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[Abstract] A series of divalent europium(Eu?" ) ions and trivalent dysprosium(Dy*") ions co-doped solid-solution
Ca, Sr,—, SiO, (x=0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) phosphors were synthesized by solid-state
reaction and their luminescent spectroscopic properties were investigated. Photoluminescence emission spectra of
Ca,Sry, SiO,: 0.01E¢*", 0.01Dy*" phosphor was changed by increasing the proportion of Ca?' ions. Two emission
bands originated from the 5d-4{ transition of EW’" ion occupying two different cation sites in the Ca, Sr;—, SiO; host
lattice were observed under ultraviolet excitation when x==1.2. The red-shift of emission peaks with different Ca’" and
Sr*" concentrations was observed when 0<Zx<C1. The maximum integrated luminescence intensity was observed for
the Ca, Sr,—, SiO, ;: 0.01Eu*", 0.01Dy*" (x=1.0) phosphor under 365 nm excitation. Also this study outlines a novel
approach to the synthes is of an efficient yellow-green emitting Ca, Sry—, SiO, :0.01Eu*" , 0.01Dy*" phosphor.
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1 Introduction

luminescent

doped

materials have wide applications inmany fields like
[1-6]

The lanthanide ions

lighting, display, optical sensors, bio-imaging
In all these applications, one crucial aspect is to
obtain desired light emission within appropriate
wavelength range through spectral conversion of
suitable luminescent centers. The emission
spectrum of Dy*" consists of blue and yellow
emissions among trivalent lanthanide (Ln*") ions.
The 'Fo, —>%Hys, transition of Dy*" is very
sensible and its emission intensity also strongly
depends on the local lattice environment. By
changing the composition of the host material, the
Dy*" co-doped phosphors can emit white light. On
the other hand, divalent Eu*" doped phosphors
usually have strong absorption and excitation in
the spectrum region from ultraviolet to blue due to
the spin-allowed f-d transition, and their
broadband

transition of 4f°5d' — 4{" are also host specific

emissions  corresponding to  the
because the electron in 5d orbitals of Eu*" interacts
strongly with the neighboring ions and the position
of the 5d band also depends on the crystal field
strength. Therefore the luminescence of Eu*" can
be adjusted with different local structure and
crystal field. In this work, Eu’" and Dy*" codoped
Ca,Sr,—, SiO,

compositions was investigated in an attempt to

solid  solution with  different
explore its color-tuning capability.

Alkaline-earth silicates with better physical
and chemical stability have been chosen as our host
for Eu*" and Dy*" codoping. In this study. a series
of Ca,Sr, , SiO,: Eu*", Dy*" phosphors were
synthesized in order to optimize the emission under
a variety of Ca?" and Sr*" proportions. In addition,
a detailed investigation of powder X-ray diffraction
( XRD ), ( PL ) and

thermoluminescence was carried out to address the

photo-luminescence

relation between the structural and the luminescent
properties.
e 0022 -

2 Experimental

A series of Ca,Sr,, SiO,: Eu*", Dy*"
phosphors with different Ca?* and Sr®" proportions
were synthesized by high-temperature solid-state
reactions. CaCO;(A.R.), SrCO; (A.R.), SiO, (A.
R and Eu, 05 (99.99%) and Dy, O; (99. 99%)
were used as starting materials. Stoichiometric
amounts of the raw materials have been mixed and
thoroughly ground in an agate mortar, and then
calcined at 1250 ‘Cfor 6 h in a reducing atmosphere
(5% H,+95%N,) to obtain the powder samples.

To study the influence of Ca®"/Sr®" ratio on
Ca,Sr, , SiO,: Eu*", Dy*
composition with x =0, 0.2, 0.4, 0.6, 0.8, 1.0,

samples, Ca

1.2, 1.4, 1.6, 1.8, 2.0(molar ratio) respectively
were prepared in the experiments. The crystal
structures were analyzed by a MXPAHF rotating
anode X-ray diffractometer (Cu-K, radiation). The
XRD profiles were collected in the range of 10°<C20
< 70°. Photoluminescence excitation (PLE) and
emission ( PLL) spectra were characterized on a
HITACHI 850 fluorescence spectrometer with a
150 W Xe

Thermoluminescence was measured by heating the

lamp as an excitation source.
sample over a small metal plate and the emission
intensity was monitored using a photomultiplier
thermoluminescence

tube. Before starting the

measurement, few milligrams of sample was

irradiated with 365 nm excitation.
3 Results and discussion

3.1 Phase and crystal structure analysis

Fig. 1 shows the XRD patterns of the
Ca,Sr, ,SiO,: 0. 01Eu*", 0. 01Dy*" phosphors
(x=0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8
and 2.0) produced by solid-state reaction synthesis
at 1250 °C and the standard data of Sr,SiO, (PDF-
38271) and Ca,SiO, (PDF-70388).1It is obvious that
changing the Ca/Sr ratio cannot get continuous
solid-state solutions from Ca,SiO, to Sr,SiO,,
while different with different

phases crystal
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Fig.1 The XRD patterns of Ca, Sr;_, SiO, :0.01Eu*"
0.01Dy3+ samples and the standard data of Sr,SiO,
(PDF-38271) and Ca,SiO4 (PDF-70388)
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structures formed. Orthorhombic «’-Sr,SiO, and
monoclinic 3-Sr, Si0, are two different
crystallographic modifications of Sr;SiO;. The -
and o -forms of Sr,SiO, have closely related
crystal structures made of SiO, tetrahedra. The
difference is just the small tilting in the SiO,
tetrahedra (' Td) which leads to the absence of a
mirror plane that parallel to the (100) plane in the
case of B-Sr,SiO,"*"*), In the lattice structure of
a’-Sr,Si0, and B-Sr;SiO,, Sr*" ions located at two
different kinds of sites and their coordination
numbers are 9 and 10 respectively!'*'"1% The
introduction of Sr’" ions increased the lattice
parameters of the phosphors. As the concentration
ratio of Ca®" ions in the host was increased (x
from 0—>0.4), the main diffraction peaks were
basically shifted to a larger angle, as demonstrated
in Fig. 2, because the ionic radius of Ca*" (0.10
nm) ions is smaller than Sr®" (0.118 nm) ions. The
level of Eu’" doping has a strong influence on the
Dy*". If the

Eu®*" concentration is small, Sr,SiO,: Eu*", Dy*"

phase formation of Sr,SiO,: Eu’",

exists in the monoclinic f-phase. In our experiment,
The crystal structures of Ca,—, Sr,SiO,: 0.01Ed*",
0.01Dy*" are divided into two groups, namely. B
phase (0<{x<C1) and ¢ ’phase (1< x<2).Besides,
and SiO, are
observed in XRD patterns, indicating that the

no peaks of un-reacted SrCOj,

reaction of raw materials is complete,
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x=0.2

— x=0
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Fig.2 Magnified XRD patterns in the range of 0<x<(0.4
for Ca, Sr; —, SiO, :0.01Eu** , 0.01Dy*t phosphors

Fig.3 Schematic crystal structure diagrams of B-Sr, SiO,

Fig.4 presents the photoluminescence of the
Srrich  Ca,Sr, , SiO;: 0.01Eu®*", 0.01Dy’"
phosphors with composition x <1 under 365 nm
excitation. As shown in the emission spectra, the
intensity of the broadband Eu?t 5d—4f emission
covering nearly whole visible wavelength range
increased with Ca*" concentration until x = 0. 4.
The shape of the Eu*" emission band implies that
there are different cation sites in the host for Eu?"
occupation. The extraordinary broadness of the
Eu’" emission band indicates a strong coupling
between the host lattice and the Eu*" ions, owing
to the excited electrons in the outer 5d shell of the
Eu®" ions. The introduction of Ca in Sr-rich host
causes the longer wavelength subband more

prominent, thus leading to the observed red shift

+ 0023 -
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of the peak position of the emission band. This
result suggests that the Eu®" sites with stronger
crystal field strength increased with introduction of
Ca in Sr-rich host.
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Fig.4 PL spectra of Ca,Sr,—,SiO; :0.01Ew*t ,0.01Dy**
(x=0, 0.2, 0.4, 0.6, and 0.8, respectively)

under 365 nm excitation
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Fig.5 PL spectra of Ca,Sr,_,SiO, :0.01Eu** ,0.01Dy**"
(x=1.0, 1.2, 1.4, 1.6, 1.8 and 2.0, respectively)

under 365 nm excitation

Interestingly, the longer wavelength subband
was gradually suppressed in the Ca-rich host
Ca,Sr; , SiO;: 0. 01EW*", 0.01Dy*" with « >1,
eventually leaving only the shorter wavelength
green subband peaking around 520 nm, as shown
in the PL spectra of Fig. 5. When -carefully
checking PL spectra in Fig. 5 for x>>1, it is found
that the PL band at 520 nm keep unchanged with x
increasing from 1 to 1.8. Only obvious blue shift is
observed for x = 2. 0, namely, the Ca,SiO;,:

* 0024 -

0.01Eu*", 0. 01Dy*" one. Because the radius of
Eu’" is very close to the radius of Sr’", when
substituting Ca by Sr, it will cause the
redistribution of Eu?" in different sites.

The increasing difference of electro-negativity
between the constituting cation and anion would

which

interaction among outer-shell electrons "', When

lower the covalency, enhances the
Sr?" ions are substituted by Ca’" ions in Sr,SiO, ,
the barycenter of 5d energy levels of Eu?*" will be
reduced because of the higher electro-negativity of
Ca (1.00) than Sr (0.95), which leads to lower 5d
level of Eu*' and leads to a red-shift in the PL

18] The effective ionic radius in nine-fold

spectra
coordination of Sr*" (1.31 A) is larger than Ca?'
(1.18 A), resulting in the host lattice shrink [,
The distance between the cation and the
surrounding anion affects the crystal-field strength
(Dq) significantly, i e., Dq is proportion to
R °) The shorter Ca-O pairs bond-length than
Sr-O pairs make Eu?' ions experience stronger
crystal-field in Ca-rich case, which contributes to
lower-energy emission from 4f°5d! energy level and
a further red-shift as x increases.

In conclusion, a higher electro-negativity of

Ca should

negativity between Ca and O, and the covalency

reduce the difference of electro-
should increase, therefore the barycenter of 5d
levels (not 4f°5d' energy levels) reduces. The
substation of Sr by Ca will lead to the increase of
crystal field splitting of 5d levels. These two
reasons lead to the red shift of PLL band, which can
be used to explain the result for x<C1. Therefore,
an irregular overall red-shift of the emission peak
could be discerned with the increase of the Ca
portion in the composition.

Fig.6 shows the excitation spectra (monitored
at 502 nm) (a) and the emission spectra (excited
at 365 nm) (b) of Ca,Sr,, SiO,: 0. 01Eu*",
0.01Dy*" (x = 0.6), respectively. The excitation
spectra exhibited a broad band between 220 and
400 nm. This broad band has two center peaks.The
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position of the two peaks situated at approximately

275nm and 325nm, respectively. From these
results, it implied an efficient energy transfer from
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from Dy*".

1.0

e
o0
L

Normalized intensity/a.u.

500 550 600 650

Wavelength/nm

450 700

Fig.6 PLE(monitoring 502 nm emission) and PL (excited at 365 nm) spectra of Ca,Sr;_,SiO;, :Ev*" ,Dy** (x=0.6)

In pure Sr,SiO,: Eu*",

luminescence from Eu*"

good persistent
can be procured by
codoping Dy*", which is responsible for sufficient
trap supply which is necessary for the long
afterglow performance. However, the duration and
the intensity of the persistent luminescence were
rapidly degraded with substitution of Sr by Ca in
the host, as revealed by the long afterglow
measurements shown in Fig. 7. The shape of the
long afterglow curves for these three samples
Ca,Sr, ., Si0O, :0.01Eu*",0.01Dy*" (x=0,0.4,0.8)
is dissimilar, which suggests different depth of
electron traps in these three phosphors. This tells
us the fact that the crystallographic of the three
phosphors are a little bit different. It consists with
our previous argument. The different intensities of
the afterglow intensity imply different density or
trapping efficiency for the traps. However, the
detailed persistent luminescence mechanism is not
known. Very likely Dy*" ions are involved in
trapping., the
persistent emission is stronger when Dy*" is added.
Dy*"

promote the formation of defects such as oxygen

electron and for this reason

ions can replace the Sr?" ions, which may
vacancies which could act as electron traps *". The

persistent luminescence totally disappeared in the

Ca-rich samples when x>>1.0. This phenomenon is

noteworthy in that for most of alkaline earth long
afterglow phosphors with similar host structure,
the Sr-based host will yield better persistent

luminescence performance than that of Ca-based

host. To further illustrate this condition, we
measured the thermoluminescence curves of
Ca,Sr, ,Si0,:0.01Eu*", 0.01Dy*" (Fig 8.)
10x15°
x=0.4
., 8.0x10*- x=0.8
s
=
8 4
L26.0x1074
2
172
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E .
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Fig.7 The long afterglow curves of Ca, Sr;—, SiO, : 0.01Ew*" ,
0.01Dy** (x=0,0.4,0.8)

From Fig.8, it can be found that the depth of
the trap levels changed remarkably with the
increased concentration of Ca?". In Sr-rich samples
x<1.0,

thermoluminescence peak located between 50 °C

with there  existed only one

and 200 °C, though the precise peak positon is

+ 0025 -
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varied for different samples. But in Ca-rich samples
with x > 1. 0, another peak emerged at above
350°C. Meanwhile, the non-monotonous peak
shifting in the thermoluminescence curves is in
accord with the PL. It can be inferred from the Fig.
8 that in Sr-rich samples with = < 1. 0, the
electrons will be captured mainly by the shallow
trap, which are favorable for the persistent
luminescence at room temperature, while in Ca-
rich samples with = >>1.0, the electrons could be
channeled to the much deeper trap levels, which
are detrimental for the persistent luminescence. It
can explain why the persistent luminescence
property became worse when we increased the
concentration of Ca’" in the host. The
thermoluminescence of Sr,SiO, :Eu’" ,Dy*" was in
the appropriate temperature range of 70-150 °C,
accounting for its good persistent luminescence
property.

The Commission International de 1’ Eclairage

France(CIE) x-y color coordinates diagram of the

Ca,Sr, ,Si0,:0.01Eu*", 0.01Dy*" phosphors are
(a)
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Fig.8 The thermoluminescence curves of
Ca, Sr; - SiO; : 0.01Euw** ,0,01Dy**

shown in Fig.9. From Fig.9, it is observed that the
color coordinates of present phosphors fall within
the yellow-greenish light region. By changing the
concentration ratio of Ca’" and Sr*" ions of these

phosphors, we can get different light which we

need.
0.9

00 0.1 2 0.3 04 05 0.6 0.7 0.8
X

Fig.9 CIE chromaticity diagram for samples
Ca, Sr; —, SiO, : 0.01Ew*™ , 0.01Dy** (x=0, 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4, 1.6, 1.8, 2.0 respectively) excited at 365 nm

4 Conclusions

A series of Eu*" ,Dy*" co-doped Ca, Sr, —, SiO,
phosphors have been successfully synthesized by

the solid-state reaction method and their structural
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and luminescence properties were investigated. The
structure of the synthesized phosphors are

crystallized in monoclinic. From the
photoluminescence spectra , we can get that this
phosphor is efficiently excited by light which
wavelength ranges from 250 to 400 nm. This kind
of phosphor can emits intensely yellow-green light

with a broad band which peaking at around 550

nm. We also observed the unusual spectroscopic
properties that the spectral shape and the peak
shift were non-linearly dependent on the
composition in solid-solution silicates Ca,Sr,_.
Si0,:0.01Eu®",0.01Dy*". The phenomena can be
further exploited in the development of new color-

tunable luminescent materials.
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