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Abstract

CaIn2O4:Dy3+/Pr3+/Tb3+ blue–white/green/green phosphors were prepared by the Pechini sol–gel process. X-ray diffraction (XRD),

field emission scanning electron microscopy (FE-SEM), diffuse reflectance, photoluminescence (PL) and cathodoluminescence (CL)

spectra as well as lifetimes were utilized to characterize the samples. The XRD results reveal that the samples begin to crystallize at 800 1C

and pure CaIn2O4 phase can be obtained after annealing at 900 1C. The FE-SEM images indicate that the CaIn2O4:Dy3+, CaIn2O4:Pr
3+

and CaIn2O4:Tb
3+ samples consist of spherical grains with size around 200–400 nm. Under the excitation of ultraviolet light and low-

voltage electron beams (1–5 kV), the CaIn2O4:Dy3+, CaIn2O4:Pr
3+ and CaIn2O4:Tb

3+ phosphors show the characteristic emissions of

Dy3+ (4F9/2–
6H15/2 and 4F9/2–

6H13/2 transitions, blue–white), Pr3+ (3P0–
3H4,

1D2–
3H4 and 3P1–

3H5 transitions, green) and Tb3+

(5D4–
7F6,5,4,3 transitions, green), respectively. All the luminescence is resulted from an efficient energy transfer from the CaIn2O4 host

lattice to the doped Dy3+, Pr3+ and Tb3+ ions, and the corresponding luminescence mechanisms have been proposed.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Field emission displays (FEDs) offer the potential of
achieving comparable or superior levels of performance to
cathode ray tubes (CRTs). However, FEDs must be
operated at significantly lower excitation voltages
(p5 kV) and higher current densities (10–100 mA/cm2)
than CRTs. Thus, the phosphors for FEDs are required
to have a higher efficiency at low voltages, higher resistance
to current saturation, longer service time and equal or
better chromaticity than CRT phosphors [1–6]. While
many efficient sulfide-based compounds have been ex-
plored as possible low-voltage phosphors, the volatility of
sulfur has prohibited their use in the FEDs. Sulfide-base
phosphors often degrade under the high-energy electron
e front matter r 2007 Elsevier Inc. All rights reserved.
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bombardment due to dissociation of the cation-sulfur
bonds. The process generates corrosive sulfur-bearing gas
species that contaminate emission tips and shorten the
device lifetime. Oxide phosphors are chemically stable, yet
most of phosphors are insulators. When they are excited by
low-voltage electrons with high-density, charging problems
often occur. Therefore, in order to improve the perfor-
mance of FED devices, it is necessary to find novel
phosphors with high luminescence efficiency, good stability
and reasonable conductivity [7–12].
The lanthanide (Ln) ions have been playing an im-

portant role in modern lighting and display fields due to the
abundant emission colors based on their 4f–4f (for trivalent
Ln3+ except Ce3+) or 5d–4f transitions (for divalent Ln2+)
[13]. However, the f–f transitions of Ln3+ ions have low
oscillator strength (10�6) due to their forbidden features by
the parity selection rule, resulting in the low excitation
efficiency. As a result, the sensitization of Ln3+ ions by
other species with allowed broad excitation bands seems
very important in enhancing the excitation and emission

www.elsevier.com/locate/jssc
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efficiencies of Ln3+ ions. Host sensitization for Ln3+ ions,
i.e., efficient energy transfer from the host to Ln3+ ions, is
one of the most significant routes to realize the efficient
emission of Ln3+ ions, such as YVO4:Eu

3+ [14]. The
luminescence of trivalent dysprosium Dy3+ mainly consists
of narrow lines in the blue (470–500 nm, 4F9/2–

6H15/2) and
yellow (570–600 nm, 4F9/2–

6H13/2) wavelength region. At a
suitable yellow-to-blue intensity ratio, Dy3+ will emit white
light. However, unlike the most frequently used Eu3+ and
Tb3+ (in oxide hosts), which have allowed charge-transfer
absorption band (CTB) or 4f 8–4f75d absorption band in
the UV region, respectively, the excitation spectrum of
Dy3+ consists of only narrow f–f transition lines from 300
to 500 nm (both CTB and 4f 9–4f 85d band of Dy3+ are
located below 200 nm) [15]. As a result, the luminescence of
Dy3+ cannot be excited with 254 nm UV light efficiently,
and the excitation can occur only through the f–f

transitions with low oscillator strength (10�6) due to their
forbidden features by the parity selection rule [13]. This
drawback of Dy3+ luminescence can be overcome by
sensitization, such as host sensitization in YVO4:Dy3+ and
ion sensitization in Ca2Gd8(SiO4)6O2:Pb

2+, Dy3+ [16,17].
Trivalent praseodymium (Pr3+) mainly emits efficiently
between the blue and the red region, depending on the host
materials, the concentration and the excitation conditions.
The Tb3+ is also a well-known green emitting ion due to its
5D4–

7F5 (543 nm) transition [13]. All these ions need
sensitizing to realize their efficient emissions.

Oxide semiconductors have good stability and reason-
able conductivity. If host sensitizing effect occurs in Ln3+-
doped oxide semiconductors, efficient phosphor materials
for photoluminescence (PL) and FEDs might be obtained.
CaIn2O4 is a semiconductor with a reported bandgap (Eg)
of 3.9 eV, belonging to the ordered CaFe2O4 structures
with the Pca21 or Pbcm space group and the lattice
parameters a ¼ 9.70, b ¼ 11.30 and c ¼ 3.21 Å for Z ¼ 4
[18]. CaIn2O4 shows only weak self-activated blue lumines-
cence when excited under either the ultraviolet light or the
cathode rays. So far less information is available concern-
ing the Ln3+-doped CaIn2O4 phosphors, and the lumines-
cence mechanisms have not been well characterized [19,20].

The Pechini sol–gel method is a useful and attractive
technique for preparation of oxide-based materials espe-
cially complex metal oxide. It has many advantages, such
as homogeneous mixing of the staring materials at the
molecular level the gel and the low synthetic temperature,
good control of stoichiometry, fine particle size and
uniform morphology [21,22]. Accordingly, in the present
paper, we report the synthesis of CaIn2O4:Dy3+,
CaIn2O4:Pr

3+ and CaIn2O4:Tb
3+ phosphors via a Pechi-

ni-type sol–gel process, and investigate their luminescence
properties in detail. It is of interest and significance to find
that there exists an efficient energy transfer from the
CaIn2O4 host lattice to the doped Dy3+, Pr3+ and Tb3+

ions, resulting in strong bluish white (Dy3+), and green
(Pr3+ and Tb3+) emission, respectively. These phosphors
are potentially applied for FEDs.
2. Experimental

The undoped CaIn2O4, CaIn2O4:Dy3+, CaIn2O4:Pr
3+ and

CaIn2O4:Tb
3+ samples were prepared by a Pechini-type

sol–gel process [14,23]. The doping concentrations of Dy3+,
Pr3+ and Tb3+ are 0.01–2at% of In3+ in CaIn2O4. The
stoichiometric amounts of CaCO3 (A. R. Beijing Fine
Chemical Company, China), Dy2O3, Tb4O7, and Pr6O11

(99.99%, all these oxides purchased from Shanghai Yuelong
Non-Ferrous Metals Limited, China) were dissolved in dilute
HNO3 (analytical reagent, A. R. Beijing Fine Chemical
Company, China) under stirring and heating, resulting in the
formation of colorless solutions of Ca(NO3)2, Dy(NO3)3,
Tb(NO3)3 and an apple green solution of Pr(NO3)3, respec-
tively. The solutions of Ca(NO3)2, Dy(NO3)3 [or Tb(NO3)3, or
Pr(NO3)3] were mixed together followed by the addition of the
stoichiometric amounts of In(NO3)3 � 4.5H2O (A. R. Beijing
Fine Chemical Company, China) under stirring. Then citric
acid and polyethylene glycol (PEG, molecular weight ¼
10,000) were dissolved in the above solution (CPEG ¼ 0.01M,
citric acid/metal ion ¼ 2:1). The resultant mixtures were stirred
for 1h and condensed at 75 1C in a water bath until dry gels
formed. After being dried in oven at 110 1C for 10h, the gels
were ground and prefired at 450 1C for 4h in air. Then the
samples were fully ground and fired to the desired tempera-
tures (700–1000 1C) for 3h.
The X-ray diffraction (XRD) measurements were carried

out on a Rigaku-Dmax 2500 diffractometer using CuKa
radiation (l ¼ 0.15405nm). The morphologies of the samples
were inspected by a field emission scanning electron
microscope (FE-SEM, XL30, Philips). Diffuse reflectance
spectra were taken on a Hitachi U-4100 spectrophotometer.
The PL excitation and emission spectra were measured on a
Hitachi F-4500 spectrophotometer equipped with a 150W
Xenon lamp as the excitation source. The cathodolumines-
cent (CL) measurements were carried out in an ultra-high-
vacuum chamber (o10�8 Torr), where the phosphors were
excited by an electron beam at a voltage range of 1–5kV with
different filament currents (14–18mA), and the spectra were
recorded on an F-4500 spectrophotometer. The luminescence
decay curves were obtained from a Lecroy Wave Runner
6100 Digital Osilloscope (1GHz) using a tunable laser (pulse
width ¼ 4ns, gate ¼ 50ns) as the excitation (Continuum
Sunlite OPO). The electrical conductivity measurements were
performed by dc four-probe technique in air. The powder
samples were pressed into rectangular (2mm� 5mm�
25mm) under a pressure of 175MPa, and then fired at
1573K for 8 h for conductivity measurements. Pellets have
relative densities of 80–85% of the theoretical value. All the
measurements were performed at room temperature (RT).

3. Results and discussion

3.1. Crystallization behavior and morphology

The crystallization behavior and morphology of the
studied samples were performed representatively on
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CaIn2O4:Dy3+ by XRD and FE-SEM, respectively. The
results for CaIn2O4, CaIn2O4:Pr

3+ and CaIn2O4:Tb
3+ are

similar to those of CaIn2O4:Dy3+.

3.1.1. XRD

The XRD patterns of the CaIn2O4:0.015Dy3+ sample
annealed at various temperatures are shown in Fig. 1. For
the sample annealed at 700 1C (a), only In2O3 and CaO
phases are present, and no diffraction peak of CaIn2O4 can
be seen. The diffraction peaks of CaIn2O4 appeared after
being annealed at 800 1C (b), indicating that CaIn2O4

began to crystallize at this temperature. Single phase of
CaIn2O4 with orthorhombic structure was obtained after
being annealed at 900–1000 1C (c–d). This observation is
consistent with what reported by Dali et al. [18]. All the
diffraction peaks of the CaIn2O4:0.015Dy3+ samples
annealed at 900 1C (or higher temperature) agree well with
the standard data of CaIn2O4 (JCPDS 17-0643). The
crystallinity of CaIn2O4 phase increased with the increase
of annealing temperatures, as confirmed by the change in
full-width at the half-maximum (FWHM). No second
phase was detected at the current doping level, indicating
that the Dy3+ can be completely dissolved in the CaIn2O4

host lattice. Comparing with the conventional solid-state
reaction (1400 1C for 24 h), the crystallization tempe-
rature is low [19,20]. The Ca(NO3)2 and In(NO3)3 are
homogeneously mixed at the molecular level and homo-
geneously dispersed in the PEG precursor gel that
promotes the formation of CaIn2O4 at relatively low
annealing temperature.

The crystallite size of the samples can be estimated from
the Scherrer equation, D ¼ 0.941l/b cos y, where D is the
average grain size, l is the X-ray wavelength (0.15405 nm),
y and b are the diffraction angle and FWHM of an
observed peak, respectively [24]. The strongest peak (121)
at 2y ¼ 33.321 was used to calculate for the average
crystallite size (D) of the CaIn2O4:0.015Dy3+ particles
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Fig. 1. XRD patterns of CaIn2O4:0.015Dy3+ sample annealed at different

temperatures. The standard data for CaIn2O4 (JCPDS No. 17-0643) was

used as reference (*In2O3, #CaO).
annealed at 1000 1C. The estimated average crystallite size
is about 59 nm.

3.1.2. FE-SEM

Fig. 2 shows the FE-SEM micrograph of the CaIn2O4:
0.015Dy3+ sample annealed at 1000 1C. It is seen clearly
that the CaIn2O4:0.015Dy3+ samples are composed of
aggregated particles with size ranging from 200 to 400 nm
and approximate spherical morphology. The crystallite size
estimated from XRD is 59 nm, which indicating that the
CaIn2O4:0.015Dy3+ samples are polycrystallines consisting
of several single crystallite units.

3.2. Photoluminescence properties

Fig. 3 shows the excitation and emission spectra of the
CaIn2O4:0.015Dy3+ sample annealed at 1000 1C. The
excitation spectrum of the CaIn2O4:0.015Dy3+ sample
(Fig. 3a) monitored with 493 nm emissions of Dy3+

(4F9/2–
6H15/2) consists of a strong excitation band from

200 to 325 nm with a maximum at 288 nm and some weak
lines (356, 370, 391, 430, 455 nm) in the longer wavelength
region. Clearly, the latter is due to the f–f transitions
(356nm: 6H15/2–

6P7/2; 370nm: 6H15/2–
6P5/2; 391nm: 6H15/2–

6M21/2; 430 nm: 6H15/2–
6G11/2; 455 nm: 6H15/2–

6I15/2) of
Dy3+ within its 4f 9 configuration [13,14]. Under 288 nm
UV excitation, the CaIn2O4:0.015Dy3+ sample shows a
strong blue–white luminescence. The emission spectrum
(Fig. 3b) of CaIn2O4:0.015Dy3+ consists of a weak blue
emission band and the characteristic emission lines of
Dy3+. In order to identify the origin of the weak blue
emission band of the CaIn2O4:0.015Dy3+ phosphor, we
measured the emission spectrum of the undoped CaIn2O4

sample under the same excitation condition (288 nm). It
shows a weak blue emission ranging from 300 to 650 nm
with a maximum at 450 nm (Fig. 3b red line). The weak
blue emission of CaIn2O4 can be attributed to the
recombination of an electron on a donor formed by
Fig. 2. FE-SEM micrograph of the CaIn2O4:0.015Dy3+ sample annealed

at 1000 1C.
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oxygen vacancies with a hole on an acceptor consisting of
either strontium vacancies or indium vacancies [25]. The
weak blue emission band in CaIn2O4:0.015Dy3+ phosphor
has the identical profile with that of the undoped CaIn2O4

(shown in Fig. 3b red line for comparison); thus, it can be
ascribed to the host emission. The emission spectrum of
Dy3+ is dominated by two main groups of emission in the
blue (460–505 nm) and yellow (570–600 nm) region accom-
panied by a group of weak lines in the red region from 650
to 700 nm (can be seen by 50 times magnification). These
emissions correspond to the transitions from 4F9/2 to 6H15/2,
6H13/2 and

6H11/2 of Dy3+, respectively [13,14]. The crystal-
splitting components of Dy3+ emission can be observed,
but not totally resolved due to the weak experimental
resolution.

Fig. 4 shows the excitation and emission spectra of the
CaIn2O4:0.0016Pr

3+ (a, b) and CaIn2O4:0.0032Tb
3+ (c, d)

annealed at 1000 1C, respectively. Under the excitation of
short ultraviolet, the CaIn2O4:0.0016Pr
3+ exhibits a strong

green luminescence. The excitation spectrum of the as-
prepared CaIn2O4:0.0016Pr

3+ phosphor (Fig. 4a) mon-
itored with 494 nm emission of Pr3+ (3P0–

3H4) shows a
strong excitation band with maximum at 287 nm. The
emission spectrum (Fig. 4b) exhibits typically narrow lines
containing three major groups in the blue, green and the
red spectral regions, respectively. The emission lines
peaking at 494, 538 and 608 nm are assigned to the f–f

transitions of Pr3+ from 3P0 to 3H4,
3P1 to 3H5 and from

1D2 to
3H4, respectively, with

3P0–
3H4 (494 nm) as the most

prominent group [19]. Tb3+-doped CaIn2O4 phosphors
also show a strong green emission upon the excitation into
288 nm. Similar to those of CaIn2O4:0.015Dy3+ and
CaIn2O4:0.0016Pr

3+, the excitation spectrum of CaIn2O4:
0.0032Tb3+ (Fig. 4c) monitored with 544 nm emission of
Tb3+ (5D4–

7F5) shows a strong excitation band with
maximum at 288 nm. The corresponding emission spec-
trum (Fig. 4d) of CaIn2O4:0.0032Tb

3+ consists of f–f

transition lines of Tb3+ within its 4f8 electron configura-
tion, i.e., 5D4–

7F6 (487 nm) in the blue region and 5D4–
7F5
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(544 nm, strongest one) in the green region, as well as
5D4–

7F4 (586 nm), 5D4–
7F3 (620 nm) in the red region [26].

There are three possibilities for the excitation bands of
the CaIn2O4:0.015Dy3+, CaIn2O4:0.0016Pr

3+ and CaIn2O4:
0.0032Tb3+ phosphors: the host lattice absorption, the
charge-transfer transition and the 4fn-4fn�15d transitions
of the rare earth ions in the Dy3+/Pr3+/Tb3+-doped
CaIn2O4 phosphors. To identify which types they belong
to, we measure the diffuse reflectance spectra of the
as prepared CaIn2O4, CaIn2O4:0.015Dy3+, CaIn2O4:
0.0016Pr3+ and CaIn2O4:0.0032Tb

3+ samples, respec-
tively, as shown in Fig. 5a–d. The four diffuse reflectance
spectra have the identical profile. The strong absorption
bands around 285 nm are due to the electron transition
from valence bands (VB) (consisting of the 2p orbital of O)
to the conduction bands (CBs) (consisting of the 5s and 5p

orbital of In) [27], which are in agreement with the
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Fig. 6. A simple model illustrating the blue emission process in CaIn2O4 an
excitation spectra of the CaIn2O4:0.015Dy3+ (Fig. 3a),
CaIn2O4:0.0016Pr

3+ (Fig. 4a) and CaIn2O4:0.0032Tb
3+

(Fig. 4c) samples. This indicates that all the strong
excitation bands (287–288 nm) of the CaIn2O4:0.015Dy3+,
CaIn2O4:0.0016Pr

3+ and CaIn2O4:0.0032Tb
3+ arise from

the host lattice absorption. The presence of the CaIn2O4

host band in the excitation spectra of Dy3+, Pr3+ and
Tb3+ doped CaIn2O4 phosphors indicates that an energy
transfer takes place from the CaIn2O4 host lattice to the
doped Dy3+, Pr3+ and Tb3+ ions, i.e., the rare earth
emission arises from a host sensitizing effect, as reported
previously in YVO4:Dy3+ and b-Ga2O3:Dy3+ [14,25]. The
energy transfer efficiency can be calculated according to the
formula ZET ¼ 1�Id/Id0, where Id and Id0 are the corre-
sponding luminescence intensities of the donor (host lattice
CaIn2O4) in the presence and absence of the acceptor
(doping rare earth ions, Dy3+, Pr3+ and Tb3+), respec-
tively [28]. The energy transfer efficiency of the CaIn2O4:
0.015Dy3+ is around 76%, while those for CaIn2O4:
0.0016Pr3+ and CaIn2O4:0.0032Tb

3+ are close to 100%
(neglect the quenching by other unknown factors).
A simple model illustrating the blue emission process in

CaIn2O4 and the energy transfer to Dy3+, Pr3+ and Tb3+

is shown in Fig. 6. Under the excitation of a 288 nm (or
287 nm) irradiation (bandgap excitation), an electron (�) is
excited from the VB to the CB. The electron (�) moves
freely around the CB, finally relaxes to the donor band
(oxygen vacancies). The recombination of the electron in
the donor band with the acceptor (calcium vacancies or
indium vacancies) yields a blue emission with a maximum
wavelength at 450 nm (Fig. 6, left). When Dy3+ (Pr3+or
Tb3+) is present in CaIn2O4 host lattices, the excitation
energy can be nonradiatively transferred to Dy3+ (Pr3+or
Tb3+), resulting in the characteristic emission of Dy3+

(Pr3+or Tb3+), as shown in Fig. 6 (right). The blue
emission of CaIn2O4 host lattices has been quenched when
a low concentration of Pr3+ (0.08 at% of In3+) or Tb3+

(0.16 at% of In3+) was introduced, indicating that the
d the energy transfer process from CaIn2O4 to Dy3+, Pr3+ and Tb3+.
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energy transfer from CaIn2O4 to Pr3+ and Tb3+ is very
efficient and complete. However for CaIn2O4: 0.015Dy3+,
the weak blue emission from CaIn2O4 host lattice can still
be observed in the emission spectrum (Fig. 3b), suggesting
that the energy transfer from CaIn2O4 to Dy3+ is not
complete.

Fig. 7a–d shows the luminescence decay curves of the
CaIn2O4, CaIn2O4:0.015Dy3+, CaIn2O4:0.0016Pr

3+ and
CaIn2O4:0.0032Tb

3+ annealed at 1000 1C, respectively.
For the undoped CaIn2O4, the emission (450 nm) decays
very fast. The decay curve can be fitted to a single
exponential function as I ¼ I0 exp(�t/t), in which t is the
decay lifetime. The lifetime was determined to be 5.7 ns
(Fig. 7a), a characteristic value for the luminescence of
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Fig. 7. The luminescence decay curves for CaIn2O4 (a), CaIn2O4:0.015Dy3+ (b

at 1000 1C.
exciton [25]. The luminescence decay curves of Dy3+ (4F9/2–
6H15/2), Pr3+ (3P0–

3H4) and Tb3+ (5D4–
7F5) in CaIn2O4

(shown in Fig. 7b–d, respectively) can also be fitted to a single
exponential function. The lifetimes of Dy3+ (4F9/2 level ), Pr

3+

(3P0 level ) and Tb3+ (5D4 level) in CaIn2O4 host were
determined to be 0.75ms, 106.80ms and 1.51ms, respectively,
which are in the same order of magnitude as reported
previously [19,25,29]. Generally speaking, if there is one kind
of luminescence center in the phosphor, the decay function can
be fit by the first order. Two kinds of luminescence centers
means second order and so on. Furthermore, the decay
behavior can also be influenced by the energy transfer and
impurities present in the host lattices. The decay curves in
Fig. 7a–d can fitted with an exponential decay function of first
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3+ (d) samples annealed
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Fig. 8. The photoluminescence emission intensity and lifetimes of Dy3+

(4F9/2–
6H15/2 and

4F9/2–
6H13/2), Pr

3+ (3P0–
3H4,

1D2–
3H4 and

3P1–
3H5) and

Tb3+ (5D4–
7FJ, J ¼ 3, 4, 5, 6) ions as a function of their doping

concentration (x) in CaIn2(1�x)O4:2xDy3+, CaIn2(1�x)O4:2xPr3+ and

CaIn2(1�x)O4:2xTb3+ samples, respectively (annealed temperature:

1000 1C).
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order, which is due to the homogenous environment of the
activator ions (i.e., only one kind of emission center presents in
the host lattice). The Commission International d’Eclairage
(CIE) chromaticity coordinates of the as prepared CaIn2-
O4:0.015Dy3+ samples are x ¼ 0.2264 and y ¼ 0.2495 in the
blue–white emission zone. For CaIn2O4:0.0016Pr

3+ and
CaIn2O4:0.0032Tb

3+ sample, the CIE chromaticity coordi-
nates are x ¼ 0.2688, y ¼ 0.4193 for Pr3+ and x ¼ 0.2569,
y ¼ 0.5664 for Tb3+ (in the green emission zone).

The PL intensity and lifetimes of Dy3+, Pr3+ and Tb3+

have been studied as a function of their doping concentra-
tion (x) in CaIn2(1�x)O4:2xDy3+, CaIn2(1�x)O4:2xPr3+ and
CaIn2(1�x)O4:2xTb3+ samples, respectively, as shown in
Fig. 8. The PL emission intensity and lifetimes of Dy3+

increased with the increase of its concentration (x) first,
reaching a maximum value at x ¼ 7.5� 10�3, and then
decreased with increasing its concentration (x) due to the
concentration quenching effect (shown in Fig. 8a). Thus,
the optimum concentration for Dy3+ is 7.5� 10�3 of In3+

in the CaIn2O4 host. In general, the concentration
quenching of luminescence is due to the energy migration
among the activator ions at the high concentrations. In the
energy migration process the excitation energy will be lost
at a killer or quenching site, resulting in the decrease of PL
intensity and lifetime [13]. The concentration quenching of
Dy3+ luminescence is mainly caused by cross relaxation,
i.e., energy transfers from one Dy3+ to another neighbor
Dy3+ by transition that matched in energy. These
transitions are mainly Dy3+(4F9/2)+Dy3+(6H15/2)-
Dy3+(6F3/2)+Dy3+(6F11/2) [14]. The same situation holds
for the CaIn2O4:Pr

3+ and CaIn2O4:Tb
3+ phosphors. The

optimum concentrations for Pr3+ and Tb3+ are 8.0� 10�4

and 1.6� 10�3 of In3+ in the CaIn2O4 host, respectively
(shown in Fig. 8b,c). The 3P0 and the 1D2 emission of
Pr3+ can be quenched by the following cross-relaxations,
i.e., Pr3+(3P0)+Pr3+(3H4)-Pr3+(1D2)+Pr3+(3H6), and
Pr3+(1D2)+Pr3+(3H4)-Pr3+(1G4)+Pr3+(3F4), respec-
tively. Like the CsCdBr3:Tb

3+ and the LnBO3:Tb
3+

phosphors, the spectral energy distribution of Tb3+

emission is concentration independent in CaIn2O4:Tb
3+

phosphors, i.e., at low concentration 5D3–
7FJ dominates

while at high concentration 5D4–
7FJ dominates [26]. The

absence of blue emission (5D3–
7FJ) in CaIn2O4 might be

explained by the energy level match. In Tb3+ energy level,
the 5D3 excited state is 5500 cm�1 higher than the 5D4

excited state [13]. The emission band of the CaIn2O4

maximizes at 450 nm. The 5D3–
7FJ (J ¼ 4, 5, 6) transition

of Tb3+ are located at 440, 418, 376 nm (strongest one) in
Tb3+ doped phosphors, respectively [13,26]. The 5D4–

7FJ

(J ¼ 3, 4, 5, 6) transitions of Tb3+ are located at 620, 586,
544 and 487 nm, respectively, with the strongest one
located at 544 nm (5D4–

7F5) of Tb3+. This means that
the donor band level of host lattice (450 nm) is lower than
the 5D3 level of Tb

3+, but slightly higher than the 5D4 level
of Tb3+ in the CaIn2O4:Tb

3+, as shown in Fig. 6. The
excitation energy of the host will more likely transfer from
the donor band to the 5D4 excited state of Tb3+ instead of
the 5D3 excited state of Tb3+, resulting in the green
emission of 5D4–

7FJ dominated in the emission spectrum of
the CaIn2O4:Tb

3+ phosphors in spite of the low Tb3+

concentration.
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Because the luminescence quenching is caused by the
energy transfer among the same rare earth ions, the critical
distance (Rc) can be estimated in terms of the equation,
Rc ¼ 2(3V/4pNXc)

1/3 (where V is the volume of the unit
cell, Xc is the critical concentration, and N is the number of
available crystallographic sites occupied by the activator
ions in the unit cell) [30]. The values of V and N for the
crystalline CaIn2O4 (Z ¼ 4, V ¼ abc, N ¼ Z� 2) are
0.3500 nm3 and 8, respectively. Considering the above
optimum concentration as the critical concentration Xc, the
Rc values for Dy3+, Pr3+ and Tb3+ are 1.77, 3.74 and
2.97 nm in the crystalline CaIn2O4 host, respectively.
Finally, it should be mentioned that optimum concentra-
tion of Dy3+ is much higher than those of Pr3+ and Tb3+

in CaIn2O4. The reason for this is not very clear, but
most probably due to the fact that the cross relaxation
effect in Dy3+ is not as strong as those of Pr3+ and Tb3+

in CaIn2O4.

3.3. Cathodoluminescence properties

Under low-voltage electron beam excitation, the as
prepared CaIn2O4:0.015Dy3+ particles exhibit a white
luminescence (the CIE chromaticity coordinates:
x ¼ 0.3456, y ¼ 0.3758). Both of CaIn2O4:0.0016Pr

3+

and CaIn2O4:0.0032Tb
3+ samples exhibit strong green

luminescence. The emission spectra for CaIn2O4:
0.015Dy3+, CaIn2O4:0.0016Pr

3+ and CaIn2O4:0.0032Tb
3+

phosphors under the excitation of electron beams are
basically in line with the PL emission spectra shown in
Figs. 3b, 4b and d, respectively. However, in the CL
spectrum for the CaIn2O4:0.015Dy3+ phosphor, only the
characteristic emission of Dy3+ is observed (the weak
emission band from the host lattice is not present). For
cathodoluminescence, the emission of Dy3+ is resulted
simultaneously from the energy transfer from the CaIn2O4

host lattice and the direct excitation of Dy3+ by the
plasmons produced by the incident electrons, while for PL
the emission of Dy3+ is only from the former [31]. Thus, it
is understandable that the Dy3+ emission increases, and
only the characteristic emission of Dy3+ is observed in CL
spectrum.

The CL emission intensity for the CaIn2O4:0.015Dy3+,
CaIn2O4:0.0016Pr

3+ and CaIn2O4:0.0032Tb
3+ phosphors

have been investigated as a function of the accelerating
voltage and the filament current, as shown in Fig. 9a and b,
respectively. When the filament current is fixed at 16mA,
the CL intensity increased with raising the accelerating
voltage from 1 to 5 kV (Fig. 9a). Similarly, under a 2 kV
electron beam excitation, the CL intensity also increases
with increasing the filament current from 14 to 18mA
(Fig. 9b). The increase in CL brightness with an increase in
electron energy and filament current are ascribed to deeper
penetration of electron into the phosphors body and the
larger electron beam current density. The electron penetra-
tion depth can be estimated by the empirical formula:
L[Å] ¼ 250 (A/r)(E/Z1/2)n, where n ¼ 1.2/(1–0.29 log10Z),
and A is the atomic or molecular weight of the material, r
the bulk density, Z the atomic number or the number of
electrons per molecule in the case compounds, and E the
accelerating voltage (kV) [32]. For CaIn2O4:Dy3+/Pr3+/
Tb3+, Z ¼ 150, A ¼ 333.72, r ¼ 5.910 g/cm3, the esti-
mated electron penetration depth at 5 kV is 76.60 nm.
For cathodoluminescence, the Dy3+, Pr3+, or Tb3+ ions
are excited by the plasmons produced by the incident
electrons. The deeper the electron penetration depth, the
more the plasmons will be produced, which resulted in
more Dy3+, Pr3+ or Tb3+ ions being excited and thus the
CL intensity increased.
The conductivities of the CaIn2O4, CaIn2O4:0.015Dy3+,

CaIn2O4:0.0016Pr
3+ and CaIn2O4:0.0032Tb

3+ samples
(investigated by dc four-probe technique) were determined
to be 3.0 � 10�5, 3.8 � 10�5, 3.5 � 10�5, and 3.6 � 10�5

S/cm, which are much better than that of the insulator
Y2O3 (o10�12 S/cm). So in view of the releasing ability of
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the accumulated charges on phosphors under electron
beam excitation, our CaIn2O4-based phosphors should be
better than Y2O3-based ones for the FED application. In
order to test the stability of our CaIn2O4:0.015Dy3+,
CaIn2O4:0.0016Pr

3+ and CaIn2O4:0.0032Tb
3+ phosphor

samples, we have measured their cathodoluminescence
intensity degeneration properties under continuous elec-
tron beams excitation (for half an hour), with the
Y2O2S:0.05Eu

3+ phosphors as a reference. After contin-
uous electron beams excitation for half an hour, the
CaIn2O4:0.015Dy3+, CaIn2O4:0.0016Pr

3+ and CaIn2O4:
0.0032Tb3+ still keep 88%, 92% and 90% of original
intensity, but for Y2O2S:0.05Eu

3+ phosphor, it only keeps
80% the of original intensity value (shown in Fig. 10a–d,
Fig. 10. Typical cathodoluminescence spectra of CaIn2O4:0.015Dy3+ (a) CaIn

comparison stability). Accelerating voltage ¼ 2 kv (I0: initial intensity, It: inten
respectively). The results show that our CaIn2O4-based
phosphors have better stability than the Y2O2S based
phosphors under the low-voltage excitation conditions.

4. Conclusions

The CaIn2O4, CaIn2O4:Dy3+, CaIn2O4:Pr
3+ and CaIn2O4:

Tb3+ phosphors were successfully prepared by a Pechini-
type sol–gel process. Upon UV and low-voltage cathode
rays excitation, the CaIn2O4:Dy3+ phosphors show strong
blue–white/white luminescence, and the CaIn2O4:Pr

3+ and
CaIn2O4:Tb

3+ phosphors show strong green luminescence.
There exists an energy transfer from the CaIn2O4 host
lattices to Dy3+(Pr3+, Tb3+) in CaIn2O4-based phosphors,
2O4:0.0016Pr
3+ (b) CaIn2O4:0.0032Tb

3+ (c) and Y2O2S:0.05Eu
3+ (d) for

sity after continuous electron beams excitation for half an hour).
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respectively. The excitation energy first migrates in the host
lattices and then is captured by the Dy3+, Pr3+ or Tb3+,
resulting in their characteristic emissions. The optimum
concentrations for the luminescence of Dy3+, Pr3+, Tb3+

are determined to be x ¼ 7.5� 10�3, 8.0� 10�4

and 1.6� 10�3 in CaIn2(1�x)O4:2xDy3+, CaIn2(1�x)O4:
2xPr3+ and CaIn2(1�x)O4:2xTb3+ samples, respectively.
The cathodoluminescence intensity of the CaIn2O4:Dy3+,
CaIn2O4:Pr

3+ and CaIn2O4:Tb
3+ phosphors increased

with raising the accelerating voltage and filament current.
The higher conductivity (relative to Y2O3) and stability
(relative to Y2O2S) for the CaIn2O4-based phosphors make
them have potential applications in FEDs area.
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