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Abstract: Blue-purple emitting Sr,_,Si0,: xCe’* (x =0.01-0.09, in steps of 0.01) and Sr, ,;_ Si0,:0.05Ce>",
yLi* (¥ =0.01-0.07, in steps of 0.02) phosphors have been prepared by co-precipitation method with MCM-41 as sil-
ica source. The emission spectra of Sr,_ Si0,:xCe’" show an asymmetric broad band with a maximum around 410 nm

and the critical mole fraction is found to be 5%. Ce’*

ions prefer nine-coordinated Sr(Il) sites over ten-coordinated
Sr(I) sites. The emission intensity of Sr, o;Si0,:0.05Ce’* can be improved effectively by co-doping Li* ions as charge
compensator and a greater degree of the improvement is observed for phosphor calcined at 1 100 “C compared with 1 000

°C. The most suitable doping amount of Ti* for Sr, 4 _ Si0,:0. 05Ce** ,yLi* is ¥ =0.05.
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1 Introduction

As a new type of solid light source, white light
emitting diodes ( WLEDs) have attracted much at-

Wi BHA, 2015-11-20; f&ITHHEE; 2015-12-08

tention due to high power efficiency, energy saving
and environment-friendliness etc. Compared with the
WLEDs based on yellow YAG phosphors combined
with a blue InGaN LED chip, the NUV-excited
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blends of blue-, green-, and red-emitting phosphors
have the higher color reproduction and color render-
ing'"™. As a good candidate excited in the NUV
range, Sr,S5i0, matrix phosphor is extensively stud-
ied because of its good chemical stability and ther-
mal stability>"" .

The commonly doped rare-earth luminescent-
centers in Sr,Si0, matrix include Fu’*, Eu’*,
Ce’*, Dy’*, ete. Sr,Si0,: Eu’* is one of the pre-
WLEDs */.

STy 97 (2 +y) DYo 03 Ce,Li, SiO, can emit colour from

vailing green-yellow phosphors for

blue-white to orange-white by varying Dy’* concen-

tration!’

. The non-equivalent substitution of diva-
lent ion by trivalent ion would create vacancies,
which quench the luminescence. Reports show that
co-doping of charge compensator (Li*, Na®, K")
can solve this problem and enhance the emission in-
tensities of phosphors, such as Sr,Si0,: Th* ™)
Sr,B,0,: Ce’* ,Eu** """ | (Ba,_,Sr,),Se,Si; 0, :
Ce’ ™ and Sr,Si0, : Sm’* !B,

charge compensator, the luminescence of rare-earth

In addition to

ions doped Sr,Si0, is also influenced by the local
coordination of the rare-earth ions in the host lattice.
Sr,Si0, exists in two crystalline phases: (-Sr,SiO,
(monoclinic) and o’-Sr,SiO, ( orthorhombic ). B-
Sr,Si0, phase is the low temperature phase while o’-

Sr,Si0, phase the high temperature one''*’. There

+

are two kinds of cation sites for Sr** in both a' and

B phases. Sr( 1) is ten-coordinated and Sr(Il) is

[15]

nine-coordinated by oxygen atoms- . The amount

of St(I) site is equal to that of Sr(1Il) site. For
Sr(I) site the average Sr—O bond distance is
0.2852 nm in o' phase and 0. 285 0 nm in B
phase. For Sr(Il) site the average Sr—O bond dis-
tance is 0.269 8 nm in a’ phase and 0.270 9 nm in

L16]

B phase Since the ionic radius of the Ce’”

(0.125 nm, 10 coord. ) is very similar to ionic ra-

dius of the Sr”* (0.132 nm, 10 coord. ), Ce’* ions

+ [17]

substitute Sr** ions in Sr,SiO, lattice

The commercial Sr,SiO, phosphors are com-
monly produced by the conventional solid-state reac-
tion method involving calcining at temperatures

above 1 200 °C'*%'. Reports show that the synthe-

sized temperature of the silicate phosphors can be

lowered by silica as Si

[18-19]
source

Ce’* ,Li* phosphors at 1 000 or 1 100 °C, using
MCM-41 as silicon source. The relationships be-

using mesoporous

. In this paper, we synthesized Sr,Si0,:

.. 3 .
tween emission property and Ce * concentration as
well as Li* concentration are discussed. The influ-
ence of temperature on emission intensity is also

studied.

2 Experiments

2.1 Preparation

MCM-41 was synthesized as follows: tetraethyl
orthosilicate (TEOS) was added under constant stir-
ring to a mixing solution of cetyltrimethylammonium
bromide ( CTAB), ammonia solution and distilled
water. After stirred for 1 h at room temperature, the
solution was sealed in a Teflon-lined stainless steel
autoclave and heated at 110 °C for 48 h. The solid
precipitate was filtered, washed, dried and calcined
in air at 550 °C for 6 h. The molar ratio of the react-
ants was n (CTAB) : n (TEOS): n(NH, - H,0):
n(H,0) = 0.24:0.075:0.01:66.7.

The Sr,_,Si0,: xCe’* (x =0.01 =0.09, in
steps of 0. 01) and Sr, 4 SiO,: 0. 05Ce™" , yLi*
(y=0.01-0.07, in steps of 0.02) phosphors were
prepared as follows: Sr(NO;),, LiNO;, and Ce(NO,),
(0.1 mol/L) solution were mixed in deionized water
to get a homogenized solution A. Amount of MCM-
41 and oxalic acid (n( MCM-41): n(oxalic acid) =
1: 1.5, molar ratio), ammonia solution was uni-
formly mixed in deionized water as solution B, soni-
cating for about 25 min. Then solution A was added
dropwise to the solution B under vigorous stirring. Af-
ter stirred for 1 h and then stilled at room temperature
for 2 h, the products were filtered, washed, dried,
and calcined at 1 000 or 1 100 “C for 3 h in the car-
bon reduction atmosphere.

2.2 Characterizations

X-ray powder diffraction ( XRD) measurements
were performed on the Rigaku D/MAX-Ultima S
equipped with Cu Ka radiation (40 kV, 20 mA) , at
the rate of 2. 0 (°)/min over the range of 1° — 8°
(26), and 6.0(°)/min over the range of 20° —70°
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(20). The particle morphology and size were meas-
ured using a thermal field emission electron micro-
scope (SUPRA 55, Carl Zeiss, Germany) at an ac-
celerating voltage of 3. 00 kV. The excitation and
emission specira were measured on a FluoroMax-4
fluorescent spectrophotometer with a slit width of 0. 8
nm and a Xe lamp as light source. The quantum ef-
ficiency was measured by a FluoroMax-4 fluorescent
spectrophotometer. All the samples were measured

at room temperature.

3 Results and Discussion

XRD pattern of MCM-41 powder is shown in
Fig. 1. It can be observed that there are three well-
resolved peaks at 26 range of 1° —5°, indexed as
(100),(110) and (200) reflections of the hexa-
gonal phase MCM-41"'. This indicates that the
synthesized sample possesses typical mesoporous

structure of MCM-41.
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Fig.1 XRD pattern of MCM-41

XRD patterns of Sr,_ SiO,: xCe’* samples cal-
cined at 1 100 °C are shown in Fig.2. For x =0.01
sample,, major B-Sr,Si0, phase co-exists with minor

a’-Sr,Si0, phase. When x increased to 0. 03, the
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i 4=0.05
M 4=0.03

x=0.01

Intensity/a. u.

Lol . /-Sr:Si0, PDF#29-1256
M s B-S15I0, PDIH38-0271
20 30 40 50 60 70
20/ (°)

Fig.2 XRD patterns of Sr,_ SiO,: xCe’* samples calcined
at 1 100 C

intensity of diffraction peaks of 3-Sr,Si0, decreased.
When x is higher than 0. 03, the B-Sr,SiO, phase
completely transforms into the pure «'-Sr,SiO,
phase, and a weak peak at 260 =28. 6°, assigned to
the (111) diffraction of the CeO, phase, can be
clearly observed.

XRD patterns of Sr, ,sSi0,: 0.05Ce’™ and Sr, ,-
Si0,: 0.05Ce’* ,0.05Li " samples calcined at differ-
ent temperatures are presented in Fig. 3. All the three
samples consist of nearly pure a’-Sr,Si0, phase with
only minor CeO, impurity phase. Compared to the
Sr, 4sSi0,: 0. 05Ce’* sample calcined at 1 000 °C,
the diffraction peaks of Sr, o SiO, : 0. 05Ce’* and
Sr, ,Si0,:0.05Ce™* ,0. 05Li* calcined at 1 100 C
shift to the higher angle-side, indicating the lattice

shrinking with rising calcining temperature.
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Fig.3 XRD patterns of Sr, ,Si0,: 0.05Ce’* and Sr, ,SiO,:
0.05Ce’ ", 0. 05Li* samples calcined at different

temperatures

The structure of a’-Sr,Si0, is similar to that of
B-K,Si0, and has been described in literature *'**.
The schematic crystal structure of a’-Sr,SiO, phase
is shown in Fig.4(a). There are two cation sites of
Sr** in a’-Sr,Si0, phase. Sr(1) is 10-coordinated
and Sr( I ) is 9-coordinated by oxygen atoms, as
shown in Fig.4(b).

SEM images of Sr, 4sSi0,: 0.05Ce’* samples
calcined at different temperatures are shown in Fig.
5. For samples calcined at 1 000 °C, the particle di-
ameters are about 2.3 pum and the shape is regular.
As the calcining temperature increased from 1 000 “C
to 1 100 °C, the particle sizes increase from 2.3 pum to
4.2 pm, and the shape is also regular. Compared
with the sample calcined at 1 000 °C, the sample at
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Fig.4 (a) Schematic crystal structure of o’-Sr,SiO, phase.
(b) Coordination environments of Sr( 1) and Sr(Il)

sites in o phase.

(b)1 100 C

Fig.5 SEM images of Sr, 4Si0,:0.05Ce’* samples calcined at

different temperatures

1 100 °C shows cleaner particle surfaces and more
straight grain boundaries. It indicates that the sam-
ple calcined at 1 100 °C has better crystallinity.
Fig. 6 shows the emission and excitation spectra
of the Sr,__Si0,: xCe’" samples calcined at 1 100
C. All the excitation spectra show two bands at
about 280 nm and 351 nm, corresponding to the 4{-
5d transition of Ce’". The emission spectra show an

asymmetric broad band with a maximum locating at

around 410 nm, ascribed to the 5d-4f transition of
Ce’". The emission peak shifts towards red with in-
creasing x. The emission intensity and half-hand
width increase significantly with increasing Ce’*
concentration, and gradually decrease as x excee-
ding 0. 05. This shows that 5% Ce’" is a critical

concentration in Sr,Si0,.

_ x=0.05 A,.=341 nm|
Aew=399 nm 0.05
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Fig.6 Emission and excitation spectra of Sr,_ SiO,: xCe’*

samples calcined at 1 100 °C

The emission spectrum of Sr, o Si0,:0.05Ce’*
could be decomposed into two Gaussian peaks cen-
tered at 398 nm and 424 nm, respectively, as shown
in Fig. 7. According to Van Uitert’s empirical equa-
tion' > shown below, the emission wavelength of
Ce’" in Sr,Si0, host could be calculated to identify

the sites of Ce’* ions.

E = Q[l - (Z)lvlo-”'ég"], (1)

(Q is the position in energy for the lower d-band edge
for the free ion (50 000 cm ™' for Ce’* ). V is the
valance of the activator, and is 3 for Ce’* ion. n is
the coordination number of the host cation. r is the
radius of the host cation replaced by Ce’” ion. ea is

the electron affinity of the atoms that form anions

424

Intensity/ CPS

398

1 | L 1 | L
360 390 420 450 480 510 540
A/nm

Fig.7 Gaussian peak fittings for emission spectrum of Sr, o-

Si0,: 0.05Ce>* calcined at 1 100 C
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(1.6 €V for O*7 ). The ionic radius of 10- and 9-
coordinated Sr** are 0. 132 nm and 0. 125 nm,

respectively .

The calculated peaks of Ce’* in
ten-coordinated Sr( 1) and nine-coordinated Sr(1II)
are located at 396 nm and 436 nm, respectively.
The observed emission peaks at 398 nm and 424 nm
are in very good agreement with the calculated
peaks, and can be attributed to the Ce’* (1) and
Ce’* (II), respectively. The result indicates that

Ce’ " ions occupy the two different sites of Sr** in
Sr, Si0, host.

The Gaussian fitting results for the spectra of
Sr, ,Si0,: xCe’* phosphors are summarized in Tab.
1. As shown in Tab. 1, when the content of Ce’* in-
creases in the range of 0. 01 to 0. 05, the ratio of in-
tegral area of Gaussian fitting peak Ce’* (1) to
Ce’" (II) decreases, indicating a preference for
Ce’" to occupy the smaller Sr(Il) site rather than
the larger Sr( 1) site in the solid solution. The radi-

us of Ce’* is smaller than that of Sr**

. The prefer-
ent occupation of smaller Sr** (II) by Ce’* can re-
duce lattice distortion.

Tab.1 Gaussian fitting results for the spectra of Sr,__ -

Si0,:xCe’* phosphors

Phosphors M Ratio of area
Ce(1) Ce(ll) (Ce(I)/Ce(Il))
Sty 99510,:0.01Ce** 388 420 33/67
Sty 97510,:0.03Ce®* 395 423 22/78
Sr; 45510,:0.05Ce> * 398 424 15/85
Sty 43510,:0.07Ce’ * 398 424 15/85
Sr, ¢, Si04:0.09Ce> * 398 426 18/82

The emission spectra of Sr, o5 Si0,: 0. 05Ce™*
and Sr, ,Si0,: 0.05Ce’*,0.05Li" calcined at dif-
ferent temperatures are presented in Fig. 8. As the
calcining temperature increased from 1 000 C to
1 100 °C, the emission intensities of phosphors en-
hance obviously. This can be attributed to the im-
proved crystallinity. It can also be observed from
Fig. 8 that the emission intensity of Sr, ,Si0O,:
0.05Ce’",0.05Li" is much higher than that of
Sr, 45510, 0. 05Ce’ " calcined at the same tempera-
ture. Doping Li* ions can obviously improve the
emission intensity. The degree of improvement is in-

fluenced by the calcining temperature. Obviously,

doping Li* ions improve the emission intensity of
Sr, 45510, 0.05Ce’" calcined at 1 100 °C more ef-
fectively than that calcined at 1 000 °C.

Ae=351 nm

- 1100 °C 0.05Ce, 0.05Li
1 100 C, 0.05Ce
9]0 C 0.05Ce, 0.05Li

1.000 C. 0.05Ce

Aew=409 nm

Intensity/ CPS

| | | 1 1 1 I
280 320 360 400 440 480 520
A/nm
Fig. 8 Excitation and emission spectra of Sr; sSi0,:

0.05Ce’* and Sr, ,Si0,: 0.05Ce’*,0.05Li " cal-

cined at different temperatures

Fig.9 shows the emission spectra of Sr, o, Si0,:
0.05Ce’* ,yLi* under 351 nm excitation. It can be
seen that all the samples show the characteristic
emission of Ce’* at 410 nm and no distinct diversifi-
cations on the shapes and positions of the emission
spectra are observed. The emission intensities of
Sty 5_,5i0,: 0. 05Ce’* ,yLi" increase with increas-
ing y, and gradually decrease as the doping concen-
tration of Li* exceeds y = 0. 05. The intensity of
sample with ¥ = 0. 05 shows the highest intensity,
two times as high as that of sample with y =0. The
results indicate that the most suitable doping amount

+

for Li* is equal to that for Ce’ . The non-equivalent
substitution of Sr** by Ce’* can lead to the advent of
Sr** vacancy, which acts as the charge trapping cen-
ter and hence quenches the luminescence. When the
monovalent alkali metal ion Li* is co-doped as the
charge compensator, the number of the vacancies
decreases with increasing concentration of Li* | and

the emission intensity is therefore improved 2.

Ae=351 nm

Itnensity/ CPS

1 1 1 |
390 420 450 480 510 540

A/nm
Fig.9  Emission spectra of Sr, ,_ Si0,:0.05Ce’* ,yLi*
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The internal quantum efficiency ( IQE ) was
measured using the excitation source of 351 nm. The
IQE of Sr, 4,Si0,:0.05Ce’" and Sr, ,Si0,: 0. 05Ce’ ",
0.05Li" calcined at 1 100 °C were obtained to be
23.7% and 35.7% , respectively. The result sug-
gests that doping proper amount of Li* ions is an ef-
fective method to enhance the IQE of Sr,SiO,: Ce’*
phosphor.

The measured chromaticity coordinates ( x,,
y.) of Sr, . SiO,: xCe’* | yLi* phosphors are sum-
marized in Tab.2. The CIE chromaticity diagram of
Sr, s, Li, SiO, : 0. 05Ce’* phosphors is shown in
Fig. 10. It can be seen that all the samples exhibit
blue-purple emissions. The variation of Li* doping
concentration only influences the emission intensity
and has little effect on the colorimetric coordinate lo-
cation in the CIE chromaticity diagram.

Tab.2 Chromaticity coordinates (x,,y.) of Sr,_._, SiO,:
xCe** yLi* phosphors

0.9 : SS0:0.05Ce, yLi

S e ! I ! I !

% 0.1 02 03 04 05 06 07 08
%

Fig. 10 CIE chromaticity coordinates of Sr, 45, Li SiO, :

0.05Ce’* phosphors

4 Conclusion

Sr,_.Si0,:xCe’ " and Sty 45,510, 0. 05Ce’ ",
yLi* phosphors have been prepared at 1 000 or
1100 °C. For Sr,_ Si0,: xCe’* samples, major B-
Sr,Si0, phase co-exists with minor a’-Sr,Si0, phase

when x =0.01, and the a’-Sr,Si0, phase completely

transforms into 3-Sr,SiO, phase when x >0.03. All

Sample X, Ye

St 49510,:0.01Ce** 01513  0.0812 the samples exhibit blue-purple emissions. The criti-

St 810,10, 03Ce** 0.1567  0.0375 cal mole fraction of Ce’* is found to be 5% . Doping

St; 4sSi0,: 0.05Ce** 0.1560  0.0358 proper amount of Li” ions can improve the emission

Sr, 538i0,:0.07C™* 0.1558  0.0378 intensity of Sr, ,sSi0,:0.05Ce’ " calcined at 1 100 °C

St 01 Si0,:0.09Ce> 0.1552  0.040 8 more effectively than that at 1 000 °C. The most suit-
Sty 4410, 0.05Ce>* ,0.01Li * 0.1561  0.0369 able doping amount of Li* for Sr, o Si0,: 0. 05Ce’"
8119281047 0.05Ce™* ,0.03Li* 0.1559  0.0386 yLi* is ¥ =0.05. The results in present work could
Sr1.9Si047 0.05Ce’* ,0.05Li* 0.1557  0.0347 be helpful for efficiently enhancing the luminescence
Sty s8I0, 0.05Ce** ,0.07Li*  0.1557  0.0365 of $1,8i0,: Ge** phosphor.
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