorescence Lifetime & Steady State Spectrometer and a
450 W xenon lamp was used as the excitation source.

3. Results and discussion
3.1. XRD patterns

According to the molar ratio of starting materi-
als, the complete chemical formula for BSLS should be
(Bayg_x—_y—z)(Srx)(Liz)o25i04:yCe3*, zMn?*, a modification of
Ba,Si04. However, the XRD patterns of this product have no peaks
matching Ba,SiO4, but seem to be a new phase that has not been
reported before. As the real formulas of these phosphors remain
unknown, we named them by its Ba and Sr molar ratio, such as
BSLS:0.10Ce3*, 0.05Mn2* (Ba=65, Sr=10). XRD data for the barium
strontium lithium silicate compounds in Fig. 1 demonstrates that
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Fig. 1. XRD patterns of BSLS:Ce3*, Mn2* samples (Ba=65, 45, 25). The bottom rep-
resents the XRD pattern based on the reported data [12].
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Fig. 2. XRD peak shifting of BSLS:Ce3*, Mn?* phosphors with different Ba:Sr ratios.

a solid solution series is formed by varying the barium/strontium
ratio. XRD patterns of the samples with a Ba to Sr ratio of 65 to
10, 45 to 30 and 25 to 50 have the similar profiles with the X-ray
diffraction data reported by Mckeag and Steward [27], suggesting
that the crystal structure is consisted with the reported sample,
and maintains basically unchanged along with the replacement of
barium by strontium, except for the different diffraction intensities
(see Fig. 1 left tick labels) and the slight right-shifts of diffraction
peaks.

Fig.2 is the partial enlargement of XRD patterns of Ce3*, Mn2* co-
doped BSLS phosphors with different Ba:Sr ratios. The 2-theta value
of peak sincreases from 30.1° to 31.3°, and that of peak vs rises from
31.2° to 32.2° when barium is generally substituted by strontium.
In the similar crystal structure, substituting the larger cation with
the smaller one will make crystal cell shrink. According to Bragg
equation 2d *sinf=nA, the shrinkage of cell volume will lead to
the increase of 2-theta value. That is the reason why the 2-theta
value shifts right when Ba (r=135 pm) is generally replaced by Sr
(r=100pm). It was observed that the crystallinity of the phosphors
first increases with strontium-substation, and rises to a maximum
for a sample with Ba to Srratio of 65 to 10, then generally decreases
until barium is completely substituted by strontium. The change in
the phosphor crystallinity will affect the emission intensity, which
is proven by the following luminescent measurement.

3.2. Photo-luminescent properties

The ground configuration and the excited configuration of Ce3*
is 4f! and 5d!, respectively. Since the 4f-5d transition is parity
allowed and spin selection is not appropriate, the emission transi-
tion is a fully allowed one. Usually Ce3* ion shows broad excitation
and emission bands. Fig. 3 demonstrates the PL and PLE spectra of
BSLS:0.10Ce3* with a Ba molar ratio of 75 and no Sr substitution.
The PLE spectrum shows a broad absorption band from 300 nm
to 420 nm, with several peaks located at 253, 287 and 340 nm.
Excited by 340 nm-light, the sample exhibits an obvious asymmet-
ric violet-blue emission band around 421 nm, which is ascribed to
the 5d' — 4f! transition of Ce3*.

Since the transitions of Mn2* are d — d spin and parity forbidden
according to the spin selection rule, the emission and excitation
intensities are very weak under UV excitation. The PLE spectrum of
BSLS:0.05Mn2* sample (Fig. 3 orange line, left) consists of several
peaks centering at 350, 365, 405, 421 and 500 nm, corresponding to
the well-known transitions of Mn2* from ground level 6A; (6S) to
4E (4D), 4T, (*D), [*A1 (*G), “E (*G)], *T» (*G) and *T; (*G) levels. An
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Fig. 3. PL and PLE spectra of BSLS:0.10Ce3*, BSLS:0.10Ce3* and

BSLS:0.05Mn?* (Ba=75) phosphor.

0.05Mn?*,

orange-reddish emission peak centering at 605 nm appears in the
PL spectrum, which arises from the transition 4T; — 6A; of Mn?2".

The PLE spectrum of BSLS:0.10Ce3* phosphor shows a broad
excitation band with several peaks at 253, 287 and 340 nm while
it gives a broad violent-blue emission under near UV excitation
(Fig. 3). PLE spectrum of the BSLS:0.10Ce3*, 0.05Mn2* (Ba=75) is
similar to that for the single Ce3*-doped sample except for much
higher intensity and some red shift to 256, 285 and 365 nm. How-
ever, compared with the PL spectrum of the single Ce3*-doped
sample, besides the violent-blue emission band with decreased
intensity from Ce3*, a broad and strong orange-reddish band
appears, which is due to Mn2* sensitized emission and its inten-
sity is much stronger than that of the single Mn%*-doped sample.
The result indicates that efficient energy transfer from Ce3* to Mn?*
happens in the Ce3*-Mn2* co-doped sample. This phenomenon
is easy to understand since the Ce3* emission covers some Mn2*
excitation band and the excitation spectrum of BSLS:Ce3*, Mn2*
monitoring the Mn2*-derived emission has similar profile with the
excitation bands of BSLS:Ce3*.

The Ce3* emission band seems to be asymmetric on the long
wavelength region, which indicates the existence of different
luminescent peaks. Based on the Gaussian fitting, the Ce?* emis-
sion band in the Ce3*-Mn?* co-doped sample consists of two
peaks at 419 and 461 nm (see Fig. 4). The energy difference was
about 2174cm™1, which agrees well with the theoretical value of
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Fig. 4. Experimental spectrum (solid line), fitting curve (red dash line), and decon-
volution Gaussian curve (blue dash line) of BSLS:0.10Ce3*, 0.05Mn?* (Ba=75). The
inset shows Ce3* emission decay in BSLS:0.10Ce3*. (For interpretation of the refer-
ences to color in this figure caption, the reader is referred to the web version of the
article.)

spin-orbit splitting between the 4f ground state 2Fs;; and 2F;p
(about 2200 cm~1), indicates Ce3* ions locate at one kind of crystal-
lographic site. The inset shows the decay lifetime of BSLS:0.10Ce3*
excited at 365 nm, monitoring at 421 nm. The results again proved
that Ce3* occupied one site since it was best fitted with single decay
constant, 71 =28.38 ns.

Tetrahedrally coordinated Mn%* (weak crystal-field) usually
gives a green emission while octahedrally coordinated Mn2*
(strong crystal-field) gives an orange to red emission [29]. The Mn2*
emission in the red spectral region indicates the strong crystalline
field on the Mn?2* site in the BSLS host. We speculate that there
is one type of occupied site for Ce3* ions in the lattice and it also
is true for the Mn?* ions, However, the asymmetric red emission
band of Mn%* was deconvoluted into two peaks centering at 600
and 639 nm (Fig. 4, blue dashed lines).

As indicated above, there is only a single crystallographic site
on which Mn?* will incorporate. As a consequence, it is expected
that there is only one crystallographic site for Mn2*, which would
result in a single narrow symmetric emission band. However, two
over-lapping emission bands have been observed in the emission
spectra. Possible explanation for the appearance of two emission
bands is the formation of paired Mn2* centers besides the Mn2*
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Fig. 5. Decay curves of Ce3* emission (a) and the emission spectra (b) of BSLS:0.10Ce3*, xMn?* (Ba=75, x=0-0.11) phosphors (Aex =365 nm).
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Fig. 6. PL spectra of Ce3*, Mn?* co-doped and Ce3* sole-doped BSLS phosphors with different Ba:Sr ratios (Aex =365 nm).

center on the regular site in BSLS. In fact, such paired Mn?* cen-
ters have been observed in a lot of Mn2*-doped phosphors, such as
Zn,Si04:Mn2* [30] and MS:Mn2*(M =Mg, Ca, Sr) [31-33]. The ten-
dency of two different emission profiles for MnZ* emission becomes
more and more obvious as the Sr?* content increases (see Fig. 6,
sample 10). We speculate the reason is that Sr%* codoping could
accelerate the formation of paired Mn2* centers.

The decay curves of BSLS:0.10Ce3*, xMnZ* phosphors excited at
365 nm and monitored at 421 nm are shown in Fig. 5a. Ce3* emis-
sion decay of BSLS:Ce3*, Mn2* sample becomes more and more
non-exponential with rising Mn?* content. The decay constant t
reduced monotonically from 28.38 to 12.02 ns as x increases from
0t00.09, which is a good evidence for Ce3* — Mn2* energy transfer.

It is considered that the energy transfer proceeds by Forster res-
onance energy transfer (FRET) mechanism [34,35] (energy transfer
via electric multipole-multipole interaction) for the following two
reasons: (i) BSLS:Ce3*, Mn2* sample exhibited no clear excitation
band at Ce3* emission wavelengths and (ii) peak profile of Ce3*
emission does not change before and after Mn2*-addition. Prob-
ably dipole-quadruple interaction plays an important role in the
FRET process, as suggested for Eu2*, Mn2*-doped BAM [36].

The PL spectra of BSLS:0.10Ce3*, xMn2* (Ba=75, x=0-~0.11)
under excitation of 365 nm are displayed in Fig. 5b. The intensity of
Ce3* blue emission decreases with an increasing doped Mn2* con-
centration. In contrast, the PL intensity of Mn%* emission increases
until the Mn?* concentration quenching happens with a content
of 0.05. The observed variations in the emission intensities of Ce3*
and Mn?* strongly indicate the efficient energy transfer from Ce3*
to Mn2*. As BSLS:0.10Ce3*, 0.05Mn?2* (Ba=75) exhibits the strong
emission intensity in this series, this doped Ce3* and Mn2* concen-
trations were chosen for further investigation.
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3.3. Effect of Ba:Sr ratio on emission spectra

The emission spectra of Ce3*, Mn2* co-doped and Ce3* sole-
doped BSLS phosphors with different Ba:Sr ratios (Aex =365 nm) are
presented in Fig. 6. As seen in Fig. 6, the Mn2* emission peak shows
red-shift from 605nm for Ba=75 sample, to 650 nm for Sr=75
sample, while Ce3* emission peak shifts from 421 nm to 430 nm.
The MnZ* ion has an emission which consists of a broad band, the
position of which depends strongly on the host lattice due to the
dependence on crystal field. Thus, the choice of the host is a criti-
cal parameter for determining the optical properties of MnZ* [37].
In this regard, the crystal field around Mn?* has been suggested as
obeying [38]:

ze?r4

A =D
6R5

(2)

where Dq (=A) is a measurement of the crystal-field strength, z
is the charge or valance of the anion, e is the charge of an elec-
tron, r is the radius of the d wave function, and R is the distance
between the central ion and its ligands. For the BSLS host, the crys-
tal volume shrinks with the replacement of barium by strontium,
which is confirmed by XRD data. Since the strong dependence of Dg
on R, a stronger crystal field can be expected with increasing Sr2*
replacement.

It is well known that Tanabe-Sugano diagrams explain very
well the characteristics of optical spectra due to the intra-3d shell
transition of transition metal ions in host lattices. According to
the diagram for the 3d° electron configuration of Mn?2*, the ener-
gies of the 4E(*G), 4A;(4G) states and “E(?D) state relative to the
6A1(6S) ground state are insensitive to the crystal-field strength
Dq [39]. On the other hand, the Tanabe-Sugano diagram predicts
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Fig. 7. The Mn?* emission peak integral and emission wavelength as a function of Sr?* ratio (A), and photo of Ce3*, Mn?* co-doped and Ce>* sole-doped BSLS phosphors with

different Ba:Sr ratios under 365 nm radiation (B).
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that the energy separations between the 4T (*G) and 4T, (*G) states
and the 6A;(6S) ground state are very sensitive to the crystal-field
strength Dq and decreases with increase of crystal field strength.
It is well known that the emission bands of Mn2* originate from
the 4T, (*G)-%A4(6S) transition. Therefore, the position of the emis-
sion bands of MnZ*-doped phosphors is largely determined by the
crystal field strength of Mn2"* in the host lattice [40].

For the isostructural compounds of BSLS, the metal-ligand
distances are smaller when Ba%* was replaced by Sr2* because
Ba2* is larger than Sr?*. As a consequence, the crystal field
strength becomes stronger for Mn2* when BaZ* is replaced by
Sr2* in BSLS host lattice, which results in the decrease of energy
separation between the “T;(%G) states and the ®A;(®S) ground
state, and the longer wavelength emission band of Mn2* in BSLS
host lattice. Similar emission redshift and explanation can be
found in Mn2*-activated M,SisNg (M =Ca, Sr, Ba) [40] and MSiN,
(M=Mg, Zn) [41].

Fig. 7A shows the Mn?* emission peak integral and emission
wavelength as a function of Ba?* content. As Ba amount decreases
from 75 to 0, the emission intensity first rises to a maximum at
Ba=65, then generally declines. The change of emission intensity
has the same tendency with that of crystalline, which is demon-
strated through the peak intensities in Section 3.1. We could not
exclude the possibility that red emission comes from other phases
than the barium strontium lithium silicate when the sample’s crys-
tallinity is low. But the sample with high crystallinity has the similar
emission spectra profile with low crystallinity one, indicated that
evenin the situation of low crystallinity, red emission mainly comes
from the barium strontium lithium silicate phase. Photo of BSLS
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Fig. 8. The emission spectra measured at different temperatures of BSLS:0.10Ce*,
0.05Mn?* (Ba=75) phosphors (Aex =365 nm).

phosphors with different Ba:Sr ratios under 365 nm radiation is
shown in Fig. 7B.

3.4. Thermal stability

Fig. 8 shows the temperature dependent emission spectra of
BSLS:0.10Ce3*, 0.05Mn?2* (Ba=75) phosphor from room temper-
ature to 180°C. The relative peak intensities of Ce3* decreased
generally with temperature, and it reached 50% of the initial value
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Fig. 9. Temperature-dependent relative emission intensities of Mn?* (a) for BSLS:Ce3*, Mn?* phosphors (Ba=75, 70, 65, 55), and emission spectra measured at different

temperatures of BSLS:0.10Ce3*, 0.05Mn2* (Ba="70, 65, 55) phosphors (Aex =365nm).
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at 140°C and 40% at 180°C, respectively. The thermal stability of
Mn?Z* emission is higher than those of Ce3* emission. The Mn2*
emission intensity slightly declined to 94% at 180°C.

As seen in Fig. 8, the Mn?* emission wavelength blue-shifts
with increasing temperature. The peak positions at 273 Kand 443 K
are 605 nm and 587 nm, respectively. It is considered that thermal
active phonon-assisted excitation from lower energy sublevel to
higher energy sublevel in excited states occurs [42,43]. Elevated
temperature causes electrons at lower energy level to jump to
higher energy levels by phonon assistance whereas the nonradia-
tive transitions from excited states to ground states are prevented.
At higher temperature, more electrons are populated at higher-
energy excited sublevel, but the nonradiative transitions through
the crossing point between the excited state and the ground state
in configurational coordinate diagram are decreased. The height of
higher-energy emission peak is increased, and that of lower-energy
emission peak is decreased. As a result, the blue-shift behavior is
observed with increasing temperature [44].

Fig. 9 shows the temperature dependent relative emission
intensity of BSLS:0.10Ce3*, 0.05Mn2* phosphors (Ba=75, 70, 65, 55)
from room temperature to 180 °C. In Fig. 9a, we set Mn2* emission
intensity at 293 K as 100% for different samples, respectively and
compare it with other emission intensities at higher temperature.
The relative peak intensities of Ce3* (excited at 365 nm) decreased
generally with temperature, and stronger thermal quench appears
when the ratio of Ba2* drops. It reached 53%, 50%, 41% and 22% of
initial value at 180°C for Ba=75, 70, 65, 55 sample, respectively
(see Fig. 9b—d). The thermal stabilities of Mn2* emission are higher
than those of Ce3* emission. The Mn%* emission intensity (Ba="75)
slightly declines to 94% at 180°C, while those of Ba=70 and 65
sample remains almost the same as the initial value even at 180 °C,
which demonstrates that certain Sr¥*-codoped can enhance the
thermal stability of Mn2* emission. But when the ratio of Sr rises
to 20%, both thermal stabilities of Ce3* and Mn2* emission become
worse than the original Ba=75 sample.

The decrease in emission intensity with increasing tempera-
ture is due to the temperature dependence of the electron-phonon
interaction in both the ground state and excited states of the
luminescence center. This nonradiative transition probability by
thermal activation is strongly dependent on temperature, result-
ing in the decrease of the emission intensity [45]. Comparatively,
the thermal quenching temperature of Mn2* was higher than that
of Ce3*, indicating a weaker electron-phonon interaction or higher
thermal activation energy in the host [19].

In a high-pressure lamp the discharge emits strong line at
365 nm and considerable amount of blue and green lights. And by
changing the indium content in Ga;_xInkN, LED emission can be
tuned to 360-370 nm, white light can be produced by long-wave
UV excitation of a blend of phosphors. Therefore, an ideal red phos-
phor for both applicationsis required to absorb long wavelength UV
radiation, emit strong red light and have excellent thermal stability.
Because BSLS:Ce3*, Mn2* (Ba=65) phosphor has the strongest exci-
tation and emission intensity and best thermal stability, is suitable
for NUV LED or high pressure Hg vapor (HPMV) lamps.

4. Conclusions

(1) A series of red emitting Ce3*, Mn2*-codoped barium stron-
tium lithium silicate (BSLS) phosphors was synthesized by
a high-temperature solid-state reaction. The BSLS:Ce3*, Mn2*
phosphor showed two emission bands under 365 nm excita-
tion, one observed at 421 nm was attributed to Ce>* emission,
and another found at red region was assigned to Mn2* emission
due to efficient Ce3* - Mn2* energy transfer.

(2) The Mn?* emission peak shifts right along with the replacement
of barium by strontium, which is due to stronger crystal field.
The Mn?* emission intensity and thermal stability are affected
by strontium substitution. BSLS:0.10Ce3*, 0.05Mn2* with a Ba
molar ratio of 65 shows the strongest emission intensity and
best thermal stability, and therefore is suitable for applica-
tion as red component in NUV LED or high pressure Hg vapor
(HPMV) lamps.
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