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a  b  s  t  r  a  c  t

Dy3+-activated  �/�′-Sr2SiO4 phosphors  were  successfully  prepared  by  solid-state  reaction  method  with
ammonium  chloride  (NH4Cl)  as  the  flux. The  influences  of  calcination  temperatures,  amounts  of  NH4Cl
and the  concentrations  of Dy3+ on phase  composition,  morphology  and  the  photoluminescent  properties
of  as-prepared  powders  were  investigated  in  detail.  The  � and  �′ phases  of  Sr2SiO4 were  obtained  with
1  wt%  and  2–5 wt%  NH4Cl,  respectively,  as the  sintered  condition  was  at 1000 ◦C  for  4  h.  With  increasing
the  amount  of NH4Cl,  the  morphology  of phosphors  changed  from  needlelike  to  regular  polyhedron  shape
and the  colors  of  the Sr2SiO4:Dy3+ phosphors  changed  from  blue-green  to  white.  The  luminescence  inten-
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sity  of F9/2 → H15/2 transition  was slightly  higher  than  that  of F9/2 → H13/2 (�L  = 2,  �J  =  2)  transition
owing  to the  low-symmetry  around  Dy3+ ions.  The  optimum  concentration  of Dy3+ was  2.0  mol%  and  the
concentration  quenching  were  caused  by  the  d–d  interaction  and  a cross  relaxation.  The yellow-to-blue
intensity  ratio  (Y/B)  of  Dy3+ emission  did  not  to change  with  varying  the  Dy3+ concentration  using  Li+ ions
for  charge  compensation.  These  indicate  that  this  phosphor  can  be used  as a potential  candidate  for  the

te  LED
phosphor-converted  whi

. Introduction

White light generation through InGaN-based light emitting
iodes (LED) has numerous advantages over the existing incandes-
ent and fluorescent lamps in power efficiency, small size, light
eight, long lifetime and flat packaging [1,2]. There are several

echnologies that combined blue/ultraviolet (UV) LED and phos-
hors to generate white light [3,4]. The first white LED consists of
lue LED chips and yellow YAG:Ce3+ phosphor, which exhibits high

uminescent efficiency and chemical stability but a deviated natu-
al white light due to halo effect of blue/yellow color separation
nd lower color rendering index (Ra) of ∼80 caused by the lack
f red emission [5–8]. The combination of UV LED chips and the
ed/green/yellow/blue light emitted from the phosphors provides
uperior color uniformity with a high color rendering index and
xcellent quality of light [9].  But the luminous efficiency of the lat-
er white LED has severely depended on the light reabsorption and
he matching ratios among different color phosphors [4,9]. There-
ore, it is necessary to find new phosphors that can be effectively

xcited in the (N-) UV range and can emit white light, which are
nown as single matrix white phosphors (SMWP).

∗ Corresponding author. Tel.: +86 25 83587246; fax: +86 25 83587246.
E-mail addresses: njutzl@163.com (L. Zhang), zhqt@njut.edu.cn (Q. Zhang).

925-8388/$ – see front matter ©  2011 Published by Elsevier B.V.
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s  with  a  UV  chip.
© 2011 Published by Elsevier B.V.

At present, the most of SMWP  candidates focus on aluminate,
borate, and especially silicate matrix such as Ba3MgSi2O8:Eu2+,
Mn2+ [10], Sr3MgSi2O8:Eu2+ [11], Sr3MgSi2O8:Eu2+, Mn2+ [12],
BaMgAl10O17:Eu2+, Mn2+ (BAM) [13], and Sr3B2O6:Eu2+, Ce3+

[14,15]. The silicate matrix has the merits of the stability under
high power UV radiation and the durability in the packaging resin.
Alkaline earth orthosilicates M2SiO4 (M = Sr, Ca, Ba) doped with
Eu2+ have been well documented and their emission intensities and
colors vary with the crystal field and the covalence around the acti-
vator ions, especially, the crystal phase �′ or � of the host [16–18].
The preparation of single phase alkaline earth orthosilicate with
higher luminescent efficiency for doped rare earth ions is thus our
main task.

Meanwhile, Dy3+ ions with two dominant bands in their emis-
sion spectra are known as natural white light emitting ions. The
blue band (485 nm)  corresponds to the 4F9/2 → 6H15/2 transition
and the yellow band (570 nm)  corresponds to the hypersensitive
4F9/2 → 6H13/2 transition (�L = 2, �J  = 2), and the intensity of the
yellow band is dependent on the lattice site of the host. Thus, seek-
ing a phosphor of Dy3+ ions doped compounds, in which Dy3+ would
emit white light with a suitable intensity ratio of yellow to blue
and acceptable luminescence efficiency, never ceased [19]. In this

paper, we strives to prepare single phase Dy3+-activated strontium
orthosilicate (Sr2SiO4:Dy3+) phosphor and investigate its lumines-
cent properties to discuss the possibility of Sr2SiO4:Dy3+ powders
as the white LED materials. Pure �′-Sr2SiO4:Dy3+ phosphors with

dx.doi.org/10.1016/j.jallcom.2011.07.089
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:njutzl@163.com
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ig. 1. XRD patterns of (Sr0.99Dy0.01)2SiO4 phosphors treated at various tempera-
ures without flux.

–5 wt% NH4Cl as flux could emit bright white light and it may  be
sed as the potential two-band SMWP.

. Materials and experimental details

All  powder samples were synthesized through the solid-state reaction tech-
ique. High pure SrCO3 (AR), SiO2 (AR), Dy2O3 (>99.99%), Li2CO3 (AR), NH4Cl (AR)
ere used as starting materials. Stoichiometrical amount of starting materials using

i2CO3 for charge compensation and various amounts of NH4Cl as the flux were
ixed thoroughly in alcohol by ball milling in agate mortar and then dried. The

ynthesis was performed at 900–1300 ◦C for 4 h in the electric furnace. Serious of
Sr1−x)2SiO4:Dy2x powders were prepared. For comparison, commercial phosphors,
AG:Ce3+ and Sr2SiO4:Eu2+, are purchased from Luming Luminous Technology Co.,
td., Dalian, China.

Differential scanning calorimetry (DSC) and thermal gravimetric analyses (TG)
f  the precursor were made on the Simultaneous Thermal Analysis (STA-449 C,
etzsch, Germany) with a heating rate 10 ◦C/min and upper temperature limit of
300 ◦C. The crystalline phases of synthesized powders were determined by X-ray
iffraction (XRD, D/Max2500, Rigaku, Japan) using Cu K� radiation (� = 1.5406 Å) in
he range of 5–80◦ with a step size of 0.02◦ . Crystal structure refinement employed
he  Rietveld method as implanted in the General Structure Analysis System (GSAS)
oftware suite [20,21]. Powder particle morphology analysis was carried out by
canning electron microscopy (SEM, JSM-5900, NEC, Japan). The photoluminescence
pectra of the phosphors were measured using a fluorescent spectrophotometer
FL3-221, HOROBA, Jobin Yvon, France) at room temperature.

. Results and discussion

.1. Preparation of pure and single-phase (Sr0.99Dy0.01)2SiO4
hosphors

.1.1. Effect of different calcination temperatures without flux

The XRD patterns of the phosphors calcined at desired tem-

eratures are exhibited in Fig. 1. Because the overlap regions
etween the diffraction peaks of �′-Sr2SiO4 (JCPDS #39-1256) and
-Sr2SiO4 (JCPDS #38-0271) are too much to index them precisely,
 Compounds 512 (2012) 5– 11

especially around the strongest peak around 30–32◦. So we indexed
the diffraction peaks with significant distinction comparing to the
others. The phase composition of the formed powders was  major
�′-Sr2SiO4 and certain number of �-Sr2SiO4 with minor undecom-
posed SrCO3 (JCPDS #05-0418) as heat treated at 1000 ◦C. As the
heat treated temperature was  1100 ◦C, the formed phases were
nearly equal amount of �′-Sr2SiO4 and �-Sr2SiO4 but SrCO3 dis-
appeared. Furthermore, the SrSiO3 (JCPDS #36-0018) appeared
at the heat treated temperature 1200 ◦C. When heating temper-
ature keep heightening, the composition included two phases at
least, �′-Sr2SiO4 and �-Sr2SiO4 (not shown here). That is, the pure
�′-Sr2SiO4 or �-Sr2SiO4 phosphor could not been obtained only
changing heating temperature in our experiments. Fig. 2 shows the
SEM morphologies of corresponding powders. The morphologies of
the powders did change significantly with changing heating tem-
peratures. The powders prepared at 1000 ◦C for 4 h consisted of
relatively well-dispersed and uniform crystals with a needle-like
shape (Fig. 2(a)). However, the morphology of the powders pre-
pared at 1100 ◦C, 1200 ◦C or1300 ◦C for 4 h was  irregular, which had
a growing primary particle size of 0.5–1 �m.  Simultaneously, these
particles were seriously sintered to large platelike agglomerates
of several micrometers because of high temperature. For practical
applications, the phosphor particles with a uniform size and spher-
ical like shape are highly desired, which are beneficial to a highly
efficient and uniform luminescence. Neither the needle-like parti-
cles nor the large agglomerate particles in Fig. 2(b)–(d) is what we
want. Although we do not know the reason of significant changes
in morphology precisely, it seems that a lower temperature is more
advantageous to obtaining finer particles. To our disappointment,
the results obtained using present technique strongly suggest that
some changes must be attempted to obtain the pure �′-Sr2SiO4 or
�-Sr2SiO4 phosphors with desired morphology.

3.1.2. Adding different amounts of NH4Cl flux
Usually, in the most of solid state reaction for synthesizing

silicate phosphors, such fluxes as halide (KCl, CaCl2), B2O3, and
boron compounds are added to improve the sintering process and
then decrease the calcination temperature by forming liquid phase
and absorbing impurities from grain interior, simultaneously. For
NH4Cl, it was water-soluble and easy to be separated from phos-
phors. Especially, even at higher concentration, the second phase
such as alkaline-earth chloride and other impurities were easily
removed only by washing in hot water, which was very impor-
tant for higher luminescent efficiency. In our previous work, B2O3
and halide were successively selected as the flux materials (not
shown here). But the single-phase powder was not obtained till we
met  NH4Cl. The addition of B2O3 and halide (CaCl2) still remained
the co-existence of �′ and � phases in Sr2SiO4 powders, regardless
of the amount more or less. And the by-product such as CaB2O4
was unexpected and it was  infeasible to remove by washing. In
addition, NH4Cl can greatly enhance the intensity of phosphor
than Li2CO3, Na2CO3 or K2CO3 for some phosphors [22–24].  Here,
various amounts of NH4Cl were thus selected to be added into pre-
cursors and then sintered at 1000 ◦C for 4 h. The XRD patterns of
corresponding phosphors are presented in Fig. 3. To our excited,
the crystalline phase of the sample with 1.0 wt% NH4Cl was sin-
gle � phase. And with the amounts of NH4Cl flux 2.0 wt% and
5.0 wt%, the as-prepared powders only contained single �′ phase.
However, an excessive NH4Cl of 10.0 wt% would promote the for-
mation of chloro-silicate like Sr5SiO7Cl4 with a certain amount of
SrSiO3 and SiO2 as byproducts. The results indicate that the phase
compositions are strong dependent on the amounts of NH4Cl. We

selected the XRD of the samples with 1.0 wt%  and 5.0 wt%  NH4Cl
to fit using Rietveld method. The starting models for the refine-
ments of the phases were taken from �-Sr2SiO4 and �′-Sr2SiO4 with
space groups of P21/n and Pnma, respectively. The profile was fitted
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Fig. 2. SEM photographs of the (Sr0.99Dy0.01)2SiO4 phosphors treated at (a) 1

sing Pseudo–Voigt profile function. Fig. 4 shows the typical best
t that was observed, calculated, the difference powders diffraction
rofiles and the expected Bragg reflections for corresponding sam-
les. The refined R-values were 12.65/11.54 (Rwp%), and 9.38/7.92
Rp%) and �2 = 4.339/3.782 for �/�′ phase, which suggested that
he refinements was in good agreement with the space group
n all respects. The cell parameters were a = 5.6603(2)/5.6680(3),
 = 7.0796(1)/7.0751(2), and c = 9.7533(1)/9.7357(3) for �/�′. All
hese proved that the single �- or �′-Sr2SiO4 is successfully
btained only by changing the amount of flux.
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ig. 3. XRD patterns of (Sr0.99Dy0.01)2SiO4 phosphors treated at 1000 ◦C for 4 h as s
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C, (b) 1100 ◦C, (c) 1200 ◦C and (d) 1300 ◦C for 4 h, respectively, without flux.

As we know, the structures of �- (monoclinic) and �′-Sr2SiO4
(orthorhombic) are same with those of Ca2SiO4 and �-K2SO4,
respectively, and their transition temperature is about 358 K [25].
Only by solid state reaction method, the single and pure �- or �′

phase is difficult to obtain, which is proved by series of reports
[17,26–28] and our above results (Fig. 1).

Kim [25] and Sun [29] found the phase transformation from �
to �′-Sr2SiO4 by increasing the Eu2+ concentration (single � phase
formed as x ≤ 0.005 and �ı̌ phase when x > 0.01). Pan [30] had also
obtained the �′-Ba0.1Sr1.9SiO4:Eu2+ under 1300 for 3 h but Ba-free
Sr2SiO4:Eu2+ had a secondary � phase. Kang [31] obtained the �′

phase using spray pyrolysis method when without flux and the
amount of NH4Cl flux 6 wt%, but 1–5% wt  NH4Cl addition made the
phase consist of major � phase and minor �′ phase. Even using the
same synthesis method and also using the same flux NH4Cl, Kim
[25] reported that the synthesized Sr2SiO4:Eu2+ fired at 800 ◦C for
3 h under 5%H2 with 1 wt%  NH4Cl was  a single �′ phase with little
Eu2O3. Even adding 2–10 wt%  NH4Cl, the crystalline phase was still
�′ phase. While we only added 1.0 wt%  and 2.0–5.0 wt% NH4Cl and
then fired the precursor at 1000 ◦C for 4 h, � and �′-Sr2SiO4 were
successfully obtained, respectively.

The change of the crystal structure of the powders changed their
morphologies from needlelike shape to regular polyhedron shape,
especially with 10 wt% NH4Cl flux (Fig. 5). This excited result is
different from the report [31], in which the morphologies of the
powders from regular polyhedron shape to irregular shape with
the increasing amount of NH4Cl prepared by spray pyrolysis. The
TG-DSC analysis of the Sr2SiO4 precursors without flux and with
5 wt% NH4Cl is compared in Fig. 6. The small endothermic peak
at 470 ◦C in Fig. 6(a) and (b) was  due to precursor dehydration.
Without adding any flux, the apparent weight loss in the system
occurred at 913.5 ◦C, and no further weight loss occurred at tem-
peratures higher than 950 ◦C (Fig. 6(a)). While adding 5 wt% NH4Cl
the corresponding temperatures advanced at 709.5 ◦C and lagged
at 1150 ◦C (Fig. 6(b)), respectively. The reaction equation of SrCO
3
and SiO2 system is given in Eq. (1).

2SrCO3 + SiO2 → Sr2SiO4 + 2CO2 ↑ (1)



8 L. Zhang et al. / Journal of Alloys and Compounds 512 (2012) 5– 11

15 20 25 30 35 40 45 50 55 60
-100 0

-500

0

500

100 0

150 0

200 0

250 0

300 0

37.5 38 .0 38. 5 39 .0 39. 5
0

500

1000

1500

2θ/ degr ee

In
te

ns
ity

(a)

      +  ob s
 ca lc
 dif
 re f
 bkg

2θ

10 20 30 40 50 60
-100 0

0

100 0

200 0

300 0

400 0

500 0

600 0

37.0 37.5 38 .0 38.5 39.0 39.5
0

1000

2000

In
te

ns
ity

2θ/ degree

(b)

    + ob s
 dif
 clac
 ref
 bck 2θ

Fig. 4. Rietveld refinements (line) of the observed XRD patterns (+) for as-prepared �-Sr2SiO4 with 1 wt% NH4Cl (a) and �′-Sr2SiO4 with 5 wt%  NH4Cl (b). Vertical bars below
the  patterns show the position of all possible reflection peaks of their phases. The lowest curve is the difference between the observed and the calculated intensities. The
inset  shows the characteristic peaks of them in 37–40◦ .

Fig. 5. SEM photographs of the (Sr0.99Dy0.01)2SiO4 phosphors treated at 1000 ◦C for 4 h, with (a) 1 wt%, (b) 2 wt%, (c) 5 wt%  and (d) 10 wt%  NH4Cl, respectively.
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L. Zhang et al. / Journal of Alloys and Compounds 512 (2012) 5– 11 9

600560520480400380360340320

0

200

400

600

800

100 0

120 0

140 0

160 0 λex=34 9 nmNH4Cl(wt)λem=570 nm

571477

387
365

349

325 (d)

(b)

(a)

In
te

ns
ity

/ a
.u

.

Wavelength/ n m

(d/e )

(c)

(b)

(a)

(a)   no flux
(b)   1%  
(c)  2% 
(d)   5% 
(e)  10 % 

F
�
a

2
r
w
T
t
7
t
i
w
e
t
m
S
m
p
i
t
p
d

3

S
t
3
T
r
p
e
h
1
i
a
L
i
�
l
s
(
m
h
w
t

[36] by codoping Bi and in GdAl(BO3)4 by codoping Ce , and so
on. Thus, for its applications in industry, further work is required
to sensitize the luminescence of Dy3+ so as to highly enhance the
luminescence intensity of this phosphor. Last but not least, the
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ig. 7. Excitation spectra (left, �em = 570 nm)  and emission spectra (right,
ex = 349 nm)  of the (Sr1.98Dy0.01)2SiO4 phosphors with different NH4Cl adding
mounts (wt%).

From TG curve of Fig. 6(a), the total weight loss amounted to
5.66%, which was closed to the theoretical weight loss of this
eaction 24.41% according to calculation of Eq. (1).  The difference
as attributed to the dehydration. After adding 5 wt% NH4Cl, the

G curve showed two stages including the 4.03% NH4Cl volatiliza-
ion around 250 ◦C and 28.95 − 4.03% = 24.92% CO2 escape around
09.5 ◦C (their theoretical values were 5% and 23.25%). According
o the Lu’s report [32], no intermediate phase like SrO was  detected
n the range of 600–1000 ◦C and the Sr2SiO4 formation process

as confirmed to be a direct reaction like Eq. (1).  So the broad
ndothermic peak was attributed to the reaction of reactive stron-
ium carbonate and silicon oxide. Based on the Hancock and Sharp’s

ethod [33,34],  Lu’s results [32] thought the reaction kinetics of
r2SiO4 was guided by a single reaction mechanism and its for-
ation mechanism was a three dimensional diffusion controlled

rocess. In this solid state reaction, NH4Cl as the flux plays a part
n reaction process to accelerate the kinetics of the phase forma-
ion by enhancing diffusion coefficient. It helps us to synthesize
owders with desirable properties, including fine size, narrow size
istribution, high purity and good chemical homogeneity.

.2. Luminescence properties of as-prepared phosphors

Fig. 7 (left) shows the excitation spectra of the prepared
r2SiO4:Dy3+ with different NH4Cl adding amounts. The sharp exci-
ation peaks between 300 and 400 nm peaked at 325 nm,  349 nm,
65 nm,  387 nm and were due to the typical f–f transition of Dy3+.
he strongest line absorption was located at 349 nm,  which was
esulting from the 6H15/2 → 6P7/2 transition. Therefore, this phos-
hor could be applied to ultraviolet light emitting diodes. The
xcitation spectra of the �ı̌-Sr2SiO4:Dy3+ with 2–10 wt% NH4Cl flux
ad higher peak intensities than those of the �-Sr2SiO4:Dy3+ with

 wt% NH4Cl flux. The emission spectra (right) of all samples exhib-
ted typically Dy3+ line emission at 477 nm (blue, 4F9/2 → 6H15/2)
nd 570 nm (yellow, 4F9/2 → 6H13/2, �L  = 2, �J  = 2). In Sun [29] and
ee’s [25,31] reports for Sr2SiO4:Eu2+, the � phase had a higher
ntensity than �ı̌ phase for any Eu2+ concentrations. But here, the
′-Sr2SiO4:Dy3+ with 5 and 10 wt% NH4Cl flux had the strongest

uminescence. NH4Cl flux improved the photoluminescence inten-
ity of the Sr2SiO4:Dy3+ phosphor by changing crystal structure
� → �′), particle size and surface property of the powders. The
orphologies of �′-Sr2SiO4:Dy3+ phosphor as show in Fig. 5(b)–(d)
ad large regular polyhedron shape and clean surface compared
ith needlelike shape of � phase, which could have higher pho-

oluminescence intensity because of less surface defects. Fig. 8
Fig. 8. CIE chromaticity coordinates of the Sr2SiO4:Dy3+ phosphors with different
addition amounts of NH4Cl.

shows the CIE chromaticity coordinates of the Sr2SiO4:Dy3+ phos-
phors. The colors of the Sr2SiO4:Dy3+ phosphors changed from
blue-green to white when the addition amount of NH4Cl flux
increased from 1 to 10 wt%  of phosphors. For luminescent inten-
sity, the (Sr098Dy0.02Li0.02)2SiO4 powders with the highest intensity
in this study was selected to compare with the commercial phos-
phors, YAG:Ce3+ and Sr2SiO4:Eu2+. The emission spectra of these
three phosphors under their respective excitation wavelength are
shown in Fig. 9. As can be seen from this figure, the intensity of
Sr2SiO4:Dy3+ reached almost 70.5% and 61.0% of YAG:Ce3+ and
Sr2SiO4:Eu2+, respectively. This originates from that the excitation
spectrum of Dy3+ ions contains only narrow excitation band of f–f
transition, which has no broad excitation such as f–d transition
band or charge transfer band. This is a barrier for its application
as SMWP.  Even so, this can be overcome through charge com-
pensation and sensitization to a certain extent. This enhanced
luminescence of Dy3+ has been observed in Ca2B2O5 [35], YVO4

3+ 3+
400 450 50 0 550 600 65 0 70 0 75 0
Wavelength/ nm

Fig. 9. Comparison of emission spectra of: (a) YAG:Ce3+, �ex = 460 nm; (b)
Sr2SiO4:Eu2+, �ex = 460 nm; and Sr2SiO4:Dy3+(c1) �ex = 349 nm, (c2) �ex = 387 nm.
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ig. 10. Emission spectra of (Sr1−xDyx)2SiO4 phosphors under UV excitation
�ex = 349 nm).

mission spectrum of Sr2SiO4:Dy3+ excited by 387 nm was similar
ith that excited by 349 nm except for its slightly weaker intensity

n Fig. 9, and the FWHM of excitation peak of 387 nm was larger than
hat of 349 nm in Fig. 7. These indicate that Sr2SiO4:Dy3+ powders
ave great potential as candidates for white LEDs pumped by a UV
hip (380–400 nm). However, in order to investigate the mecha-
ism of energy transfer and concentration quenching, 349 nm as
he strongest excitation peak was still adopted as the excitation
avelength.

Fig. 10 shows the emission spectra of (Sr1−xDyx)2SiO4 phosphors
repared with 5 wt% NH4Cl under 1000 ◦C for 4 h (�ex = 349 nm).
he inset in Fig. 10 displays the magnification for the intensity of
71 nm.  With increasing Dy3+ concentration the relative intensity
f 571 nm increased and no blue or red shift was observed. The
ptimum doping concentration of Dy3+ was found to be 2.0 mol%
nd then a concentration quenching appeared.

As we know, the self-concentration quenching is mostly due
o the interaction of the electric multipoles during the resonance
ransfer. According to the L. Ozawa’s report [37], the concentra-
ion beginning to quench should be equal to 1/(1 + Z) in this case.

 is the number of the nearest neighbor cations around lighting
enter ions. And the relationship between the luminescent inten-

ity (I) and the concentration of activators (x) should be expressed
y I = Bx(1−x)Z (B is a constant). Then Z is obtained by the oper-
tion of logarithmic transformation. Fig. 11(a) is The relational
urve of lg(I/xDy) ∼ lg(1−xDy) for the emission (571 nm). After lin-
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Fig. 12. The schematic plan for cross-relaxation of Dy3+ ions.

ear fitting for all data points, the slope of this straight line Z was
43.098. And 1/(1 + Z) ≈ 0.023. It is very close to the critical con-
centration of self-quenching (2.0 mol%). So it is reasonable to use
the interaction of the electric multipoles to understand its self-
concentration quenching of 4F9/2 → 6H13/2 transition. In Dexter’s
theory [38] for the determination of interaction type of the elec-
tric multipoles, the relationship between the luminescent intensity
(I) and the concentration of activators (x) should be expressed by
lg(I/x) = A − (�/3) lg(x). Here, A is a constant for one host. When the
value of � is 6, 8 and 10, the interaction type is dipoles–dipoles
(d–d), dipoles–quadrupoles (d–q) and quadrupole–quadrupoles
(q–q), respectively. The relational curve lg(I/xDy) and lg(xDy) is plot-
ted in Fig. 11(b).

According to the slope of the straight part of curve (b) caused by
the concentration quenching, � is approximately equal to 6.09. As
stated in Dexter’s theory [38], this indicates that the mechanism of
self-concentration quenching of 4F9/2 → 6H13/2(571 nm) transition
is derived from the interaction between electric dipoles and electric
dipoles (d–d). In the same method, the self-concentration quench-
ing of 4F9/2 → 6H15/2(477 nm)  transition is also caused by the d–d
interaction. Meanwhile, this behavior may  caused by the cross
relaxation. In fact, there is a good match between the 4F9/2 → 6F3/2
transition energy (about 7800 cm−1) and 6H15/2 → 6H9/2 (about
7400 cm−1) (Fig. 12). Such a small energy difference can be easily
bridged with the help of few phonons. As we know, the probabil-
ity of cross relaxation and the energy transfer rate are proportional
to R−3 under the d–d interaction (R is the distance of the nearest
neighbor Dy3+ ions) [39]. With a low concentration doping, R is
too large to occur the cross relaxation. And the energy is mostly
consumed by light emitting. But under a higher concentration,
R decreases dramatically and the cross relaxation enhance obvi-
ously. The nonradiative energy transition is also enhanced by the
increasing transfer probability of 4F9/2 → 6F3/2. So the luminescence
is quenched and the intensity decrease.

Furthermore, from Figs. 7 and 10,  the intensity of blue
light (4F9/2 → 6H15/2) was  slightly higher than yellow light
(4F9/2 → 6H13/2, �L  = 2, �J  = 2). In the previous reports, only in
borate glass [40], the intensities of two  emission bands of Dy3+

ions are equal. In the most hosts, the intensity of yellow light is
higher than that of blue light [35,41,42].  The yellow band corre-
sponds to the hypersensitive transition and is easily affected by
the environment, especially by the site symmetry of Dy3+. When
Dy3+ is located at a site of high symmetry with an inverse center,
it displays no luminescence [43]. And it is a forced electric dipole
transition being allowed only at low symmetries with no inver-
sion center. Meanwhile, at a site deviated from an inverse center,
the yellow emission is prominent in the emission spectrum [44,45].
Since the emission intensity of 4F → 6H is slightly higher than
9/2 15/2
that of the 4F9/2 → 6H13/2, which indicates that Dy3+ ions substitute
Sr2+ ions with low symmetry. The �′-Sr2SiO4 host belongs to the
low-symmetry orthorhombic system (space group: Pnma, and the
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Table  1
Variation in yellow-to-blue intensity ratio (Y/B) with concentration of Dy3+ in
Sr2SiO4:Dy3+.
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x (Dy , mol%) 0.5 1.0 2.0 3.0 4.0 5.0

Y/B 0.91 0.87 0.90 0.92 0.91 0.91

adius of Dy3+ ion (0.91 Å) is much smaller than that of Sr2+ion
1.12 Å)), so some Dy3+ ions may  enter into the host interstices and
ct as emission center. The variation in yellow-to-blue intensity
atio (Y/B) with concentration of Dy3+ in Sr2SiO4:Dy3+ is shown in
able 1. The Y/B value resembled not to change with varying the
y3+ concentration. This point is not coincident with the theory

upported by Su [43]. This non-equivalent substitution of Dy3+ to
r2+ would form more defects and the surrounding and local sym-
etry would change with increasing concentration of Dy3+. In our

xperiment, Li+ ions as charge compensation ions would weaken
his effect, that is, Li+ ions is also a indispensable element for
teadying the emission color of Dy3+ in the related non-equivalent
ubstitution.

. Conclusions

We successfully synthesized single and pure �- and �′-
r2SiO4:Dy3+ phosphors with desired morphology using the
olid-state reaction method only by changing the amount of NH4Cl
ux. The key synthesized conditions for pure �- and �′-Sr2SiO4
ere the mounts of NH4Cl of 1.0 wt% and 2.0–5.0 wt%, respec-

ively, and then the matching calcination system of 1000 ◦C for 4 h.
H4Cl played a part in reaction process to accelerate the kinet-

cs of the phase formation by enhancing diffusion coefficient to
elp us to synthesize powders with desirable properties includ-

ng high purity, fine size and further enhanced luminescence.
he as-prepared phosphors showed characteristic blue and yellow
mission of Dy3+ ions, and the intensity of Dy3+ in �ı̌-phase was
igher than that of Dy3+ in �-phase. The optimum concentration
f Dy3+ was 2.0 mol% and then the concentration quenching were
aused by the d–d interaction and a cross relaxation effect. In all
mission spectrum, the intensity of 4F9/2 → 6H15/2 transition was
lightly higher than that of 4F9/2 → 6H13/2 (�L  = 2, �J  = 2) transition
wing to the low-symmetry around Dy3+ ions. In our investi-
ations, the colors of the Sr2SiO4:Dy3+ phosphors changed from
lue-green to white with increasing amounts of NH4Cl. And the Y/B
alue did not change with varying the Dy3+ concentration using
i+ ions for charge compensation. This phosphor exhibited brighter
hite light emitting and its luminescence intensity reached almost

0.5% and 61.0% of YAG:Ce3+ and Sr2SiO4:Eu2+, respectively, These
ndicate that this phosphor has a good possibility as phosphor
andidates used for white LEDs pumped by a UV chip and the
romising enhancement of light-emitting efficiency will promote

ts unbounded applications in industry.
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