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ABSTRACT: Pure Ca2Ba3(PO4)3Cl and rare earth ion (Eu2+/Ce3+/Dy3+/Tb3+)
doped Ca2Ba3(PO4)3Cl phosphors with the apatite structure have been prepared
via a Pechini-type sol−gel process. X-ray diffraction (XRD) and structure
refinement, photoluminescence (PL) spectra, cathodoluminescence (CL) spectra,
absolute quantum yield, as well as lifetimes were utilized to characterize samples.
Under UV light excitation, the undoped Ca2Ba3(PO4)3Cl sample shows broad
band photoluminescence centered near 480 nm after being reduced due to the
defect structure. Eu2+ and Ce3+ ion doped Ca2Ba3(PO4)3Cl samples also show
broad 5d → 4f transitions with cyan and blue colors and higher quantum yields
(72% for Ca2Ba3(PO4)3Cl:0.04Eu

2+; 67% for Ca2Ba3(PO4)3Cl:0.016Ce
3+). For

Dy3+ and Tb3+ doped Ca2Ba3(PO4)3Cl samples, they give strong line emissions
coming from 4f → 4f transitions. Moreover, the Ce3+ ion can transfer its energy
to the Tb3+ ion in the Ca2Ba3(PO4)3Cl host, and the energy transfer mechanism
has been demonstrated to be a resonant type, via a dipole−quadrupole interaction. However, under the low voltage electron
beam excitation, Tb3+ ion doped Ca2Ba3(PO4)3Cl samples present different luminescence properties compared with their PL
spectra, which is ascribed to the different excitation mechanism. On the basis of the good PL and CL properties of the
Ca2Ba3(PO4)3Cl:A (A = Ce3+/Eu2+/Tb3+/Dy3+), Ca2Ba3(PO4)3Cl might be promising for application in solid state lighting and
field-emission displays.

■ INTRODUCTION

Inorganic luminescent materials/phosphors are playing a key
role in applications of lighting (e.g., fluorescent tubes and
LEDs), displays (e.g., cathode tube display and field emission
display), imaging (computed tomography), etc.1−4 The current
attention on energy savings and green issues gives a boost to
the development of LEDs for lighting, due to their advantages
of high efficiency, compactness, long operational lifetime, and
environmental friendliness.2,3 More importantly, LEDs have
already entered the market as backlights for liquid crystal
displays, replacing fluorescent lamps. Moreover, in the display
field, although LCDs have a great market at present, FEDs have
applications in some specific areas, such as special military
devices, besides the general flat display applications. FEDs have
the potential to provide displays with thin panels, self-emission,
wide viewing, quick response times, high brightness, a high
contrast ratio, light weight, and low power consumption. So
LEDs and FEDs have attracted great interest from researchers,
and searching for appreciate FED phosphors has been a hot
topic.
One type of phosphor is based on an optically inactive host

lattice into which activator ions are doped in small and

optimized concentrations, typically a few mole percent or less.
These activator ions have excitation energy levels that can be
populated by direct excitation or indirectly by energy transfer,
and emissions from these states are subsequently observed.
Rare earth ions have been playing an important role in this type
of phosphor due to the abundant emission colors based on
their 4f → 4f or 5d → 4f transitions.5,6 Such a phosphor, when
appropriately activated, emits radiation in a narrow frequency
range (“line emission”) of the visible light spectrum, unlike an
incandescent filament that emits over the full spectral range,
though not all colors equally. The narrow line emission is due
to the fact that optical activator ions (most trivalent rare earth
ions and Ce3+ as the major exception) have a weak coupling
with the host lattice, and the transitions between their 4f terms
will be well shielded. However, Eu2+ and Ce3+ ions are the
major rare earth ions with broad band emitting due to the 5d
excited state. A different type of phosphor relies for its
photoluminescence on the creation of electron−hole pairs
within specific sites or clusters in a lattice without the presence
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of doped activators. Here, electronic states created between the
valence and conduction bands are defect-induced, and broad
emission bands are the consequence of different chemical
bonding environments in the ground and excited state.7,8

In this work, we present a novel kind of luminescent material
with the general composition of Ca2Ba3(PO4)3Cl:A (A = Eu2+,
Ce3+, Tb3+, Dy3+), which can be excited by UV light and a low
voltage electron beam. Under our experimental synthesis
conditions, the undoped Ca2Ba3(PO4)3Cl sample reduced in
the N2/H2 gas mixture shows a self-activated broad band
emission ranging from 350 to 600 nm when excited in the far-
UV region near 254 nm. Moreover, the Ca2Ba3(PO4)3Cl host
lattice shows the corresponding broad band and line emissions
when doped with rare earth activators (Eu2+, Ce3+, Tb3+, or
Dy3+ ion). We also investigated the photoluminescence (PL)
and cathodoluminescence (CL) properties as well as the energy
transfer phenomenon between Ce3+ and Tb3+ in detail.

■ EXPERIMENTAL SECTION
Chemicals and Materials. The rare-earth oxides, including Eu2O3,

Tb4O7, Dy2O3, and Ce2(CO3)2 (all with purity of 99.999%), were
purchased from the Science and Technology Parent Company of
Changchun Institute of Applied Chemistry. A colorless stock solution
of Ln(NO3)3 (Ln = Eu, Tb, Dy, Ce) with a certain concentration was
prepared by dissolving the corresponding rare-earth oxides in dilute
HNO3. Other chemicals were purchased from Beijing Chemical
Company. All chemicals were analytical grade reagents and used
directly without further purification.
Preparation. The Ca2Ba3(PO4)3Cl:xEu

2+/yCe3+/zTb3+/mDy3+ (0
≤ x, y, z ≤ 0.20; 0 ≤ m ≤ 0.05) samples were all prepared by the
Pechini-type sol−gel method.7 The Ce3+, Eu2+, Tb3+, and Dy3+ ions
substitute for Ca2+ in the Ca2Ba3(PO4)3Cl host, and x, y, z, and m are
all given in mole percent. Typically, stoichiometric amounts of
Ln(NO3)3 solution, CaCl2, and BaCl2·2H2O were mixed in deionized
water under stirring. The citric acid was dissolved in the above solution
(citric acid/metal ion = 2:1 in moles). The pH of the solution was
adjusted to a low value with HNO3 followed by the addition of a
stoichiometric amount of (NH4)H2PO4. Finally, a certain amount of
polyethylene glycol (PEG, molecular weight = 10 000) was added as a
cross-linking agent. The citric acid is used to form stable metal
complexes, and its polyesterification with a polyethylene glycol (PEG)
forms a polymeric resin. Immobilization of metal complexes in such
rigid organic polymer networks reduces the segregation of particular
metal ions, ensuring compositional homogeneity.9 The resultant
mixtures were stirred for 1 h and heated at 75 °C in a water bath until
homogeneous gels formed. After being dried in an oven at 110 °C for
10 h, the gels were ground and prefired at 500 °C in the air for 4 h.
Then, the mixtures were fully ground and first sintered at 1000 °C for
4 h in the air, then reduced for 3 h under a 10% H2/90% N2 gas
mixture at 800 °C. Finally, the as-synthesized samples were slowly
cooled to room temperature inside the tube furnace under a H2−N2
flow
Characterization. The composition and phase purity of products

were studied with X-ray powder diffraction (XRD) measurements
using a D8 Focus diffractometer (Bruker) with Cu Kα radiation (λ =
0.15405 nm). The data were collected over a 2θ range from 10° to
120° at intervals of 0.02° with a counting time of 2 s per step.
Structure refinements of X-ray diffractograms were made using the
GSAS (general structure analysis system) program.10 The morphology
of the samples was inspected using a field-emission scanning electron
microscope (FE-SEM, S-4800, Hitachi). Transmission electron
microscopy (TEM) images were recorded using an FEI Tecnai G2
S-Twin with a field-emission gun operating at 200 kV. An electron
paramagnetic resonance (EPR) spectrum was taken on the JES-FA200
electronic spin resonance spectrometer. The X-ray photoelectron
spectra (XPS) were taken on a VG ESCALAB MK II electron
spectrometer using Mg Kα (1200 eV) as the excitation source. The
photoluminescence (PL) measurements were recorded with a Hitachi

F-7000 spectrophotometer equipped with a 150 W xenon lamp as the
excitation source. Photoluminescence quantum yields (QY) were
measured directly by the absolute PL quantum yield (internal
quantum efficiency) measurement system (C9920-02, Hamamatsu
Photonics K. K., Japan), which comprises an excitation light source of
a Xe lamp, a monochromator, an integrating sphere capable of
nitrogen gas flow, and a CCD spectrometer for detecting the whole
spectral range simultaneously. The luminescence decay curves were
obtained from a Lecroy Wave Runner 6100 Digital Oscilloscope (1
GHz) using a tunable laser (pulse width = 4 ns, gate = 50 ns) as the
excitation source (Contimuum Sunlite OPO). All the measurements
were performed at room temperature (RT).

■ RESULTS AND DISCUSSION
Phase Identification and Morphology. Figure 1 shows

the experimental, calculated, and difference results of the XRD

refinement of Ca2Ba3(PO4)3Cl at room temperature. The initial
structural model was constructed with crystallographic data
previously reported for Ba5(PO4)3Cl (ICSD #8191). The lattice
parameters, zero point error, scale factor, and background are
refined. Profile parameters (i.e., U, V, W) were refined next.
Structural parameters are refined including the atomic
coordinates and isotropic atomic displacement parameters for
all the atoms. Here, we particularly assume that Ca ion
substitutes for Ba1 at 4f sites, as shown in the crystal structure
in Figure 1b. All of the observed peaks satisfy the reflection
condition (Rmin = 5.2%). The refinement results confirmed that
the single-phase nature of the Ca2Ba3(PO4)3Cl is related to the
natural apatite (space group P63/m) with unit cell parameters a
= b = 10.045165 Å, c = 7.494675 Å, and V = 654.934 Å3. Figure
2 presents the representative XRD patterns of the different

Figure 1. (a) Rietveld refinement of powder XRD profile of
Ca2Ba3(PO4)3Cl. (b) Schematic crystal structure of Ca2Ba3(PO4)3Cl
with one unit cell.
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doping contents of Eu2+, Ce3+, Tb3+, and Dy3+ ion doped
Ca2Ba3(PO4)3Cl samples. No impurity peaks are observed, and
all the reflections can be well indexed to an apatite structure of
Ca2Ba3(PO4)3Cl, indicating that the obtained samples are
single phase and the doped Ln (Ln = Eu2+, Ce3+, Tb3+, or Dy3+)
ion does not cause any significant change. It is worth noting
that as formulated in this paper, the compositions
Ca2Ba3(PO4)3Cl:Ce

3+/Tb3+/Dy3+ are not charge balanced,
having a slight excess of positive charge because of Ce3+/
Tb3+/Dy3+ substituting Ca2+. The structure offers many
mechanisms to compensate this excess charge, and the most
obvious one is the slight off-stoichiometry between Cl and O,
with a slight excess of the latter. Since the experimental
techniques we have employed here, namely, X-ray diffraction
data, Rietveld refinement of powder, optical properties, etc., are
not sensitive to substitutions at this level, we present the
formula Ca2Ba3(PO4)3Cl:Ce

3+/Tb3+/Dy3+ for the compounds
as written, in preference to speculation.3a As the compound
Ca2Ba3(PO4)3Cl is isostructural with the apatite structure, there
are two kinds of cationic site in the Ca2Ba3(PO4)3Cl host,
which are labeled M(I) and M(II) with local symmetry C3 and CS,
repectively.11 The M(I) site has a 3-fold symmetry C3 axis
parallel to the z axis and is nine-coordinate with oxygen ions. In
the M(II) site, the cationic ion is 7-fold coordinate with CS point
group symmetry. Six oxygen ions and one chlorine ion act as
the ligands. Owing to this structure, Ca2Ba3(PO4)3Cl with the
apatite structure has great capacity to form a solid solution and
to accept several substitutes.11−14

The morphology of the Ca2Ba3(PO4)3Cl sample is presented
by the SEM and TEM images, as shown in Figure
S1(Supporting Information). It seems that the sample is
composed of particles with sizes ranging from 1 to 5 μm. The
serious aggregated crystallites are attributed to the high
temperature annealing process. The fine structures of
Ca2Ba3(PO4)3Cl were studied by the HRTEM technique.
The insert in Figure S1 is its corresponding HRTEM image, in
which the lattice fringes with a d spacing of 0.303 nm
correspond to the distance of the (112) plane of
Ca2Ba3(PO4)3Cl. The result further confirms the presence of
a highly crystalline Ca2Ba3(PO4)3Cl phase after being annealed
at 1000 °C, agreeing well with the XRD results. It is worth
noting that the dopants, such as Ce3+, Eu2+, Tb3+ and Dy3+ ions

in our experiment do not influence the morphology of
Ca2Ba3(PO4)3Cl, which will not shown here.

Photo luminescence P rope r t i e s . Undoped
Ca2Ba3(PO4)3Cl. Under UV-light irradiation, a broad band
emission centered in the blue region can be observed when
Ca2Ba3(PO4)3Cl powder is exposed to a reducing atmosphere
(90%N2/10%H2). Figure 3 (line a) shows the photo-

luminescence excitation and emission spectra of the
Ca2Ba3(PO4)3Cl-90%N2/10%H2 sample. We can see that the
Ca2Ba3(PO4)3Cl-90%N2/10%H2 sample shows a strong
emission consisting of a broad band (360−600 nm) with a
maximum at 482 nm. The corresponding excitation spectrum
includes two broad bands: a strong broad band from 200 to 320
nm with a maximum at 254 nm and a weak band from 320 to
425 nm. However, no emission was observed for
Ca2Ba3(PO4)3Cl powder sintered in the air, as shown in Figure
3 (line b). In addition, the experiments were performed as a
function of reaction time and reducing gas flow rate. However,
the results indicate that the changes of the reducing time and
gas flow rate have no effect on the luminescence property.
Since neither the Ca2+/Ba2+ nor the PO4

3− group is able to
show luminescence, the observed blue luminescence from the
Ca2Ba3(PO4)3Cl-90%N2/10%H2 sample may be related to
some impurities and/or defects in the host lattice. Since no
literature concerning the self-activated luminescence of the
Ca2Ba3(PO4)3Cl sample can be found, we can only explain this
luminescence phenomenon according to the existing models
for other materials. Zhang et al. have reported that there exists
defect emission in the Ca5(PO4)3F host, which is arising from
CO2•− radical impurities in the crystal lattice, and the CO2•−
radical is produced by trisodium citrate (Cit3−) in the prepared
process.15 In our experiment, citric acid is also added as a
chelating agent. In order to exclude the influence of Cit3−, the
Ca2Ba3(PO4)3Cl-SS sample was prepared via a solid state
reaction with CaCl2, BaCl2·2H2O, and (NH4)H2PO4 as raw
materials. The obtained Ca2Ba3(PO4)3Cl-SS powder was also
exposed to a reducing atmosphere (90%N2/10%H2) under the
same conditions. Figure S2 (Supporting Information) shows
the photoluminescence excitation and emission spectra of the
Ca2Ba3(PO4)3Cl-SS sample treated in the reducing atmosphere.
It can be seen that a broad band emission was also observed

Figure 2 . The representa t i ve XRD pat te rns o f (a)
Ca2Ba3(PO4)3Cl:0.04Eu

2+, (b) Ca2Ba3(PO4)3Cl:0.02Ce
3+, (c)

Ca2Ba3(PO4)3Cl:0.15Tb
3+, and (d) Ca2Ba3(PO4)3Cl:0.007Dy

3+ sam-
ples. The XRD pattern of Ca2Ba3(PO4)3Cl is for comparison.

Figure 3. Photoluminescence excitation and emission spectra of (a)
Ca2Ba3(PO4)3Cl-90%N2/10%H2 and (b) Ca2Ba3(PO4)3Cl-air samples.
The inset shows the digital luminescence photograph of the
Ca2Ba3(PO4)3Cl-90%N2/10%H2 samples excited at 254 nm in a UV
box.
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similar to the product prepared by the sol−gel method. This
result indicates that the luminescence of Ca2Ba3(PO4)3Cl is not
due to the citric acid. The luminescence decay curve of the
Ca2Ba3(PO4)3Cl-90%N2/10%H2 sample with blue emission
shows a multiexponential decay (I(t) = A1 exp(−t/τ1) + A2
exp(−t/τ2) + I0) with a fast initial decay followed by a slow tail
as shown in Figure S3 (Supporting Information), in which a
dominant long decay time of 54.54 μs and a shorter decay time
of 2.74 μs were observed. The fact that we observe at least two
distinct luminescence decay processes points to two separate
structural defect locations where luminescence occurs in these
materials. Note that a very similar situation was reported by
Vogt and Park,8 who show that a family of anion ordered
oxyfluorides with the general composition Sr3−xAxMO4F (A =
Ca, Ba; M = Ga, Al) develop defect structures during exposure
to reducing gases. They suggest that defects responsible for
converting them into nonstoichiometric self-activating phos-
phors with the general formula Sr3−xAxMO4−αF1−δ, which
means two different defect clusters exist, one in the Sr2F

3+ layer,
the other in the Sr(AlO4)

3− block. The possible luminescence
mechanism of the Ca2Ba3(PO4)3Cl sample treated under
reducing conditions may be also attributed to two defect
clusters in the host lattice, one in A-O (A = Ca/Ba) groups, the
other in A-Cl (A = Ca/Ba) groups. Figure S4 (Supporting
Information) shows the EPR spectrum of the Ca2Ba3(PO4)3Cl-
90%N2/10%H2 sample. It can be observed that the
Ca2Ba3(PO4)3Cl-90%N2/10%H2 sample presents obvious
EPR bands. However, the Ca2Ba3(PO4)3Cl-air sample exhibits
no EPR signal (not shown here). This indicates that the
paramagnetic defects relating to the luminescence property
exist in the Ca2Ba3(PO4)3Cl-90%N2/10%H2 sample.7,8

Ca2Ba3(PO4)3Cl:Eu
2+/Ce3+. Broad band emitting rare earth

ions Eu2+ and Ce3+ have been widely studied due to their
unique emission properties, combining a broad emission
spectrum, relatively small Stokes shift, and short decay
times.16−19 In our experiment, Eu2+ and Ce3+ ions are doped
in the Ca2Ba3(PO4)3Cl host and exhibit excellent luminescence
properties.
The photoluminescence excitation and emission spectra of

the Ca2Ba3(PO4)3Cl:0.04Eu
2+ sample are shown in Figure 4a.

Monitored with 490 nm, the excitation spectrum consists of a
broad band from 200 to 450 nm with a maximum at 274 nm
due to transitions of Eu2+ from the 4f7 ground state to the
4f65d1 excited state.20 The Eu2+ ions have many excited states,
and consequently, they show unresolved broad excitation
spectra. The excitation spectrum shows that the excitation
wavelength can extend from 200 to 450 nm, which nearly
covers the whole UV region. Thus, it can be pumped by an
InGaN-based UV chip and might be used in white LEDs.
Under 274 nm UV-light irradiation, Ca2Ba3(PO4)3Cl:0.04Eu

2+

shows a strong, asymmetric, broad band from 400 to 600 nm
with a maximum wavelength at about 490 nm, which all can be
ascribed to the 4f65d1 → 4f7 allowed transition of Eu2+. The
asymmetric emission band from 400 to 600 nm can be
deconvoluted into two Gaussian components peaking at 509
nm (I1) and 466 nm (I2), respectively, which are shown in
Figure 4b. The two emission bands are due to the fact that
there is more than one emitting center in the Ca2Ba3(PO4)3Cl
lattice. As discussed earlier, there are two cations available for
Eu2+: the M(I) and the M(II) sites.

15,21 According to the equation
E(cm−1) = Q*[1 − (V/4)1/V × 10−(nEar)/80],22 it can be deduced
that the first band centered at 509 nm is due to the 4f65d1 →
4f7 emission of the Eu2+ ion occupying the M(II) site with CS

symmetry and seven-coordination, and the second band
centered at 466 nm is attributed to the 4f65d1 → 4f7 emission
of the Eu2+ ion occupying the M(I) site with C3 symmetry and
nine-coordination. The CIE chromaticity coordinates for the
Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample under 274 nm UV excitation
are (0.163, 0.344), and its luminescence photograph is shown
in Figure 4a. It can be seen that the Eu2+ doped
Ca2Ba3(PO4)3Cl sample shows bright cyan emission. Generally
speaking, the defect is not in favor of luminescence. As the
Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample has similar emission proper-
ties to the Ca2Ba3(PO4)3Cl−N2/H2 sample, their PL properties
are studied under the same test conditions, shown in Figure S5
(Supporting Information). It can be seen that the
Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample has a wider excitation
range, and its emission intensity is far higher than the defect
luminescence. So the defect luminescence in the
Ca2Ba3(PO4)3Cl:Eu

2+ sample can be ignored. The results
confirmed that the cyan emission really comes from the 4f65d1

→ 4f7 transition of Eu2+ ions. Moreover, the PL emission
spectrum in the full range (300−800 nm) only shows the broad
emission from the 4f65d1 → 4f7 transition of Eu2+ ions,
indicating that there is no change of oxidation state of Eu2+

ions. Figure S6a (Supporting Information) shows the variation
of PL intensity of Ca2Ba3(PO4)3Cl:xEu

2+ samples with the Eu2+

concentration (x) under 318 nm UV excitation. At first, the PL
emission intensity of Eu2+ increases with the increase of its
concentration (x), reaching a maximum value at x = 0.04 and

Figure 4. (a) Typical photoluminescence excitation and emission
spectra of the Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample. The inset shows its
digital luminescence photograph excited at 254 nm in a UV box. (b)
The emission spectrum of Ca2Ba3(PO4)3Cl:0.04Eu

2+ under λex = 274
nm and its Gaussian components at 509 nm (I1), 466 nm (I2),
respectively.
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then decreasing with a further increase of its concentration (x)
due to the concentration quenching effect. 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
luminescence intensity.23 It was found that the energy transfer
between inequivalent Eu2+ centers occurred at a Eu2+

concentration above 1%, which is consistent with the fact
that the optimum concentration of Eu2+ is 4%.24 The PL
quantum efficiencies for the Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample
can reach up to 72% and 61% under the excitation of 274 and
365 nm, respectively. The decay curves of Eu2+ in
Ca2Ba3(PO4)3Cl:xEu

2+ samples are well fitted with a double-
exponential function, consistent with the fact that there exist
two kinds of Eu2+ luminescence center. Figure S6b (Supporting
Information) gives the decay curve of the representative
Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample and the lifetimes of the Eu2+

ion in Ca2Ba3(PO4)3Cl:xEu
2+ (x = 0.01−0.08) samples with

different Eu2+ doping concentrations. As the Eu2+ doping
concentration increases, the lifetime of Eu2+ gradually
decreases, which may be mainly due to the energy transfer
between two adjacent Eu2+ ions. However, the energy transfer
is not the only factor. As the ion radius of Eu2+ and Ca2+ is
different, the crystal structure distortion becomes more serious
with an increase in the Eu2+ doping concentration, which would
quench the luminescence and cause the lifetime to shorten.
Figure 5 shows the photoluminescence excitation and

emission spectra of Ca2Ba3(PO4)3Cl:0.016Ce
3+ monitored

with different wavelengths and its luminescence photograph
under the excitation of the 254 nm UV lamp. It can be seen that
the Ce3+ doped Ca2Ba3(PO4)3Cl sample exhibits bright blue
emission due to the 5d1 → 4f1 transition of Ce3+. It is noted
that the emission spectra profiles are different when the
phosphor is excited with different wavelength lights; the
excitation spectra are also different under different wavelength
light monitoring. The characteristic broad emission bands of
Ce3+ are observed upon the excitation of both 274 and 314 nm.
Their emission maxima are obviously different and are located
at about ∼363 and ∼373 nm, respectively. The excitation
spectra have identical profiles on the short-wavelength side
(below ∼290 nm), containing three absorption bands marked
A (∼ 224 nm), B (∼ 250 nm), and C (∼ 274 nm). However,

the excitation spectrum recorded by monitoring the emission of
373 nm contains a stronger shoulder band D at ∼314 nm than
that recorded by monitoring the emission of 363 nm. The
profile differences of both emission spectra and excitation
spectra are more distinct with the increasing concentration of
Ce3+. Figure S7a (Supporting Information) shows the
excitation spectra of Ca2Ba3(PO4)3Cl:yCe

3+ with y = 0.004,
0.016, and 0.10 by monitoring with the emission of 373 nm.
These spectra were normalized to the intensities of their
strongest absorptions. Compared with the excitation spectrum
monitored with 363 nm, the PLE intens i ty of
Ca2Ba3(PO4)3Cl:Ce

3+ samples at 314 nm in the excitation
spectrum monitored with 373 nm had an enhancement with
respect to that at 274 nm. These indicate that the absorption
bands A−D in Figure 5 derive from different Ce3+ sites. The
profile changes in the emission and excitation spectra (Figures
5 and S7a) are attributed to the presence of two different Ce3+

luminescence centers. In addition, the full width at half
max imum (abou t 100 nm , 10 5 cm− 1 ) o f t h e
Ca2Ba3(PO4)3Cl:Ce

3+ sample is broader, which is also
consistent with the result of two crystallographic positions for
Ce3+ ions. Similar to Eu2+, the two luminescence centers are
related to the crystal structure of Ca2Ba3(PO4)3Cl, which
provides two different sites for the cations in it, as discussed
earlier, i.e., M(I) located at the 4f (C3) site resulting in the
emission at ∼360 nm and M(II) at the 6h (CS) site resulting in
the emission at ∼373 nm.15,21,22 Furthermore, from the
normalized emission spectrum in Figure S7b and c (Supporting
Information), upon the 274 and 314 nm excitation, the
emission maxima shift from ∼360 to ∼378 nm and from ∼370
to ∼390 nm, respectively, with the doping concentration
increasing from 0.004 to 0.10. This may be a result from the
entrance of more Ce3+ ions into 6h or 4f sites and the change of
Ca2Ba3(PO4)3Cl crystal field at a high doping concentration.
Table S1 (Supporting Information) gives the absolute quantum
yields of Ca2Ba3(PO4)3Cl:yCe

3+ (y = 0.004, 0.012, 0.016, 0.03,
0.05, 0.07) samples. The highest quantum yield among the
samples can reach 67% with the CIE chromaticity coordinates
(0.166, 0.059).
The systems containing Ce ions always have the Ce3+/Ce4+

redox system. X-ray photoelectron spectra (XPS) analysis25,26

was carried out to understand the changes in the valence
chemistry and binding energy of constituent elements. Figure
S8 (Supporting Information) shows the deconvoluted XPS
spectrum for Ce (3d) in the Ca2−xBa3(PO4)3Cl:0.012Ce

3+

sample. XPS results indicate that Ce is in mixed valence states
of 3+ (880.40, 885.5, 898.81, 903.7 ± 0.7 eV) and 4+ (882.7,
888.96, 898.2, 901.3, 907, 916.7 ± 0.7 eV). In the figure, I2, I4,
and I7 peaks are attributed to Ce3+, while I1, I3, I5, I6, and I8 are
the characteristic peaks of Ce4+ ions. A semiquantitative analysis
of the integrated peak area can provide the concentration of
Ce3+ ions. It can be calculated as27

=
+ +
∑

+Ce
A A A

A
[ ]

i

3 2 4 7

where Ai is the integrated area for peak “i”. The concentration
of Ce3+ ions is calculated to be 36.8%.

Ca2Ba3(PO4)3Cl:Dy
3+/Tb3+/Ce3+, Tb3+. Most trivalent rare

earth ions (with Ce3+ as the major exception) yield a set of
relatively narrow emission lines, due to internal 4fn−4fn
transitions, which are hardly affected by the host compound.
The host plays some role in the emissive properties of these

Figure 5. Photoluminescence excitation and emission spectra of the
Ca2Ba3(PO4)3Cl:0.016Ce

3+ sample. The inset shows its digital
luminescence photograph excited at 254 nm in a UV box.
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4f−4f emitters, as it influences the relative strength of the
emission lines (via selection rules associated with the local
symmetry), the crystal field dependent splitting of the emission
lines, and the quantum efficiency (through the presence of
nonradiative pathways and the thermal quenching behavior).
Dy3+ and Tb3+ ions, as trivalent rare earth ions, are always used
as efficient yellow-white and blue-green light emissive
activators, respectively.
Figure 6 shows the photoluminescence excitation and

emission spectra of Ca2Ba3(PO4)3Cl:mDy
3+. The emission

spectrum of Dy3+ under the excitation of 350 nm wavelength is
dominated by two main groups of emission in the blue region
with a maximum at 482 nm and the yellow region with a
maximum at 574 nm. These emissions correspond to the
transitions from 4F9/2 to 6H15/2 and 6H13/2 of Dy3+,
respectively.28 There are a series of sharp excitation peaks
from 300 to 500 nm in the excitation spectrum of
Ca2Ba3(PO4)3Cl:mDy

3+, which centered at 325, 350, 365,
388, 427, 452, and 474 nm come from 4f−4f transitions of the
Dy3+ ion, which are attributed to 6H15/2 → 6P3/2,

6H15/2 →
6P7/2,

6H15/2 → 6P5/2,
6H15/2 → 4 M21/2,

6H15/2 → 4G11/2,
6H15/2→

4I15/2, and
6H15/2 → 4F9/2, respectively.

28,29 These
excitation peaks are located at the excitation range of near-UV
LED. So the Ca2Ba3(PO4)3Cl:Dy

3+ sample may be suitable for
near-UV LED devices. The PL intensity of the
Ca2Ba3(PO4)3Cl:mDy

3+ samples as a function of Dy3+ doping
concentration is shown in Figure S9 (Supporting Information).
The doping concentration of Dy3+ in the Ca2Ba3(PO4)3Cl host
is optimized in our experiments to be 0.7 mol %. Because the
f−f absorption transitions of Dy3+ ions are forbidden transitions
and are difficult to pump, the absolute quantum yield is low. In
our experiment, the absolute quantum yield of the
Ca2Ba3(PO4)3Cl:0.007Dy

3+ sample only reaches 5% under
the excitation of 355 nm.
For the Tb3+ ion, it has a low-energy ground state 7Fj (j = 6,

..., 0) and excited states 5D3 and 5D4. Generally, with a low
doping concentration of Tb3+ in the host matrix, the transitions
of 5D3 to

7Fj dominate and produce the blue emissions. As the
Tb3+ concentration increases, the cross relaxation from 5D3 to
5D4 occurs owing to the interaction between Tb3+ ions, which
enhances the transitions of 5D4 to

7Fj with a green emission.5

Figure 7 shows the PL spectra of the Ca2Ba3(PO4)3Cl:zTb
3+ (z

= 0.004, 0.012, 0.02) samples. The excitation spectra of the

three samples all show a strong absorption band from 200 to
250 nm with a maximum at 228 nm, and a weak band with a
maximum at 264 nm. The former is related to the spin-allowed
4f8 → 4f75d1 (ΔS = 0) transition of Tb3+, and the latter is due
to the spin-forbidden 4f8→4f75d1 (ΔS = 1) transition. The
energy difference of the two bands is about 5980 cm−1, agreeing
well with the value (6000 cm−1) in the literature.30 Besides the
two absorption bands, there are some weak line absorptions in
the excitation spectra from 300 to 500 nm, which are due to the
intra-(4f) transitions of Tb3+ ions. Under 228 nm UV
excitation, the emission spectra of the Ca2Ba3(PO4)3Cl:zTb

3+

(z = 0.004, 0.012, 0.02) samples all consist of 5D3,4 → 7Fj
transitions of Tb3+, as shown in Figure 7. It can be seen that the
emission spectra show different ratios between the 5D3 and the
5D4 emissions with changing Tb3+ concentrations. The
emission spectrum for low Tb3+ concentration (z = 0.004;
Figure 7a) consists of transitions from both the 5D3 and

5D4
levels. With an increase in the Tb3+ doping concentration (z =
0.012, 0.02; Figure 7b and c), the emissions from 5D3 →

7Fj
transitions are quenched gradually by the cross-relaxation
process between neighboring Tb3+ ions. For the Tb3+ ion, the
energy gap between the 5D3 and 5D4 levels is close to that
between the 7F6 and 7F0 levels. As a result, if the Tb3+

concentration is high enough, the high energy level emission
can be easily quenched in favor of the lower energy level
emission, i.e., Tb3+ (5D3) + Tb3+ (7F6) → Tb3+ (5D4) + Tb3+

(7F0), accompanied by an enhancement of the emission from
the 5D4 level.

5 The PL intensity of the Ca2Ba3(PO4)3Cl:zTb
3+

samples as a function of the Tb3+ doping concentration is
shown in Figure S10 (Supporting Information). The doping
concentration of Tb3+ in the Ca2Ba3(PO4)3Cl host is optimized
in our experiments to be 1.5 mol %. The concentration
quenching effect is similar to that of Ce3+, Eu2+, and Dy3+ ions
in the Ca2Ba3(PO4)3Cl host.
Although the Ca2Ba3(PO4)3Cl:Tb

3+ samples have excellent
photoluminescence properties, the major problem with trans-
ferring these materials to LED applications is the lack of
efficient, broad band excitation paths in the near-UV to blue
part of the spectrum, where the 5d levels and some charge
transfer states (CTS) are generally situated.31,32 Moreover, the
excitation spectrum can also be extended toward longer
wavelengths by sensitizing through the appropriate addition
of codopants. The Ce3+ ion is a well-known sensitizer for
trivalent rare earth ions, especially for the Tb3+ ion, and the
sensitizing effects depend strongly on the host lattices into

Figure 6. Photoluminescence excitation and emission spectra of the
Ca2Ba3(PO4)3Cl:0.007Dy

3+ sample.

Figure 7. Photoluminescence excitation and emission spectra of
Ca2Ba3(PO4)3Cl:zTb

3+: (a) z = 0.004, (b) z = 0.012, and (c) z = 0.02.
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which these ions are introduced.33 In our experiment, the Tb3+

can also be well sensitized by Ce3+, because the emission band
of Ce3+ in the range of 300−450 nm overlaps with the
excitation peaks of Tb3+ at 300−500 nm, as shown in Figure
S11 (Supporting Information). A typical excitation and
emission spectrum for a sample with composition
Ca2Ba3(PO4)3Cl:0.015Ce

3+,0.01Tb3+ is shown in Figure 8a.

The excitation spectrum monitored with 5D4 →
7F5 emission

(544 nm) of the Tb3+ ion not only shows the absorption band
of the Tb3+ ion at 228 nm but also the strong absorption broad
band of the Ce3+ ion centered at 314 nm. The presence of the
Ce3+ excitation band suggests energy transfer from Ce3+ to
Tb3+. Upon excitation into the Ce3+ absorption band, the
Ca2Ba3(PO4)3Cl:0.015Ce

3+,0.01Tb3+ sample simultaneously
shows the blue emission of Ce3+ and the green emission of
Tb3+. In addition, upon excitation into the Ce3+ absorption
b a n d , t h e C e 3 + e m i s s i o n i n t e n s i t y o f
Ca2Ba3(PO4)3Cl:0.015Ce

3+,zTb3+ (z = 0.01, 0.02, 0.06)
samples (Figure 8b) decreases with the increase of Tb3+

concentration (z, mol %), which further confirms the existence
of energy transfer from Ce3+ to Tb3+. Table S1 (Supporting
Information) gives the absolute quantum yields of
Ca2Ba3(PO4)3Cl:0.015Ce

3+,zTb3+ samples, which enhance
with an increase in the Tb3+ doping concentration and reach
a maximum at z = 0.02. In view of the Ce3+ → Tb3+ energy
transfer in the Ca2Ba3(PO4)3Cl host, the emission colors of
Ca2Ba3(PO4)3Cl:0.015Ce

3+,zTb3+ (z = 0, 0.005, 0.01, ..., 0.06)
samples can be tuned from blue to green by changing the
doping concentration of the Tb3+ ion.

In order to investigate the luminescence dynamics of the
samples, we measured the PL decay curves of Ce3+ and then
calculated the lifetime as well as energy transfer efficiencies
from Ce3+ to Tb3+, as shown in Figure S12 (Supporting
Information). The decay curves of Ce3+ ions can be well fitted
to a double-exponential function as I(t) = A1 exp(−t/τ1) +
A2exp(−t/τ2) + I(0) with a higher goodness fit shown in Figure
S12a, which is due to the two different luminescence centers
existing in the Ca2Ba3(PO4)3Cl host, as mentioned previ-
ously.15,21,22 The average luminescence lifetime of the Ce3+ ion
is calculated to be 43.61 ns, using the formula τ = (A1τ1

2 +
A2τ2

2)/(A1τ1 +A2τ2). With the increase of the Tb3+ doping
concentration, the decay of the Ce3+ ions becomes faster and
faster attributed to the energy transfer from the Ce3+ to Tb3+

ions, as shown in Figure S12b (Supporting Information). The
average lifetimes of Ce3+ as a function of different Tb3+

concentrations were calculated and are shown in Figure S10c
(black line, Supporting Information). In addition, the energy
transfer efficiency from Ce3+ to Tb3+ was also investigated.
Generally, the energy transfer efficiency from a sensitizer to
activator can be expressed as the equation ηT = 1 − τS/τS0
(where τS0 and τS are the lifetime of the Ce

3+ sensitizer in the
absence and presence of Tb3+ ions, respectively).34 The ηT from
Ce3+ to Tb3+ increased with increasing Tb3+ doping
concentrations, as shown in Figure S12c (olive line, Supporting
Information). The above results indicate that the energy
transfer from Ce3+ to Tb3+ is efficient.
Generally, there are two main aspects responsible for the

resonant energy-transfer mechanism: one is exchange inter-
action and the other is multipolar interaction.35 It is known that
if energy transfer results from the exchange interaction, the
critical distance between the sensitizer and activator should be
shorter than 4 Å.35 In many cases, concentration quenching is
due to energy transfer from one activator to another until an
energy sink in the lattice is reached.36 The critical distance RC
for energy transfer from the Ce3+ to Tb3+ ions can be calculated
using the concentration quenching method. According to
Blasse,37 the critical distance RC can be expressed by

π
=

⎛
⎝⎜

⎞
⎠⎟R

V
X N

2
3

4C
C

1/3

where N is the number of available sites for the dopant in the
unit cell, XC is the total concentration of Ce3+ and Tb3+, and V
is the volume of the unit cell. For the Ca2Ba3(PO4)3Cl host, N
= 10 and V = 654.934 Å3. The critical concentration XC, at
which the luminescence intensity of Ce3+ is half of that with the
absence of Tb3+, is about 0.035. Therefore, the critical distance
(RC) of energy transfer was calculated to be about 15.29 Å. The
radiative emission from Ce3+ prevails when RCe−Tb > RC and
energy transfer from Ce3+ to Tb3+ dominates when RCe−Tb <
RC. This value is much longer than 4 Å, indicating little
possibility of energy transfer via the exchange interaction
mechanism. Thus, the energy transfer between the Ce3+ and
Tb3+ ions mainly takes place via electric multipolar interactions.
On the basis of Dexter’s energy transfer expressions of
multipolar interaction and Reisfeld’s approximation, the
following relation can be given as35−37

η
η

∝ CnS0

S

/3

(1)

where ηS0 and ηS are the luminescence quantum efficiencies of
Ce3+ in the absence and presence of Tb3+, respectively, and C is

Figure 8. (a) Representative photoluminescence excitation and
emission spectra of the Ca2Ba3(PO4)3Cl:0.015Ce

3+,0.01Tb3+ sample.
(b) The emission spectra of Ca2Ba3(PO4)3Cl:0.015Ce

3+,zTb3+ (z =
0.01, 0.02, 0.06) samples as a function of Tb3+ doping concentration
(z, mol %).
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the total doping concentration of the Ce3+ and Tb3+ ions; eq 1
with n = 6, 8, and 10 corresponds to dipole−dipole, dipole−
quadrupole, and quadrupole−quadrupole interactions, respec-
tively. The value of ηS0/ηS can be approximately estimated from
the related ratio of the lifetime (τS0/τS). Thus, eq 1 can be
represented by the following equation:

τ
τ

∝ CnS0

S

/3

(2)

The relationships of τS0/τS ∝ Cn/3 are illustrated in Figure S13
(Supporting Information), in which a linear behavior was
observed only when n = 8, implying that energy transfer from
Ce3+ to Eu2+ occurs via a dipole−quadrupole interaction.
Therefore, the electric dipole−quadrupole interaction predom-
inates in the energy transfer mechanism from the Ce3+ and
Tb3+ ions in the Ca2Ba3(PO4)3Cl host. Considering the
dipole−quadrupole interaction, the critical distance formula
sensitizer to an acceptor is given by the spectral overlap
method. Hence, RC can be obtained from the formula35−38

∫λ= ×R f
f E F E

E
E3.024 10

( ) ( )
dc

8 12
S
2

q
S A

4 (3)

where fq is the oscillator strength of the involved absorption
transition of the acceptor (Tb3+), λS (in Å) is the wavelength
position of the emission of the sensitizer, E is the energy
involved in the transfer (in eV), and ∫ f S(E)F

A(E) dE/E4

represents the spectral overlap between the normalized shapes
of the Ce3+ emission f S(E) and the Tb3+ excitation FA(E), and
in our case it is calculated to be about 0.031 eV−4. However, the
oscillator strength of the Tb3+ quadrupole transitions ( fq) has
not yet been obtained.39 It is suggested by Verstegen et al. that
the ratio fq/fd is about 10−2 to 10−3 when fd applies to a
forbidden dipole transition.40 Using λS = 3750 Å, fq = 10−2 to
10−3fd, fd of the Tb3+ transition is 0.3 × 10−6, and the critical
distance (RC) is calculated to be 12.22−16.30 Å for the dipole−
quadrupole interaction. This result is in good agreement with
that obtained using the concentration quenching method,
which further reveals that the mechanism of energy transfer
from the Ce3+ to Tb3+ ions is mainly due to a dipole−
quadrupole interaction.
Cathodoluminescence Properties. In order to explore

the potential of the as synthesized Ca2Ba3(PO4)3Cl:Eu
2+/Ce3+/

Dy3+/Tb3+ samples to be used as CL materials, their CL
properties have been investigated in detail. Figure 9 shows the
representative CL spectrum of the Ca2Ba3(PO4)3Cl:0.04Eu

2+

sample. The samples with different Eu2+ ion doping
concentrations have the same spectrum with the
Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample, and their CL spectra profiles
are similar to their PL spectra. Under the low voltage electron
beam excitation, the pure Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample
gives bright cyan emission, whose emission spectrum consists
of a broad band (400−600 nm) centered at 490 nm due to the
4f65d1→ 4f7 transition of Eu2+. The cyan emission of
Ca2Ba3(PO4)3Cl:0.04Eu

2+ can be determined by its lumines-
cence photograph inserted in Figure 9 and its CIE coordinates
(0.158, 0.292) calculated through its CL spectrum. It is known
that the color gamut for FED phosphors is determined by the
location of their CIE chromaticity coordinates, which are
typically made up of a triangle enclosed by three CIE
chromaticity coordinate points, namely, 0.647 and 0.343 for
red Y2O2S:Eu

3+, 0.298 and 0.619 for green ZnS:Cu,Al, and
0.146 and 0.056 for blue ZnS:Ag.41 Accordingly, some novel

phosphors with their CIE chromaticity coordinates located out
of the above triangle area can enlarge the color gamut of those
tricolor phosphors and could improve the display quality of full-
color FEDs. As shown in the CIE coordinate diagram inserted
in Figure 9, the Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample just accords
with that requirement. Accordingly, if the cyan light-emitting
Ca2Ba3(PO4)3Cl:0.04Eu

2+ was added as an additional phosphor
of the typical tricolor FED phosphors (as mentioned above),
the chromaticity gamut and color saturation would be
enhanced, which is favorable for improving the display quality
of full-color FEDs.
For Ce3+ ion doped Ca2Ba3(PO4)3Cl samples, their CL

spectra are presented in Figure 10. Under the low voltage

electron beam excitation, pure Ca2Ba3(PO4)3Cl:yCe
3+ (y =

0.008, 0.012, 0.02, 0.05, 0.06, 0.10) samples give a bright blue
emission, whose emission spectrum consists of a broad band
ranging from 320 to 450 nm due to the 5d1→4f1 transition of
Ce3+. The blue emission of Ca2Ba3(PO4)3Cl:0.012Ce

3+ can also
be determined by its CIE coordinates (0.172, 0.094) calculated
through its CL spectrum. Note that the samples with different
Ce3+ ion doping concentrations have similar CL spectra profiles
to their corresponding PL properties. This phenomenon
further confirmed that there exist two cationic sites occupied
by Ce3+ ions. With increasing the doping concentration of Ce3+,

Figure 9. The typical cathodoluminescence (CL) spectrum of the
Ca2Ba3(PO4)3Cl:0.04Eu

2+ sample; the inset shows its digital CL
photograph and CIE chromaticity diagram.

Figure 10. The typical CL spectra of the Ca2Ba3(PO4)3Cl:yCe
3+ (y =

0.008, 0.012, 0.02, 0.05, 0.06, 0.10) samples; the inset shows the digital
CL photograph and CIE chromaticity diagram.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3025759 | Inorg. Chem. 2013, 52, 3102−31123109



more Ce3+ ions substitute for the M(II) site in the
Ca2Ba3(PO4)3Cl host lattice, resulting in the longer wavelength
emission.
For Dy3+ ion doped Ca2Ba3(PO4)3Cl samples, they have

strong cathodoluminescence intensities. Figure 11 shows the

CL spectrum and digital luminescence photograph of
Ca2Ba3(PO4)3Cl:0.007Dy

3+. Similar to its PL spectrum, its
CL spectrum is dominated by two main groups of emission in
the blue region with a maximum at 482 nm and the yellow
region with a maximum at 574 nm, and a yellow-green light was
obtained.
F i g u r e 1 2 a i l l u s t r a t e s t h e CL s p e c t r a o f

Ca2Ba3(PO4)3Cl:zTb
3+ (z = 0.004, 0.008, ..., 0.15) samples

excited with a low voltage electron beam. The CL spectra
consist of several emission peaks in the 380−700 nm range, and
the blue emission coming from the 5D3 → 7Fj (j = 2, 3...6)
transitions of Tb3+ was more intense than the green emissions.
Compared to their PL spectra, the emission peaks at 380, 420,
and 440 nm were more prominent in the CL emission spectra.
A similar phenomenon has been found in LiAl5O8:Tb

3+ and
Sr3(PO4)2:Tb

3+ phosphors.42 It is well-known that the Tb ion
can emit blue radiation if (a) the concentration quenching of
the 5D3 emission is low, (b) there is a weak multiphonon 5D3
→ 5D4 relaxation (a low phonon cutoff), and (c) the specific
energy position of the 4f7→ 5d1 state minimum is lying above
the 5D3 state.43 Usually, the 5D3 state is sensitive to the
concentration of the Tb3+ ions due to the cross relaxation
process between 7F6 → 7F0 and 5D3 → 5D4 transitions, and
therefore the blue emission is absent in materials with heavy Tb
ion doping. However, the blue emitting 5D3 level can be
populated using high energy excitation such as cathode rays.44

The 5D3 → 7Fj transitions require assistance from low
frequency phonons of the host matrix. In addition, the energy
position of the 4f75d1 must be blue-shifted to allow population
of the 5D3 state by a direct nonradiative relaxation process, as
the configurational coordinate model shown in Figure 12b.
Therefore , under e lectron beam exci ta t ion , the
Ca2Ba3(PO4)3Cl:Tb

3+ samples show strong blue luminescence.
For purposes of comparison, the CL emission spectra of

commercial blue phosphor Y2SiO5:Ce
3+ and the as prepared

samples Ca2Ba3(PO4)3Cl:Ce
3+ and Ca2Ba3(PO4)3Cl:Tb

3+ are
shown in Figure S14 (Supporting Information). The
commercial blue phosphor Y2SiO5:Ce

3+ shows broadband

emission with maxima at 405 nm, and its corresponding CIE
coordinates are determined to be (0.159, 0.063). Their
luminescent photographs are also shown in Figure S14. For
CL, the efficiency of a luminescent material includes the radiant
efficiency (η) and the luminous efficiency (L, brightness),5

which can be compared roughly by their emission peak areas
(integrated luminescence intensity) and the CL intensity (in
height), respectively. It can be seen from Figure S14 that the
value of L for the as prepared sample Ca2Ba3(PO4)3Cl:Ce

3+ can
reach up to 60% of the commercial phosphor Y2SiO5:Ce

3+.
Moreover, the CIE coordinates (emission color) of
Ca2Ba3(PO4)3Cl:Ce

3+ are more saturated than those of
Y2SiO5:Ce

3+, which is more advantageous to full color field
emission display.
The no rma l i z ed CL emi s s i on i n t en s i t i e s o f

Ca2Ba3(PO4)3Cl:0.04Eu
2+, Ca2Ba3(PO4)3Cl:0.016Tb

3+, and
Ca2Ba3(PO4)3Cl:0.007Dy

3+ as a function of the accelerating
voltage and the filament current are shown in Figure S15
(Supporting Information). When the filament current is fixed at
90 mA, the CL intensity increases on raising the accelerating
voltage from 2.0 to 5.0 kV (Figure S15a). Similarly, under a 4.0
kV electron beam excitation, the CL intensity also increases
with increasing the filament current from 84 to 92 mA (Figure
S15b). There is no obvious saturation effect for the CL
intensity of these samples with the increase of current density

Figure 11. The typical CL spectra of the Ca2Ba3(PO4)3Cl:0.007Dy
3+.

The inset shows its digital CL photograph and CIE chromaticity
diagram.

Figure 12. (a) CL spectra of Ca2Ba3(PO4)3Cl:zTb
3+ (z = 0.004, 0.008,

..., 0.15) samples (accelerating voltage = 3.0 kV, filament current = 90
mA). (b) The configurational coordinate model for the observed green
and blue CL emission.
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and accelerating voltage. The increase in CL brightness with an
increase in electron energy and filament current is attributed to
the deeper penetration of the electrons into the phosphor body
and the larger electron-beam current density. The electron
penetration depth can be estimated using the empirical formula
L (Å) = 250(A/ρ)(E/Z1/2)n, where n = 1.2/(1 − 0.29 log Z), A
is the atomic or molecular weight of the material, ρ is the bulk
density, Z is the atomic number or the number of electrons per
molecule in the case of compounds, and E is the energy of the
accelerating electron (eV).45 The higher the accelerating
voltage and filament current, the larger the energy of the
accelerating electron and the deeper the penetration depth. For
CL of the above samples, the Eu2+, Tb3+, and Dy3+ ions are
excited by the plasma produced by the incident electrons. The
deeper the electron penetration depth, the more plasma will be
produced, which results in more activator ions being excited,
and thus the CL intensity increases.
The degradation properties of phosphors are very important

for FED application. Thus, we also investigated the degradation
behavior of the as prepared samples under low voltage electron
beam excitation. Figure S16 (Supporting Information) shows
the decay behavior of the CL intensity of representative
Ca2Ba3(PO4)3Cl:0.04Eu

2+, Ca2Ba3(PO4)3Cl:0.016Tb
3+, and

Ca2Ba3(PO4)3Cl:0.007Dy
3+ samples under continuous electron

beam bombardment with an accelerating voltage = 3.0 kV and a
filament current = 90 mA. The CL peaks are almost the same as
those before electron bombardment. However, the CL intensity
of the studied sample continually decreases with prolonging the
electron bombardment time. After continuous electron
radiation for 60 min, the CL intensities of the
Ca2Ba3(PO4)3Cl:0.04Eu

2+, Ca2Ba3(PO4)3Cl:0.016Tb
3+, and

Ca2Ba3(PO4)3Cl:0.007Dy
3+ samples fell to 50%, 49%, and

30% of the initial value, respectively. This degradation of CL
intensity may be due to the accumulation of carbon at the
surface during electron bombardment.46,47 The accumulation of
graphitic carbon during electron-beam exposure at high current
densities is a well-known effect. This carbon contamination will
prevent low-energy electrons from reaching the phosphor
grains and also exacerbate surface charging and thus lower the
CL intensity. In addition, the stability of the as prepared Eu2+,
Tb3+, and Dy3+ doped Ca2Ba3(PO4)3Cl samples is much worse
than other phosphors with apatite structure,12,48 which may be
due to the Cl ion in the Ca2Ba3(PO4)3Cl host being unstable
under the low voltage electron excitation and the defect
structure forms. Moreover, after stopping the bombardment for
a while, the CL intensity could not return to the initial value,
indicating that permanent damage to the phosphor had
occurred, which also results in the decrease of CL intensity.

■ CONCLUSIONS
In conclusion, self-activated Ca2Ba3(PO4)3Cl and rare earth ion
(Eu2+/Ce3+/Dy3+/Tb3+) activated Ca2Ba3(PO4)3Cl phosphors
have been prepared via a Pechini sol−gel method. Their PL and
CL properties were investigated in detail. The undoped
Ca2Ba3(PO4)3Cl sample after being reduced shows broad
band photoluminescence when excited by 254 nm UV light
after being reduced, which may be due to two defect clusters in
the host lattice, one in A-O (A = Ca/Ba) groups, the other in
A-Cl (A = Ca/Ba) groups. With Eu2+ or Ce3+ ions doped into
the Ca2Ba3(PO4)3Cl host, broad band emissions with cyan light
for Eu2+ ion and blue light for Ce3+ ion were observed under
the UV light excited due to their respective 5d → 4f transitions.
Moreover, the Dy3+ or Tb3+ ion doped Ca2Ba3(PO4)3Cl

phosphors presented line emissions due to their 4f → 4f
transitions. In addition, Ce3+ as an effective sensitizer can also
transfer energy to Tb3+. The energy transfer mechanism of Ce3+

→ Tb3+ has been demonstrated to be a resonant type via a
dipole−quadrupole interaction. On the other hand, under the
excitation of a low voltage electron beam, Eu2+, Ce3+, Dy3+, or
Tb3+ ion doped Ca2Ba3(PO4)3Cl samples all show excellent
cathodoluminescence properties. The CL spectra of
Ca2Ba3(PO4)3Cl :Eu2+ , Ca2Ba3(PO4)3Cl :Ce3+ , and
Ca2Ba3(PO4)3Cl:Dy

3+ samples are similar to their PL spectra.
However, the CL properties for Ca2Ba3(PO4)3Cl:Tb

3+ samples
are different from their PL properties, which are attributed to
the different excitation mechanism. Our study on photo-
luminescence and cathodoluminescence properties of
Ca2Ba3(PO4)3Cl doped with rare earth ions (Eu2+/Ce3+/
Dy3+/Tb3+) has shown that these materials might be candidates
for solid-state lighting and field-emission displays.
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