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a  b  s  t  r  a  c  t

Ce3+–Eu2+–Dy3+–Eu3+-doped  fluorosilicate  glass  ceramics  containing  orthorhombic  CaCeOF3 nanocrys-
tals  were  prepared  by  annealing  the  precursor  glass  above  640 ◦C,  along  with  the  reduction  of  Eu3+ →  Eu2+.
Under  near  ultraviolet  excitation,  the emission  bands  of  Eu2+ or  Dy3+ were  enhanced  by  several  ten  or
hundred  times,  owing  to  energy  transfers  from  Ce3+ to  Eu2+ or Dy3+.  The  glass  and  glass  ceramics  emitted
warm  white  light  deriving  from  the  blue, yellow  and  red  emission  from  Eu2+, Dy3+ and  Eu3+. Tuning  the

2+ 3+
eywords:
arm white light

lass ceramics
u2+

e3+

annealing  temperature,  the  Eu /Eu ratio  and  the warm  white  Commission  Internationale  de  I’Eclairage
(CIE)  coordinates  can  be  adjusted.  Thus,  the  present  materials  can  be  applied  on warm  white  high  power
light-emitting-diodes  for  indoor  illumination  application.

© 2011 Elsevier B.V. All rights reserved.
u3+

. Introduction

White-light-emitting diodes (WLED) have been considered as
ew generation of illumination source, due to their tremendous
dvantages in energy use and related environmental benefits
n comparison with the conventional incandescent and fluores-
ent lamps [1–3]. The market WLEDs are usually made up of
lue-emitting InGaN–GaN LEDs and yellow-emitting YAG:Ce3+

hosphors [4–9] sealed with organic resins. But the poor heat-
esistance and the relative low color rendering index (CRI) of such
ombination due to the lack of red emission baffle them to fur-
her apply on high power warm white LEDs for indoor illumination
10,11]. In order to overcome these problems, it was essential
o develop luminescent materials that emitted directly white
ight containing all color components, especially red components.
lthough the phosphors have been widely investigated for this pur-
ose [12,13],  the glass-ceramics might be a good alternatives for
LEDs, due to its better heat-resistance, easy of formability, and

ow porosity compared with sintered ceramics [14–22].
In this paper, luminescence properties of Ce3+, Eu2+, Dy3+ and
u3+ single-doped and tetra-doped fluorosilicate glass and glass
eramics are investigated. Ce3+ and Eu2+ are characterized by
heir f–d transitions, exhibiting large absorption band and intense

∗ Corresponding author. Tel.: +86 571 87952334; fax: +86 571 87951234.
E-mail address: qiaoxus@zju.edu.cn (X. Qiao).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.042
emission intensity, so widely utilized as phosphor dopants [23–26].
In the present fluorosilicate host, Ce3+ has extremely larger absorp-
tion cross section than Eu2+, but its emission band locates at
ultraviolet region, unlike that of Eu2+ in visible region. Therefore, we
select Ce3+ as sensitizers and Eu2+ as activators to produce intense
broad visible emission band. Besides, the emission bands of Dy3+

might play an important role in the white light emission adjusting,
which can be enhanced greatly by energy transfer (ET) from Ce3+ to
Dy3+. And the red emission of Eu3+ provides good makeup to CRI.

2. Experimental

The glasses were prepared according to the compositions listed in Table 1 with
the  weight accuracy of 0.001 g, where GCe, GDy, GEu and GCEu are reference sam-
ples for GCeDyEu. Glass components were introduced with high purity SiO2, Al2O3,
CaF2, CeF3, DyF3 and EuF3 raw materials. The well mixed raw materials were put
in  a corundum crucible and placed into a muffle furnace, where the corundum cru-
cible was covered with a large graphite crucible to produce reduction atmosphere
at  high temperatures. They were melted at 1350 ◦C for 35 min. The melt was poured
on  a brass mould and pressed by another brass plate to obtain glass samples. Sub-
sequently, glass ceramics were obtained by annealing GCeDyEu and GEu in the air
according to the methods listed in Table 1. All the glass and glass ceramics were pol-
ished on a UNIPOL-802 precision lapping/polishing machine to get optical quality
for optical measurements.

Differential Thermal Analyzer (DTA) measurements for glass samples were car-
ried  out on a CDR-1 Differential Thermal Analyzer in the air with a heating rate

of  10 ◦C/min to determine the glass transition temperature (Tg) and the crystal-
lized peak temperature (Tc). Powder X-ray diffraction (XRD) measurements were
performed on a XD-98 diffractometer with Common Bragg Diffraction Continuous
Scanning Mode, Cu-K� radiation at 4◦/min scanning rate and 0.02◦ step size. From
XRD patterns, crystal sizes, d-spacing and their random errors were evaluated using

dx.doi.org/10.1016/j.jallcom.2011.09.042
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qiaoxus@zju.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.09.042
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Table 1
Compositions of the glass samples, and annealing methods of the glass ceramic samples.

Glass Composition (mol%) Glass ceramics Annealing methods

GCeDyEu 50SiO2–20Al2O3–20CaF2 GC640 GCeDyEu, 4 h @ 640
–8CeF3–1DyF3–1EuF3 GC660 GCeDyEu, 4 h @ 660

GCe 50SiO2–20Al2O3–20CaF2–10CeF3 GC680 GCeDyEu, 4 h @ 680
GDy  50SiO2–20Al2O3–20CaF2–10DyF3 GC780 GCeDyEu, 4 h @ 780
GEu  50SiO2–20Al2O3–27CaF2–3EuF3 GCEu GEu, 12 h @ 680
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Fig. 2. XRD patterns of GCeDyEu and the glass ceramics obtained by annealing

and a whole crystallinity of about 43%. It leads GC780 to loss its
transparency. Obviously, such crystal phase shift from CaCeOF3
to CaCeF6 + Ce3O4F3 goes with the transfer of Ce3+ → Ce4+. It is

Table 2
Crystalline phase in the glass ceramic samples and their crystal sizes and crystallinity
evaluated from XRD data.

Glass
ceramics

Crystalline phase Crystal size (nm) Crystallinity (%)

GC640 Orthorhombic CaCeOF3 6.0
± 0.2

34.66
± 1.78

GC660 Orthorhombic CaCeOF3 6.9
± 0.2

39.04
± 2.47

GC680 Orthorhombic CaCeOF3 7.3
± 0.2

42.33
± 2.83
Fig. 1. DTA curves of GCe, GDy, GEu and GCeDyEu.

ade (Materials Data, Inc.). The steady photoluminescence (PL) measurements were
erformed on a Hitachi F-4500 fluorescence spectrophotometer. The time resolved
pectra were measured with an Edinburgh FLS920P spectrometer using excitation
rom a EPL405 picosecond LD pulsed laser, a nF900 nanosecond hydrogen flash
amp or a �F900 microsecond flash lamp. All spectroscopic measurements were
erformed at room temperature. Systematical errors in the above measurements
ere minimized by calibrating instruments with standard samples.

. Results and discussion

Fig. 1 shows DTA curves of GCe, GDy, GEu and GCeDyEu. Accord-
ngly, the glass transition temperatures (Tg) and crystallization
eak temperatures (Tc) of the glass samples can be determined. The
lass samples have similar Tg at the range of 590–600 ◦C, but differ-
nt glass presents different Tc. GCe, GDy, GEu and GCeDyEu show
he first crystallization peaks (Tc1) respectively at 650 ◦C, 698 ◦C,
65 ◦C and 642 ◦C, and the second crystallization peaks (Tc2) respec-
ively at 839 ◦C, 844 ◦C, 877 ◦C and 839 ◦C. GEu presents its Tc2 at
igher temperature (877 ◦C) than those of the other glasses (around
40 ◦C), which is related with the lower rare earth content of GEu
3 mol%) than those of the other (10 mol  due to rare earth ions here

ay  be nucleating agents. According to the heat treatment of the
lasses around Tc and the subsequent XRD analysis, Tc1 corresponds
o the precipitation of fluoride or oxyfluoride phases, and Tc2 corre-
ponds to the crystallization process of the whole glass components
the whole crystallization fraction can be up to 100%). Such fluoride
hase at Tc1 is orthorhombic CaCeOF3 for GCe and GCeDyEu, and

s cubic CaF2 for GDy and GEu. Accordingly, we annealed GCeDyEu
t 640 ◦C, 660 ◦C, 680 ◦C and 780 ◦C to get glass ceramic samples
ontaining CaCeOF3 crystalline phase.

Fig. 2 shows XRD patterns of GCeDyEu and the glass ceramics
btained by annealing GCeDyEu at different temperatures. XRD
atterns of the glass ceramic samples appear sharp diffraction
eaks on the broad glassy diffraction base, while that of glass
ample shows completely amorphous exhibiting no diffraction

eaks. The diffraction peaks of GC640, GC660 and GC680 are easily
ssigned to orthorhombic CaCeOF3 (PDF# 21-0136), but those of
C780 are assigned to hexagonal CaCeF6 (major phase, PDF# 21-
135) and cubic Ce3O4F3 (minor phase, PDF# 21-0184). From the
GCeDyEu at different temperatures, and standard PDF card of orthorhombic CaCeOF3

(PDF# 21-0136), hexagonal CaCeF6 (PDF# 21-0135) and cubic Ce3O4F3 (PDF# 21-
0184).

broadening of diffraction peaks, crystal size can be evaluated by
the Scherrer formula, and the volume fraction of the crystalline
phase (crystallinity) can be estimated by the ratio of the inte-
grated area of the diffraction peaks to the total area of the XRD
pattern from 10◦ to 80◦. The calculated results are list in Table 2.
With the annealing temperature increasing from 640 ◦C to 680 ◦C,
the crystal size and the crystallinity of the precipitated Ce3O4F3
show slow increasing tendencies, from (6.0 nm, 34.66%) to (7.3 nm,
42.33%). The CaCeOF3 nanophase are so small in size that GC640,
GC660 and GC680 keep high transparency in visible to near infrared
range. When the annealing temperature is up to 780 ◦C, the crys-
talline phase shifts to CaCeF6 + Ce3O4F3 with sizes larger than 39 nm
GC780 Hexagonal CaCeF6

Cubic Ce3O4F3

39.0
± 0.545.8 ± 0.8

27.35
± 1.0515.70 ± 0.55



234 X. Fan et al. / Journal of Alloys and Compounds 511 (2012) 232– 236

Fig. 3. Excitation and emission spectra of GCeDyEu, GCe, GEu, GCEu and GDy. Exci-
tation spectra were record with monitoring at 380 nm (for Ce3+), 440 nm (for Eu2+),
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Fig. 4. Simplified energy level diagrams of Dy3+, Ce3+, Eu2+ and Eu3+, and possible
76  nm (for Dy ) and 615 nm (for Eu ) and exciting at 395 nm.  Emission spectra
ere record with exciting at 340 nm (for GCe), 380 nm (for GCEu), 380 nm (for GDy)

nd  395 nm (for GEu and GCeDyEu).

robably owing to the direct oxidation by oxygen in the air and
he charge compensation to Eu3+ → Eu2+. The Eu3+ ions are easily
educed to Eu2+ ions during the annealing processes, which could
e confirmed by the XRD peak shift. According to Bragg diffraction
ormula, one can find interplanar spacings of CaCeOF3 and CaCeF6
n the glass ceramics are larger than those of the standard PDF
ard. That may  be attributed to Eu3+ substituting Ca2+ during the
nnealing process and the simultaneous reduction of Eu3+ → Eu2+

n order to keep charge balance of the EuCa site. Because Eu2+ has
ager ionic radius (0.125 nm)  than Ca2+ (0.108 nm), the interplanar
pacings of CaCeF6:Eu2+ become smaller than those of the standard.
or Dy3+ ions, they also easily substitute Ca2+ or Ce3+ and enter the
recipitated nanocrystals, since Dy3+ has the smaller ionic radius
0.099 nm)  with Ca2+ (0.108 nm)  and Ce3+ (0.109).

To explain the reduction phenomenon of Eu3+ → Eu2+, the sub-
titution defect model or charge compensation modern has been
roposed [27,28].  When trivalent Eu3+ ions were doped into those
osts containing M2+ (M = Ca2+, Sr2+, Ba2+ and Zn2+), Eu3+ would
eplace the M2+ ions. In order to keep the charge balance of the M2+

ite, Eu3+ ions were reduced to Eu2+ ions. In the present case, the
xidation of Ce3+ → Ce4+ happens to compensate the whole charge
alance. So the process could be described as the following:

aCa + Eu3+ + Ce3+ → EuCa + Ca2+ + Ce4+ (1)

ther literatures [29] also reported the Eu3+–Ce3+ pairs easily trans-
er to the stable Eu2+–Ce4+ pairs. Similarly, GCEu contains CaF2:Eu2+

anocrystals other than CaF2:Eu3+ due to the reduction of Eu3+

ubstituting Ca2+ during the annealing process and the simulta-
eous reduction of Eu3+ → Eu2+. And these can be confirmed by the

ollowing PL spectra.
Fig. 3 shows the excitation and emission PL spectra of GCeDyEu,

Ce, GEu, GCEu, and GDy. GCe has broad excitation and emis-
ion bands respectively centered at 340 nm and 380 nm,  which are
ssigned to 4f → 5d transitions of Ce3+ ions. Similarly, GCEu also
as broad excitation and emission bands respectively centered at
80 nm and 440 nm,  which are assigned to 4f → 5d transitions of
u2+ ions. However, GEu and GDy only present luminescence of
f → 4f transitions. The excitation bands of GDy are assigned to the

6 6 6 6 4
H15/2 → P3/2 (324 nm), H15/2 → P7/2 (350 nm), H15/2 → P3/2
364 nm)  and 6H15/2 → 4F7/2 (386 nm)  transitions of Dy3+ ions, and
he emission spectrum GDy consisted of the emission peaks cor-
esponding to 4F9/2 → 6H15/2 (484 nm)  and 4F9/2 → 6H13/2 (576 nm)
energy transfers (ET) among Dy3+, Ce3+, Eu2+ and Eu3+ in the investigated glass and
glass ceramics.

transitions of Dy3+ ions. The excitation bands of GEu are assigned
to the transitions of 7F0 → 5D4 (363 nm), 7F0 → 5G2,3,4,5,6 (383 nm),
7F0 →5 L6 (395 nm)  excitation bands of Eu3+, and the emission
spectrum of GEu consisted of the emission peaks corresponding
to 5D0 → 7F0 (578 nm), 5D0 → 7F1 (591 nm), 5D0 → 7F2 (615 nm),
5D0 → 7F3 (650 nm)  and 5D0 → 7F4 (700 nm)  transitions of Eu3+

ions. By comparison, in the present glass host, the excitation band of
Ce3+is found to be several tens or hundreds times stronger than that
of Eu2+ or Dy3+, and their excitation bands partially overlapped to
each other. According to energy transfer theory [30], Ce3+ ions can
be sensitizers for Eu2+ or Dy3+ and enhance the emission intensity
of Eu2+ or Dy3+ efficiently. Similarly, Eu2+ ions can be sensitizers
for Dy3+ or Eu3+. But the excitation intensity or absorption cross
section of Eu2+ is much weaker than that of Ce3+, the enhancement
effect by ETs from Eu2+ to Dy3+ or Eu3+ is not as efficient as Ce3+.
The above possible energy transfers are illustrated in Fig. 4.

With reference to the spectra of the single doped samples in
Fig. 3, one can find the emission spectrum of GCeDyEu is com-
posed with the parts deriving from Eu2+, Dy3+ and Eu3+. The
excitation bands corresponding to Eu2+ (monitoring at 440 nm) or
Dy3+ (monitoring at 576 nm)  is significantly enhanced in GCeDyEu
than those in GCEu and GDy, while excitation bands of Ce3+

in GCeDyEu is several ten times weaker than that in GCeDyEu
than that in GCe. It indicates that the above mentioned ET from
Ce3+ to Eu3+ or Dy3+ is reasonable in the present glass system.
There is no obvious difference between the Eu3+ luminescence
of GCeDyEu and GEu. It suggests no efficient ET between Ce3+

and Eu3+. But here Eu3+ indeed acts as an important red lumi-
nescence activator to get warm white light. According to 1931
CIE-XYZ Coordinate System [31] of the Commission Internationale
de I’Eclairage (CIE), CIE coordinate of GCeDyEu is calculated as
(0.38, 0.27), which yields the warm white light. Thus, the present
50SiO2–20Al2O3–22CaF2–8CeF3–1DyF3–1EuF3 glass can be con-
sidered as potential warm white light phosphors applying on
indoor high power LED.

In order to improve the luminescence of GCeDyEu, we  annealed
it at different temperatures above its Tc1, and got a series of glass
ceramics named as GC640, GC660, GC680 and GC780. Fig. 5 shows
the emission spectra of such glass ceramics. With the annealing
temperature increasing, blue emission deriving from Eu2+ and Dy3+

is strengthened, while red emission deriving from Eu3+ is weak-
ened. This suggests the enrichment of Eu3+ and Dy3+ into the
precipitated nanocrystals and the reduction of Eu3+ → Eu2+ took
place along with the annealing process of the glass ceramics. For

GC640, GC660 and GC680, only a part of Eu3+ convert to Eu2+, so
these samples present blue and red emission simultaneously. For
GC780, almost all of Eu3+ ions convert to Eu2+ ions, so GC780 only
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Table 3
The lifetimes of the luminescence of Ce3+, Eu2+, Dy3+ and Eu3+ in the investigated samples determined from luminescence decay curves.

Sample name � (ns) � (�s) � (ms) � (ms)
Ce3+ @ 360 nm Eu2+ @ 440 nm Dy3+ @ 576 nm Eu3+ @ 615 nm

GCe 35.9
GCEu 0.667
GDy 0.742
GEu 2.53
GCeDyEu 13.9 0.496 0.860 1.90
GC640 11.9 0.539 0.871 1.89
GC660 11.7 0.412 

GC680 9.3 0.321 

GC780 0.092

F
G
C

h
e
i
i
c
G
w
t

4
n
a
n
n
i

F
m
E

ig. 5. Emission spectra of GCeDyEu and the glass ceramics obtained by annealing
CeDyEu at different temperatures with exciting at 395 nm.  The inset graph shows
IE (X,Y) color coordinate diagram of the samples.

as blue emission band of Eu2+. But GC780 presents no intense
mission of Dy3+, which suggests no efficient ET from Eu2+ to Dy3+

n the present system. So we believe ET from Ce3+ to Eu2+ or Dy3+

s major and efficient, and ET from Eu2+ to Dy3+ or Eu3+ is less effi-
ient. As shown in the inset graph of Fig. 5, from GCEu to GCeDyEu to
C780, the luminescence color appear a change from red to warm
hite to blue. Accordingly, one can tune the ratio of Eu2+/Eu3+ and

he luminescence color coordinate by annealing methods.
By monitoring the luminescence of Ce3+ at 360 nm,  Eu2+ at

40 nm,  Dy3+ at 576 nm and Eu3+ at 615 nm,  we obtained the lumi-
escence decay curves of the investigated glass and glass ceramics,
s Fig. 6 shows. All the luminescence decays of Dy3+ and Eu3+ yield

early single exponential laws, while those of Ce3+ and Eu2+ are
on-exponential except in GCe and GCEu. It is probably led by the

ntroduction of extra decay pathways due to the ETs from Ce3+/Eu2+

ig. 6. Luminescence decay curves of the investigated glass and glass ceramics by
onitoring the luminescence of Ce3+ at 360 nm,  Eu2+ at 440 nm,  Dy3+ at 576 nm and

u3+ at 615 nm,  respectively. (The vertical axis is logarithmic.)
0.754 1.92
0.641 2.59

to other rare earth ions in the samples. Using the following formula,
the average luminescence lifetime can be evaluated:

� =
∫ ∞

0
I(t) · t dt

∫ ∞
0

I(t) dt
(2)

where I(t) is the luminescence intensity at the time t. The calculated
lifetime of Ce3+, Eu2+, Dy3+ and Eu3+ in the glass and glass ceramics
are listed in Table 3. The luminescence decays of Ce3+ in the codoped
samples are much faster than that in GCe. The faster decline could
be explained by the introduction of extra decay pathways due to
the Dy/Eu-doping. ET from Ce3+ to Eu2+ or Dy3+ enhanced the decay
rate of the excited Ce3+. According to the energy transfer theory
[30], the ET rate has the following relationship with the distances
between the sensitizer and activator ions (rD–A):

WET ∝ 1

r6
D–A

(3)

For the glass ceramics annealed around Tc1, the ET processes can
be strengthened by the much closer inter-ionic distance due to
the enrichment of Eu2+ and Dy3+ into the precipitated CaCeOF3.
Resultantly, the PL lifetime of Ce3+ in the glass ceramics appear
a decreasing tendency with the annealing temperature increas-
ing. At the same time, with the annealing temperature increasing,
Eu2+ become more while Eu3+ become less due to the reduction of
Eu3+ → Eu2+ mentioned before. Because of the so-called “lumines-
cence concentration quenching” effect, the PL lifetime of Eu2+ in
the glass ceramics decrease significantly along with the annealing
temperature increasing. The PL lifetime of Eu3+ presents a converse
varying tendency due to the reduction of Eu3+. The PL lifetime of
Dy3+ in the glass ceramics also become short along with the anneal-
ing temperature increasing, due to the local enrichment of Dy3+ in
the precipitated CaCeOF3.

4. Conclusions

We prepared Ce3+–Dy3+–Eu2+–Eu3+-codoped fluorosilicate
glass under reducing atmosphere. By annealing the precursor glass
around 640 ◦C, orthorhombic CaCeOF3 nanocrystalline phase pre-
cipitated in the glass matrix. The reduction of Eu3+ → Eu2+ took
place along with the annealing process, owing to Eu3+ substituting
Ca2+ sites in CaCeOF3. The Eu2+/Eu3+ ratio can be fine adjusted by
tuning the annealing temperature within the first crystallization
peak covering region. The ET from Ce3+ to Eu2+ or Dy3+ is major
and efficient, while those from Eu2+ to Dy3+ or Eu3+ is less efficient.
Combining emission bands of Eu2+, Dy3+ and Eu3+, the glass and
glass ceramics emit warm white light with tunable CIE coordina-

tion. Thus, the Eu/Dy doped SiO2–Al2O3–CaF2 –CeF3 glass and glass
ceramics can be demonstrated to be a potential warm white light
emitting materials applied on high power LED for future indoor
illumination.
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