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A multiphase strategy for realizing green
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cathodoluminescence in 12Ca0-7Al,05-CaCeAl;05:

Ce3*, Tb3* conductive phosphor

Xiuling Liu,? Yuxue Liu,*® Duanting Yan,® Hancheng Zhu,? Chunguang Liu,?
Weizhen Liu,® Changshan Xu,? Yichun Liu,® Hong Zhang*® and Xiaojun Wang**

A multiphase strategy is proposed and successfully applied to make the insulating green phosphor
CaCeAl;0,:Tb>* conductive in the form of 12Ca0-7Al,05-CaCeAl;0,:Ce3*,Tb>*. The phosphor shows
bright green-light emission with a short lifetime (2.51 ms) under low-voltage electron beam excitation

(3 kV). The green photo- and cathodoluminescence from °D,~’F, (J = 6, 5, 4, 3) transitions of Tb>* are

significantly enhanced in comparison with pure C12A7:Tb>*. It was confirmed that this enhancement is

the consequence of the joint effects of energy transfer from Ce3* to Th3* and broadening of the absorp-
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tion spectrum of Ce>* due to the existence of multiple phases. In particular, under 800 V electron beam

excitation, cathodoluminescence is improved by the modified electrical conductivity of the phosphor.

DOI: 10.1039/c3dt51958a

www.rsc.org/dalton

1. Introduction

Field emission displays (FEDs) are widely regarded as one of the
most promising technologies in flat panel displays, owing to
their thin panels, self-emission, distortion-free image, wide
viewing angle, low weight, quick response, and low power con-
sumption."” FED technology requires that the phosphor be elec-
trically conductive to avoid electron accumulation on the
phosphor surface because of their lower electron accelerating
voltage, typically 1-5 kV, than the phosphor used in a conven-
tional cathode ray tube (CRT) screen. Although sulfide-based
compounds have high efficiency and a suitable electrical con-
ductivity, the volatility of sulfur has prohibited their application
in FEDs.>* Recently, increasing attention has been paid to new
oxide-based phosphors because of their superior colour richness
and good chemical and thermal stabilities compared to
sulfides.”® However, most oxide-based phosphors are wide
band-gap insulators which have low electrical conductivity. To
address this challenge, two general approaches have been
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When compared to the commercial Zn,SiO.:Mn?* with a long luminescence lifetime of 11.9 ms, this
conductive green phosphor has greater advantage for fast displays.

proposed. One is to choose appropriate band gap oxysalts, like
germanates”'® which have reasonable conductivity. The main
problem is their poor stability under low-voltage cathode-ray
bombardment. The other approach is to coat or mix the insulat-
ing phosphors with a transparent and conductive oxide, such as
Sn0,, In,03, and ZnO."" "3 The drawback of this approach is the
high cost and complex preparation procedure. Furthermore, the
conductive oxides have no contribution to luminescence. There-
fore, there is a need to develop an economical approach for
improving the conductivity of insulating oxide-based phosphors
capable of adapting themselves to electron-beam bombardment.
Calcium aluminium oxide (12Ca0O-7Al,0;, abbreviated as
C12A7:0”" or C12A7) is found to have unique physical and
chemical properties based on its special crystal nanocage
structure."*™*° In this insulating compound, O>~ ions are caged
species that compensate for the positive charge of the ~0.4 nm
cage and the electrical conductivity can be improved simply by
replacing these anions with electrons.'”'® Electrons can be
readily introduced into the cages by means of various chemical
and physical processes. For example, Hosono et al. have con-
verted C12A7 from an insulator into a semiconductor by doping
with H™ ions followed by irradiation with ultraviolet (UV) light
or an electron beam.'®?° In addition, we have achieved bright
green emission through efficient energy transfer in Ce*", Tb**
co-doped C12A7:0”~ phosphors with UV light excitation.” The
main problem with these phosphors is their poor conductivity.
In this paper, we propose a new strategy for making insulat-
ing oxide phosphors conductive by introducing a conductive

Dalton Trans., 2013, 42, 16311-16317 | 16311
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phase. Applying this so-called multiphase approach, we have
successfully prepared conductive C12A7-CaCeAl;0,:Ce®",Tb*
as a candidate for green-light-emitting phosphors by solid-
state reactions. It is found that phase-mixing can not only
improve significantly the conductivity of the phosphor, but
also enhance the cathodoluminescence (CL). The conductive
phosphor can emit a reasonably strong green-light emission
even when the voltage is lowered to 800 V. On top of that, the
lifetime of the emission is short (2.51 ms), which makes this
material attractive for application in FEDs. Relevant mecha-
nisms are also explored in this work.

2. Experimental

C12A7:Ce*",Tb*" and multiphased C12A7-CaCeAl;0,:Ce*",Tb**
powders were synthesized by solid-state reactions using CaCO;
(99.99%), Al,O; (99.99%), CeO, (99.99%), and Tb,0, (99.99%)
as the starting materials. The ingredients were quantitatively
mixed, and then pre-fired at 850 °C in air for 2 hours. The pre-
fired samples were thoroughly reground and subsequently cal-
cined at 1350 °C in air for 8 hours. Then, the powders were
annealed at 1300 °C under a reducing atmosphere of 20% H,/
80% N, for 6 hours (flow rate: 45 ml min™") to convert tetra-
valent terbium and cerium ions into the trivalent state and intro-
duce the encaged H™ ions (C12A7:H"). The ratio of CaCeAl;0,
can be modified by varying the concentration of Ce**. To
ensure that the multiphased samples are conductive, C12A7 is
required to be the main phase, so that the nominal expression
of samples is C12A7:x% Ce**, y% Tb**. For the purpose of sim-
plicity, we still use the nominal expression C12A7:x% Ce**, y%
Tb®" to represent our multiphased samples in the following
discussion.

X-ray diffraction (XRD) patterns were recorded using a
Rigaku D/max-RA X-ray diffraction spectrometer with 26 in the
range of 10-80° using CuKa radiation (average line of
0.15418 nm). Crystal structure refinements were performed by
the Rietveld method using the General Structure Analysis
System (GSAS) software suite.*> The morphology was character-
ized by scanning electronic microscopy (SEM, FEI, Quanta FEG
250). Diffuse reflectance spectra were recorded using a Lambda
900 UV/VIS/NIR spectrophotometer (Perkin Elmer, USA). The
photoluminescence (PL) measurements were carried out using
a Shimadzu RF-5301PC spectrofluorometer. The CL measure-
ments were performed using a MonoCL4 system (Gatan UK)
attached to an SEM, where the phosphors were excited by an
electron beam. The luminescence decay curves were measured
using an FLSP920 Edinburgh Fluorescence Spectrometer. All
measurements were performed at room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of nominal C12A7:x% Ce®", y%
Tb*" (x = 0, 0.25, 0.5, 1.0, 3.0, 5.0 and y = 1.0). When x < 0.5,
all diffraction peaks are in good agreement with the standard

16312 | Dalton Trans., 2013, 42, 16311-16317
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Fig. 1 XRD patterns of nominal C12A7:x% Ce*, 1.0% Tb>* annealed at
1300 °C for 6 hours under a reducing atmosphere.

powder diffraction data (C12A7, JCPDS: 09-0413), indicating
that cubic phase polycrystalline C12A7 powders are obtained.
Ce®" has an ionic radius of 1.03 A and Tb*>' has 0.92 A, both of
which are much larger than that of AI** (0.39 A, CN = 4). There-
fore, it is reasonable to assume that Ce®" and Tb*" ions are pre-
ferentially substituted for Ca** ions with an equivalent radius
(0.99 A) in C12A7. When x > 0.5, except for all diffraction peaks
of the standard powder diffraction data of C12A7, new peaks
(such as 28.78° and 31.03°) appear in the samples, which are
assigned to CaCeAl;0; according to the Rietveld refinement as
depicted in Fig. 2. It is found that the ratio of the CaCeAl;0,
phase gradually increases with increasing Ce®" concentration,
and multiphased samples with different phase ratios are
obtained.

The black crosses and red lines in Fig. 2 represent the
observed and calculated patterns, respectively, and the
obtained goodness of fit parameter y* = 5.94 and Ry, (13.07%)
ensure the reliability of fitting. The sample contains C12A7,
CaCeAl;0; and CazAl, O, and their phase fractions are 74.2%,
17.7% and 8.1%, respectively. The phase fractions of
CaCeAl;0, are 4.3% and 17.8% for C12A7: 1.0% Ce*', 1.0%
Tb*" and C12A7: 5.0% Ce’", 1.0% Tb*", respectively. CaCeAl;0,
is one of the complex oxides in the rare earth calcium alumi-
nate family with a general composition of ABC;0;, where A is
an alkaline earth cation, B a yttrium, scandium or a trivalent
rare earth element and C an aluminium, gallium or a tran-
sition metal ion. Rare earth ion doped ABC;0, with excellent
emissions have been studied widely, such as CaYAl;0,:Ce/Eu,
CaGdAl;0,:Yb, and GdSrAl;0,:Yb,>*™*® which are insulating
due to the wide band gap energy (~7 eV).>® Thus, CaCeAl;0-:
Tb** might exhibit strong green emission, in principle.
Usually C12A7 might decompose into CaAl,0, and CazAl,O¢

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3dt51958a

Published on 02 September 2013. Downloaded by Northeast Normal University on 31/08/2014 08:22:20.

x  Measured
Calculated

X Bragg positions:

¥ — C12A7
— CaCeAl,O,
— CaAlo,

Intensity (a.u.)

A R

I A RNy 1 1l
FETETTETE AT OISO o o o e e uen
‘ L i s

|
I 1 ] 1 1 1
10 20 30 40 50 60 70 80

20 (degree)

e

i

Fig. 2 Observed (crosses) and calculated (solid line) XRD patterns of the Riet-
veld refinement of C12A7:3.0% Ce3*, 1.0% Tb>* annealed at 1300 °C for
6 hours under a reducing atmosphere. Green, blue and purple vertical lines rep-
resent the positions of Bragg reflection of C12A7, CaCeAl307 and CasAl,0¢. The
difference profile is plotted on the same scale in the bottom.

under a reducing atmosphere.”” Herein, it is suggested that
CaCeAl;05 is generated by the following reaction:

CeZO3 + 2C3A1204 + A1203 = 2C3C€A1307 (1)

Fig. 3 shows the emission and excitation spectra of C12A7:x%
Ce*", y% Tb>" annealed at 1300 °C for 6 hours under a redu-
cing atmosphere of 20% H,/80% N,. When the emission of
Tb** at 543 nm (°D,—’Fs) is monitored, broad absorption
bands in the near UV region dominate the excitation spectra of
all the codoped samples, attributed to the f-d transitions of
Ce®".?® The weak band centered at 240 nm could be due to the
transitions from the ground state to the 5d energy levels of the
Tb*". The dominating absorption band of Ce*" in C12A7:3.0%
Ce*", 1.0% Tb>* (peaked at 364 nm) becomes broadened
(FWHM changes from 33 to 53 nm), unsymmetrical, and red-
shifted compared to that of C12A7:0.5% Ce*", 1.0% Tb*"*
(peaked at 355 nm) due to the increasing phase fraction of
CaCeAl; 0. Chen et al. have reported that the excitation bands
of CazAl,04:Ce®" were located respectively at 330 and 339 nm.>*
Therefore, CaCeAl;0; is believed to be responsible for the red
shift and the broadening of the absorption band of Ce*".

In the efficient UV excitation region of Ce®*, the phosphors
emit bright green light that combines a weak broad band
peaked at 432 nm, assigned to the 5d-4f transitions of Ce®",
and several narrow bands centered at 492, 543, 584, and
620 nm, ascribed to the *D,~"F; (J = 6, 5, 4, 3) transitions of
Tb?", respectively. The PL intensity of C12A7:3.0% Ce’", 1.0%
Tb’" is stronger than that of both C12A7:0.5% Ce®*, 1.0% Tb**
and C12A7:5.0% Ce®*, 1.0% Tb** that has the broadest absorp-
tion band in all the prepared samples. To study the effect

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Excitation (a, normalized) and emission spectra (b) of the C12A7:x%
Ce3*, 1.0% Th>* annealed at 1300 °C for 6 hours under a reducing atmosphere.
The inset shows decay curves of Ce** under 355 nm excitation.
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Fig. 4 XRD patterns of CaCeAl;0;:1% Tb>* containing CeAlO3 and the calcu-
lated CaCeAls0;.

0

of CaCeAl;0, on PL enhancement, we prepared a
CaCeAl;0,:1.0% Tb*" phosphor. The results show that the
single phased CaCeAl;0, is hard to be synthesized and the
obtained sample has both CaCeAl;0, and CeAlO; (Fig. 4), but
CeAlO; has no contribution to PL because its energy band gap
(3.26 eV) is smaller than the dominating excitation energy
(3.54 €V).*° The near UV absorption band of CaCeAl;0,:1.0%

Dalton Trans., 2013, 42, 16311-16317 | 16313
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Fig. 5 Excitation spectra of CaCeAl307:1.0% Th and C12A7:0.5% e, 1.0%
Tb>* monitored at 543 nm.

Tb*" is broader and red-shifted compared to pure C12A7:0.5%
Ce**, 1.0% Tb>" from the excitation spectra monitored at
543 nm (Fig. 5), which further proves that CaCeAl;0; is respon-
sible for the broadening of the absorption band of Ce*" in the
multiphased C12A7-CaCeAl;0,.

In our previous report, a significant spectral overlap has
been observed between the emission band of C12A7:Ce*" and
the excitation band of C12A7:Tb**, making it possible to have
an efficient energy transfer (ET) from Ce®" to Tb*".>" Here, the
emission and excitation spectra demonstrate that the effective
ET also occurs from Ce®* to Tb®" in the multiphased samples.
As presented in Fig. 3, the emission of Tb** is observed upon
excitation of Ce*" and its intensity increases at higher concen-
trations of Ce*". To further prove the ET in C12A7, the lumi-
nescent decays of Ce®" at room temperature in C12A7:0.5% Ce
and C12A7:0.5% Ce, 1.0% Tb under 355 nm excitation have
been measured, as shown in the inset of Fig. 3a. In singly
Ce**-doped samples the decay shows a clear single-exponential
pattern with a lifetime fitted to be 10.30 ns. In the C12A7:0.5%
Ce, 1.0% Tb co-doped sample, the Ce®* fluorescence decay
becomes faster and demonstrates a bi-exponential, short com-
ponent and a long component comparable with the singly
doped Ce*" sample, with lifetimes of 3.5 and 14.9 ns, respect-
ively. This leads to the conclusion that some Ce*" ions with
Th*" in the close vicinity efficiently transfer the excitation Tb*",
whereas others have no Tb*" in the close neighborhood and
thus the emission decay remains unchanged.

Fig. 6 shows the CL spectra of C12A7:x% Ce®*, 1.0% Tb*"
phosphors annealed at 1300 °C for 6 hours under a reducing
atmosphere of 20% H,/80% N, under low-voltage (3 kV) elec-
tron beam excitation. The CL spectra are very similar to the PL
emissions (Fig. 3b), except for three new narrow bands centred

16314 | Dalton Trans., 2013, 42, 16311-16317
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Fig. 6 CL spectra of C12A7:x% Ce**, 1.0% Tb>* phosphors annealed at
1300 °C for 6 hours in a reducing atmosphere under low-voltage (3 kV) electron
beam excitation.

at 380, 413, and 435 nm, which are ascribed to the D;-"F; (J =
6, 5, 4) transitions of Tb*", respectively. For PL, the UV exci-
tation is efficient for Ce*" and the transitions from °D; of Tb**
are very weak and submerged in the broad blue emission band
of Ce*". For CL the primary fast and energetic electrons create
many secondary electrons with a very broad excitation energy
distribution, populating all the high-lying energy states, such
as °Dj, yielding the blue emissions. The CL of the multiphased
samples is obviously stronger than that of the singly Tb**
doped sample. The intensity increases visibly with the increase
of the CaCeAl;0; ratio and reaches the maximum at x = 3.0,
where the intensity is 5 times greater in comparison with
C12A7:1.0% Tb*". The results indicate that effective ET from
Ce®" also enhances the Tb*' emission under electron beam
excitation. The strong CL enhancement partially results from
the two phases mixing and the modified electrical conductivity
of the samples.

Fig. 7 shows the CL spectra of C12A7:1.0% Tb*",
CaCeAl;0,:1.0% Tb, and C12A7:3.0% Ce**, 1.0% Tb*" phos-
phors annealed at 1300 °C for 6 hours under a reducing atmos-
phere under electron beam excitation (3 kV). CaCeAl;0,:1.0%
Tb emits a broad band peaked at 400 nm assigned to the 5d-
4f transitions of Ce®" and several narrow bands centred at
492, 543, 584, and 620 nm, ascribed to the °D,-"F, transitions
of Tb*". The CL intensity of C12A7:1.0% Tb>" is weaker than
that of CaCeAl;0,:1.0% Tb, indicating a higher luminescence
efficiency of Tb*" in CaCeAl;0,. Therefore, some Tb*" ions
enter the CaCeAl;0, crystal lattice in the phase-mixed
samples, and are responsible for the strong CL enhancement.

To study the relationship of the two factors, phase mixing
and electrical conductivity, with CL enhancement, we changed

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 The CL spectra of C12A7:1.0% Tb>*, CaCeAl;0,:1% Tb®", and
C12A7:3.0% Ce**, 1.0% Thb** phosphors annealed at 1300 °C for 6 hours under
a reducing atmosphere under low-voltage (3 kV) electron beam excitation.

the annealing time under a reducing atmosphere of
C12A7:3.0% Ce**, 1.0% Tb*" phosphors expecting to alter the
electrical conductivity of the co-doped samples. Sushko et al
have considered that, for creating electrons, C12A7:H™ is most
sensitive to a wavelength around 300 nm (~4.1 eV), which cor-
responds to a charge-transfer transition from the encaged H™
state to the cage conduction band (CCB) localized in the neigh-
bouring cage,*" as shown in the inset of Fig. 8. Hayashi et al.
have further demonstrated that electron-beam irradiation also
imparts an electrical conductivity to insulating H™-doped
C12A7."° Herein, C12A7:3.0% Ce**, 1.0% Tb*' annealed for
6 hours under a H, atmosphere turns green and the optical
absorption band centred at 2.75 eV appears after UV light
irradiation (Fig. 8), indicating the conversion of the insulating
C12A7 into an electronic conductor.>® Our experimental
results show that it is difficult to introduce H™ into pure
C12A7 by heat treatment under a H, atmosphere without
rapidly cooling to room temperature.”> However, the substi-
tution of rare earth ions for divalent Ca*" ions, due to their
different valence and electronegativity values, may have
affected the nanocage structure and induced more free O>~
ions, which are favourable for introducing H™. For the sample
annealed for 3 hours, there is only a small quantity of H™
introduced into the cages, which is not enough to induce
colour changes of the samples or to improve the electrical con-
ductivity. For the sample annealed for 9 hours, almost all Ce**
ions are separated out of C12A7 and turned into the phase of
CaCeAl;0,, making H™ entering C12A7 cages a difficult task.
Consequently, C12A7:3.0% Ce**, 1.0% Tb*" annealed for
6 hours under a H, atmosphere has an optimized electrical
conductivity.

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 The absorption spectra of C12A7:3.0% Ce®*, 1.0% Th>* annealed at
1300 °C for different times (3, 6, and 9 hours).

Fig. 9 shows the SEM image of C12A7:3.0% Ce**, 1.0% Tb**
powders annealed for 6 hours under a reducing atmosphere
without gold-plating. The clear image indicates that the
sample has a good electrical conductivity without charge
build-up. The slightly aggregated particles have a narrow size
range of 2.8-4.3 pm, which is perfect to produce a compact
phosphor screen and thus improve its CL property.

As shown in Fig. 10, the CL of C12A7:3.0% Ce®", 1.0% Tb*>"
annealed for 6 hours under a reducing atmosphere is the

«
mag O] 11/1472012] HV R T I — T R——
5000 x |1:41:50 PM [20.00 kV[12.2 mm|ETD| 3.0 | Quanta FEG
Fig. 9 SEM image of C12A7:3.0% Ce®*, 1.0% Tb>* annealed at 1300 °C for
6 hours under a reducing atmosphere.
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Fig. 10 The CL spectra of C12A7:3.0% Ce>*, 1.0% Tb>* annealed at 1300 °C
for different times (3, 6, and 9 hours) under low-voltage (800 V and 3 kV) elec-
tron beam excitation.

strongest one under both 800 V and 3 kV electron beam exci-
tation, which is consistent with its best conductivity according
to the optical absorption spectra. It is noteworthy that the CL
intensity of the sample increases 60% from 3 to 6 hours
reduction treatment under 3 kV excitation, while the improve-
ment is 100% under 800 V electron beam excitation. The
results experimentally prove that a better electrical conduc-
tivity is more important for the FED phosphor to overcome the
charge build-up, especially under low voltage electron beam
excitation (<1 kv).

C12A7:3.0% Ce®*, 1.0% Tb*>* has the appearance of a spec-
tral green, and the CIE chromaticity coordinates are calculated
to be x = 0.263 and y = 0.423 under 5 kV electron beam exci-
tation, as shown in Fig. 11. The inset shows the CL intensity of
the optimal phosphor under electron beam excitation as a
function of voltage. The CL intensity increases as the accelerat-
ing voltage increases from 1 to 5 kV, which is attributed to the
deeper penetration of the electrons into the phosphor. There
is no obvious saturation effect observed for the CL at higher
accelerating voltages.

A long activator decay time is a factor limiting the attain-
ment of the necessary luminance due to ground state
depletion, as found by Stoffers et al.>* Moreover, a long decay
time is thought to be the primary shortcoming of the commer-
cial green phosphor Zn,SiO;Mn>* (11.9 ms) for displaying
fast-moving pictures.***> Here, the decay curves of the Tb**
emission monitored at 543 nm for C12A7:0.5% Ce**, 1.0%
Tb*', C12A7:3.0% Ce**, 1.0% Tb*', and CaCeAl;0-:1% Tb*"
were measured as shown in Fig. 12. A single-exponential decay
was observed for all the samples, and the values of their lifetimes
are fitted to be 2.44, 2.51 and 2.58 ms, indicating that the new
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Fig. 11 CIE chromaticity diagram for C12A7:3.0% Ce>*, 1.0% Tb>* under 5 kV
electron beam excitation. The inset shows the CL intensity of C12A7:3.0% Ce*",
1.0% Tb>* annealed at 1300 °C for 6 hours as a function of accelerating voltage.

1 CeCaAl,0,:1.0%Tb*
t=2.58 ms
0.1 T
A
= 0.01 L 1
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Fig. 12 Decay curves of T emission monitored at 543 nm for phosphors
C12A7:0.5% Ce’*, 1.0% Th>*, C12A7:3.0% Ce>*, 1.0% Tb>*, and CaCeAl;0,:1%
Th3*. The red line represents the data best fitted using a single exponential
function.

phase CaCeAl;0, has no effect on the lifetime of Tb*". In
comparison with Zn,SiO4;:Mn**, the emission lifetime of our
optimized samples, C12A7:3.0% Ce*",1.0% Tb**, is much
shorter, which will improve the display quality for fast-moving
pictures.

This journal is © The Royal Society of Chemistry 2013
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4. Conclusions

In conclusion, conductive green-light-emitting phosphors
12Ca0-7Al,0;-CaCeAl;0,:Ce*”, Tb*>" have been prepared via
solid-state reactions under a reducing atmosphere. The multi-
phase strategy broadens the absorption of Ce*", while efficient
energy transfer from Ce®" to Tb®" fully utilizes the absorption
of the electronic energy, resulting in the CL enhancement. The
CL has been optimized by modifying the electric conductivity
and the ratio of C12A7 to CaCeAl;0,. Our results suggest that
the phosphor is a potential green emission candidate for the
application of low voltage full-colour FEDs.
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