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Abstract In this study, the co-precipitation method was
adopted to synthesize red phosphor CaO: Eu®". Sodium
carbonate was chosen as the precipitator, and sodium
dodecylbenzensulfonate as the surfactant. The structure,
morphology, and spectroscopic properties of the samples
were characterized by XRD, laser particle size analyzer,
SEM, FT-IR, Raman, UV-Vis and PL-PLE spectra,
respectively. The results indicated that the Eu’" ion
inhabited the site of Ca*" as the luminescent center, and
the crystal structure of cubic CaO remained unchanged.
The particle size of the obtained product was 0.5-2 um
with smooth surface. There was a main intense band with a
maximum at 250 nm, which was attributed to the charge
transfer transition of Eu>"™-O%" and the maximum emission
wavelength is 592 nm, corresponding to magnetic dipole
transitions Dy — 'F; of Eu" in the excitation spectrum.

Introduction

Rare-earth ions as special luminescent center were doped
into different hosts, have been widely used, such as
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lighting, information display, and optoelectronics technol-
ogy. Eu*™ ion is an especially important activator for red
phosphors which has been extensively studied for years
[1, 2], because the visible emission of Eu’* ion in 4f shell
is insensitive to the influence of the surroundings due to the
shielding effect of 5s, 5p electron [3].

More recently, the alkaline earth oxides as hosts for
trivalent europium ions, which substitute alkaline earth
ions readily into the lattice, exert further interest in their
fundamental properties. Also, because of good luminescent
characteristics and chemical stability in vacuum, the oxide-
based phosphors attracted extensive attention. It seems to
be a good potential choice for the field emission display
(FED) red phosphor [4]. The CaO: Eu" is expected to act
as one of the most promising red luminescent materials [5].
However, it has been simply synthesized through the tra-
ditional high-temperature solid-state method. The product
prepared by this method is mostly with either irregular
morphology or agglomerate with serious reunion and high
hardness, which affects the luminescence efficiency of the
phosphors during the later milling.

As we know different material preparation methods
have some important effects on material microstructure and
physical properties. The chemical solution technique has
the unique advantages over the high-temperature solid-
state method such as high purity, fine particles, and
homogeneity in atomic size level. Among the chemical
solution technique, the co-precipitation technique has been
widely adopted because the particle size of product could
be easily controlled and the mono-dispersed red phosphor
powders are readily prepared [6-8].

In this study, the red phosphor CaO: Eu" was prepared
for the first time by the modified solid-state reaction
method. The precursor was synthesized with the precipi-
tation agent of sodium carbonate and the template of
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sodium dodecylbenzensulfonate. The sample was charac-
terized with XRD, laser particle size analyzer, SEM,
FT-IR, Raman, UV-Vis, photoluminescence and photolu-
minescence excitation spectra.

Experimental
Preparation

The red phosphor CaO: Eu®" was prepared from
Ca(NO3),-4H,0, Eu,03, Na,CO3 and ammonia through
co-precipitation. The corresponding reaction equation is
shown in Scheme 1.

Firstly, Eu,O3; was dissolved in dilute HNO;3; to form
Eu(NOs3); solution. Then appropriate amounts of Ca(NOj3)5,-
4H,0O were dissolved in distilled water and mixed with
aqueous solution of europium, and stirred by magnetic stirrer
at 40 °C. The pH value was set at about 5-6 by dilute
ammonia. Secondly, appropriate volume of Na,CO; and
sodium dodecylbenzensulfonate solution was put into the
solution of Ca(NOs), and Eu(NO3); at a certain speed. Then
the obtained deposition was aged in 40 °C water for 1.5 h.
The precursor was gained through the process of filtering,
washing with distilled water and ethanol and drying at 80 °C.
In the last step, precursor was calcined at 1100 °C for 2 h in
air to obtain the oxide phosphor CaO: Eu®". The doping
concentration of Eu** is 1 mol% relative to CaO host lattice.

Characterization

Synchronization of differential thermal analysis (SDTA)
and thermogravimetric (TG) analysis of the precursor were
carried out with TG/SDTAS851° analyzer (METTLER-
TOLEDO Co., Switzerland) at the heating rate of 10 °C/min
in air. The X-ray diffraction (XRD) was performed using a
Japan Rigaku D/max-IIIB diffractometer operating with Cu
Ko radiation (4 = 0.15406 nm) at 35 kV/60 mA. A step
size of 0.02°/260 was used with a scan speed of 8°/min. The
shape and size of sample were examined by the scanning
electron microscope (SEM) utilizing a Hitachi TM-1000
scanning electron microscope and Mastersizer 2000,
respectively. The Fourier transform infrared (FT-IR) spectra
were recorded in the 225-4000 cm ™' region using KBr
pellets on a Nicolet-5700 infrared spectrometer. Micro-
Raman measurement was taken with an InVia Renishaw
Raman Microscope System equipped with He—Ne laser at
514.5 nm as excitation source. Diffuse reflectance spectra
were taken on UV-3150 spectrophotometer (Japan, Shima-
dzh, Co.). The luminescence properties of the phosphors

Scheme 1 Preparation of the
red phosphor CaO: Eu**

were performed by using a Hitachi F-4500 fluorescence
spectrometer with a 150 W-xenon lamp under a working
voltage of 400 V. Both the excitation and emission slits were
setat 2.5 nm. All the measurements were performed at room
temperature.

Results and discussion
Thermal behavior analysis of precursor

Typical TG-SDTA curves of the obtained precursor have
been given in Fig. 1. Three steps associated with the
weight loss can be observed. The first temperature interval
step (A) and the weight loss were 30-250 °C and 4.11%,
respectively; this weight loss is assigned to the release of
residual water adsorbed at the power surface. This water
evaporation showed a weak endothermic peak around
53 °C in the SDTA curve. (B) In this stage from 250 to
520 °C, the weight loss was around 4.23%. One exother-
mic peak was shown in the SDTA curve at 385 °C, which
contributed to the sodium dodecylbenzensulfonate com-
bustion, because there were black impurities in the sample
when the firing temperature was 400 °C. (C) In this stage
(600-1100 °C and weight loss, 44.05%), the endothermic
peak at 790 °C was attributed to decomposition of the basic
carbonate and CO, and H,O released. The next exothermic
peak was at 940 °C, corresponding to the crystallization
from the amorphous CaO into the crystalline CaO
structure.
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Fig. 1 TG-SDTA curves of precursor

Ca(NOj), + Eu(NOs)3 + NayCOz; — Eup(COj3)3/CaCOs LA, Cao:Eu®
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Fig. 2 SEM micrograph of CaO: Eu*" phosphor
SEM micrograph and particle size analysis of sample

Crystallinity, particle size, and surface roughness of the
phosphor have strong effects on the photoluminescence.
Figure 2 exhibits surface morphology of CaO: Eu*" par-
ticles. It is clear from SEM images that the morphology of
the sample was very smooth and interlinked in ellipse. The
sample had a mean size of 0.5-2 pm and a very narrow
distribution, as evident from the size distribution shown in
Fig. 3. This was favorable for the sample. The smooth
surface of phosphor can reduce the non-radiation and
scattering, thus beneficial to the luminescence efficiency in
application [9]. The dense packed small particles can pre-
vent the phosphors from aging.

XRD patterns and UV-Vis diffuse reflection spectrum
analysis of sample

XRD was used to examine the crystal structure and phase
purity of the products, and the typical XRD patterns of the
pure CaO and Eu** doped CaO sample are shown in Fig. 4.
All the diffraction peaks are assigned to face-centered cubic
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Fig. 3 Particle size distribution of CaO: Eu*" phosphor
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Fig. 4 XRD patterns of pure CaO (a) and sample CaO: Eu*t (b)

crystalline phase of calcium oxide (no. JCPDS 37-1497)
with space group F,,_3,, and no any other impurity phase can
be detected, indicating that the doped Eu’" ions were
occupied the Ca®" sties. As the ionic radius of Eu’™
(0.95 nm, coordination number = 6) is only slightly larger
than that of Ca®" (0.99 nm, coordination number = 6),
Eu’" ion is likely to substitute for Ca** ion and acts as the
luminescence center [10].

The different is that all three-peak value of d and cell
parameter in XRD pattern of sample (d = 2.7797, 2.4076,
1.7024, a = 4.8076) compared to pure CaO (d = 2.7744,
2.4027, 1.6997, a = 4.8134) that are somewhat decreased.
The reason is that when Ca”*" ion was substituted by Eu>"
ion, crystal lattice will have a slight deformation, owing to
Eu’t ion is smaller than Ca®* ion, which leads to the
decrease of d values and cell parameter (a).

UV diffuse reflectance and excitation spectrum are
carried out to evaluate the crystallization degree and
potential optical properties of sample. The UV diffuse
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Fig. 5 Diffuse reflection spectra of Eu’"-doped (a) and undoped
CaO (b)
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reflectance spectra of CaO and CaO: Eu®" is shown in
Fig. 5. As shown in Fig. 5b, undoped CaO shows one drop
in reflection in the UV range around 400 nm with an esti-
mated band gap of about 255 nm, corresponding to
absorption of the undoped CaO host lattice. Obviously, two
broad absorption bands can be seen from the reflection
spectrum of Eu**-doped CaO (Fig. 5a). The maximum at
about 248 nm in diffuse reflective spectra are due to the
oxygen-to-europium charge transfer band and the weak
peak at 345 nm is assigned to typical f—f transitions of Eu’ ™.
The important observation is that there is not absorption
band in the range of long wavelength, which indicates that
Eu’" was totally incorporated into the CaO lattice and that
no new compounds formed. The reason is similar to that
case occurred in Pb2+-doped SrCO3;, BaCO5; and CaCOs,
which is reported by other scientists [11, 12], and they
attributed these phenomena to the adsorption of Pb®" ions
which had not been built into the carbonate lattice.

FT-IR spectrum analysis

Figure 6a and b shows the FT-IR spectra of the precursor
and the sample CaO: Eu*" calcined at 1100 °C, respec-
tively. For the precursor, Fig. 6a gave the bands at ~ 3424,
1420, 1081, 875, and 744 cm™!, which could be attributed
to OH stretching vibration in adsorbing water, v; (asym-
metric CO stretching) mode, v, (symmetric CO stretching)
mode, v, (CO5; out-of-plane deformation) mode and vy
(OCO bending in-plane deformation) mode vibrations of
vaterite, respectively. These results suggested that the
precursor was vaterite carbonate. In other words, trivalent
europium ions and calcium ions were co-precipitated in the
form of carbonate. So according to the reaction equation in
Scheme 1, the precursor must be calcined.

In order to understand the purity and the internal
structure of sample better, the sample was characterized by
the FT-IR spectra (shown in Fig. 6b). The characteristic
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Fig. 6 FT-IR spectra of the precursor (a) and sample CaO: Eu’t (b)

absorption bands of carbonate disappear, and the strong
peak near 300 cm ™' is associated with the characteristic
absorption of the CaO [13], indicating that CaO: Eu’™,
which is in good agreement with that of XRD patterns, has
been formed calcined at 1100 °C.

Excitation spectrum emission spectrum

Figure 7 shows the excitation spectrum of CaO: Eu®" by
co-precipitation method. The excitation spectrum was
obtained by monitoring at 592 nm radiated from the
5DO - 7F2 transitions of Eu®™. It can be seen clearly that
the excitation spectrum consists of a broad intense band at
around 250 nm and is attributed to the charge transfer state
(CTS), which are in good agreement with Fig. 5.

The room-temperature emission spectrum of the sample
is shown in Fig. 8. The emission spectrum was obtained by
monitoring at 250 nm under an excitation of ultraviolet
light. The obtained product emitted the red luminescence,
which showed the activator Eu*" has successfully entered
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Fig. 7 Excitation spectrum of CaO: Eu*"

1200 5

7
D~ F,
592

1000 +
800
600

400 -

Relative Intensity

200

T T T T T T T T T T T T T
540 560 580 600 620 640 660 680
Wavelength/nm

Fig. 8 Emission spectrum of CaO: Eu**
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the host lattice of CaO. The characteristic emissions of
Eu’" were clearly observed including the strongest emis-
sion peaks at 592 nm for Dy — ’F, transitions, 580 nm for
Dy — Fy, 654 nm for Dy — 'F; and 610, 622, and
632 nm for °Dy — ’F, transitions. The Dy, — ’F, transi-
tion is well known to be mainly a magnetic dipole transition
when the Eu®" ions locate in a high symmetric position
while the 5DO - 7F2,4 transitions are essentially electric
dipole transitions which appears dominantly only when
Eu’" ion locates at sites without inversion symmetry [14,
15]. Also, from XRD analysis, the sample has the face-
centered cubic NaCl structure, which shows that the Eu’*
ions, occupying the Ca”" sites in the CaO lattice, are in sites
with high symmetric position (Oy). Furthermore, we note
that this line of D, — ’F,is not split as is to be expected for
symmetry group Oy, In these sites, electric dipole transition,
such as SDO — 7F2, is forbidden [16]. Because of selection
rule, if Eu’" ion locates in symmetric position, optical
transitions between the 4fn configurations are strictly for-
bidden. However, due to lattice vibration of the host lattice,
reducing the symmetry of Eu*", the °Dy, — ’F, transition
can be observed due to the breakdown of the selection rule.
At the same time, the Eu’* site must have one symmetric
because of no splitting of the Dy — 'F, transition in the
fluorescence spectrum. The fact confirms that Eu®" ions
mainly locate in strict symmetric position (Oy,) of the crystal
lattice and the sample belongs to red luminescence.

Raman crystal field transitions

The behavior about the Raman crystal field transitions of
the rare earth ions in single crystals can be studied by
Raman spectrum. This is because the transition between
two electronic levels is allowed, if the direct product of
their representations contains some of the irreducible rep-
resentations of the Raman-active phonons [17]. It is highly
probable that the observed lines are due to the photo-
luminescence of Eu®" under excitation at 514.5 nm (above
the 5D 1 level, at about 19000 cmfl). Moreover, according
to Fig. 8, the level of the °Dy is 580 nm (17241 cm™"). So
in this paper, all possible intra- and intermultiplets 'F,
transitions are Raman allowed, such as 7F0 - F,U=1,2,
3, 4) transitions, as shown in Fig. 9.

As can be seen in Figs. 8 and 9, not only has the
strongest transition of the SDO — F, one line in lumines-
cence, but also the 7F0 — F, transition has one line in the
Raman crystal field transitions (which is like absorption
processes). At the same time, from XRD, the CaO: Eu’*
crystals belong to face-centered cubic crystalline F,_3,, and
Eu’" jons are substituted for the Ca®* with Oy, symmetry.
As a result, this will lead to the J = 2 level of Eu’*t
splitting into five or four levels in Raman spectrum, which
are in agreement with Fig. 9.
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Fig. 9 Raman spectrum of the sample CaO: Eu*™
Conclusions

In this work, CaO doped with Eu** was synthesized by the
co-precipitation method. XRD, laser particle size analyzer,
SEM, UV-Vis, FT-IR, PL-PLE and Raman analyses indi-
cated that CaO: Eu’" exhibited a single crystalline structure
with many desirable characteristics, such as good morphol-
ogy, optimum size, high absorption in the UV light range and
red luminescence. Thus, this fundamental work may be
important in developing new luminescent devices applicable
for tricolor lamps, light emitting diodes (LEDs), and so on.
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