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Europium (III) ions doped red phosphors K4Ca(PO4), were prepared first time by high temperature solid
state reaction method. The prepared phosphors structure was examined by X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and energy
dispersive spectroscopy (EDS) analyses. The thermal properties of the synthesized phosphor were
investigated by differential scanning calorimetry (DSC) analysis. Photoluminescence (PL) spectra of
K4Ca(PO,4),:Eu* phosphors have shown strong red emission at 618 nm (°Dg— ’F,) with near UV an
excitation wavelength of Aexc=394 nm (’Fo—°Lg). In addition, the decay curves and CIE color
coordinate measurements are also carried out. Hence, emission and excitation characterization of
synthesized phosphors shows that the phosphors may be a promising red component for the
application in the white light emitting diodes (WLEDs).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Now-a-days the sustainable development of the society is
based on the energy crises and environmental pollution. To
overcome the present problems the new clean energy source
and energy saving devices are required. The light emitting diodes
(LEDs) are an ideal energy saving and environmentally friendly
devices. The various inorganic phosphor materials activated with
rare earth ions attracted considerable attention owing to their
wide and potential applications in the emerging field of display
and luminescent devices. These include optical filters, solid state
lasers (SSL), fluorescent lamps, cathode ray tubes, field emission
displays, plasma displays, and white light emitting diodes
(WLEDs) [1-4]. White LEDs hold much attention to be a next-
generation light source due to their high efficiency, low power
consumption, long lifetime, fast response, energy saving and
environment friendliness, etc. The current commercial way to
generate white light is to combine blue chips with yellow
phosphors (YAG:Ce**+) [5,6]. Although, this kind of white light
blending method has been used for many years, some serious
problems still exist, such as due to the scarcity of the red emission
from YAG:Ce®*, the obtained white light has low color rendering
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index (CRI) (Ra < 80), high color temperature (usually above
5000 K), and narrow visible range [7,8]. To avoid these deficien-
cies, another strategy to produce white light is by combining near
UV LED with tricolors (red, green and blue) (RGB) phosphors. NUV
phosphor converted LEDs are expected to have many potential
applications, due to their excellent color rendering index, high
color tolerance and high conversion efficiency into visible light
[9,10]. Regrettably, currently used red phosphors Y,0,S:Eu®>* and
Ca;_,Sr,S:Eu?* for WLEDs do not have enough absorption in the
near-UV region and are environment unfriendliness [11]. There-
fore, special attention has been paid to the development of new
red phosphors with high efficiency excited by near UV chips for
the fabrication of WLEDs.

Recently, much attention has been paid on the orthophosphate
phosphors due to their excellent properties such as large band
gap, high chemical stability and high stability strong visible
luminescence and also it required low sintering temperature for
their synthesis. Luminescence of rare earth ions in phosphates has
been widely studied in the past [12-15]. With the growing
demand of a variety of light sources, the trivalent europium
(Eu*>* (4f%)) ions doped phosphors show great interest in the
orange-red region because Eu®>* ions emits narrowband and
almost monochromatic light and have long lifetime of the exited
states. Therefore, it has been recognized as an efficient red emitter
in WLEDs applications [16,17]. To the best of our knowledge, no
investigations have been emphasized on the Eu>* ions doped
K4Ca(PO4), host matrix. Due to the technological importance of
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europium ion and the advantages the above research, the Eu®+
ions doped K4Ca(PO4), phosphors are prepared. In addition to the
detailed synthesis procedure of Eu3* ions doped K4Ca(PO4), host
phosphors, the characterization results of XRD, FTIR, SEM, EDS,
room temperature PL, decay curves and DSC analyses are dis-
cussed in this paper.

2. Material synthesis

The europium ions (Eu®>*) doped potassium calcium phos-
phate (K4Ca(PO4),) phosphors were prepared by the conventional
high temperature solid state reaction method by sintering the
samples at 1000 °C in air atmosphere. High purity raw materials
K,CO3, CaCO3, NH4H,PO,4 and Eu,03 were obtained from com-
mercial source (Merck, India). The nominal content of the acti-
vator ranges from 2 to 10 mol%. To obtain the homogeneous
mixture, the stoichiometric ratios of these materials were ground
thoroughly in an agate mortar for an hour. The resulting mixture
was placed into a porcelain crucible and sintered at 1000 °C for
5h in air atmosphere to get the final products. The obtained
products were taken into different studies.

3. Characterization

The as-prepared phosphors were characterized by powder X-ray
diffraction measurements on a Siemens X-ray diffractrometer AXS D
5005 with Cu Ko radiation (1=1.5406 A) at 40 kV and 20 mA and
the 20 ranges from 10° to 70°. To elucidate their composition and
structure, the powders were also characterized by FTIR analysis on a
Perkin Elmer spectrophotometer with KBr pellet technique in the
range 4000-450 cm~'. The morphology of the powder phosphor
was inspected using a scanning electron microscopy (ZEISS EVO MA
15). The elemental composition of the as-prepared phosphor was
quantified by energy dispersive spectroscopy (EDS) using an X-ray
detector (THERMO EDS) attached to the SEM instrument. The
thermal properties of K4Ca(PO,4), phosphor was carried out by DSC
analysis using Mettler Toledo DSC 1 in the temperature range from
30 to 450 °C at a heating rate of 10 °C/min under the nitrogen
atmosphere. The luminescent properties of these phosphors were
performed by using Jobin Vyon Fluorolog-3 fluorescence spectro-
photometer equipped with Xenon lamp as the excitation source.
Decay curves of Eu®*:K,Ca(PO,), phosphors were also measured on
this instrument. All the measurements were performed at room
temperature.

4. Results and discussion

Fig. 1 shows the XRD patterns of Eu** (2, 6 and 10 mol%)
doped K4Ca(PO,4), powder phosphors sintered at 1000 °C for 5 h.
The XRD pattern of K4Ca(POg4), crystal (JCPDS Card no.: 46-0629)
is also shown in figure for comparison. It reveals that the XRD
patterns of these samples are in good agreement with the JCPDS
data. It also indicates that the Eu®>* ions have not caused any
significant change after doped into the host lattice structure. All
the observed peaks made for Eu®*:K4Ca(PO,4), phosphor is found
to be comparable with the XRD peaks of K4Ca(PO,4), reported by
Rokbani and Kbir-Ariguib in 1990 [18]. It is considered that the
trivalent europium (Eu®*) ions substitute the possible cations
(K*+, Ca®* and P°*) in K4Ca(PO,), with the radii of K*,Ca2*, P>+
and Eu3* for eight-coordinated sites (CN=8) are 0.151, 0.112,
0.017 and 0.1066 nm, respectively [19-21]. An acceptable per-
centage difference in ionic radii between doped and substituted
ions must not exceed 30% [22]. The radius percentage difference
between the doped and substituted ions can be calculated based
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Fig.1. Powder XRD patterns of Eu>* ions doped K,Ca(PO,), phosphors sintered at
1000 °C.

on the following equation [23], D,=100 x [(R,(CN)—R4(CN))/
R (CN)], where D, is the radius percentage difference, CN is the
coordination number, R,,(CN) is the radius of the host cation, and
R4(CN) is the radius of the doped ion. The estimated values of D,
between Eu®>* and K* and Eu®* and Ca%™* on eight-coordinated
sites are 29.40% and 4.82%, respectively, while the value of D,
between Eu®* and P°* is —527.05%. Based on the effective ionic
radii (r) of cations with eight fold-coordinated (CN=38) sites, the
rare earth ions are preferred to substitute the Ca?™ sites, because
the effective ionic radii of Eu>* (r=0.1066 nm) is close to that of
Ca?* (r=0.112 nm), while the K* sites are not occupied due to
the effective ionic radii of eight-coordinated K* (r=0.151 nm) is
too large compare to the rare earth ions. Therefore, we believed
that the charge loss in Eu®*:K4Ca(P0O,4), is most probably com-
pensated by Ca®>* vacancies (V¢,), described by

3Ca%?* 52Eu* 4+ Vg,

Thus, we assumed that only one crystallographic site is occupied
by Eu®* in Eu®*:K,Ca(PO,),. For analysis of the spectroscopic
properties, the detailed crystal structure of the host material is
important. Furthermore, much investigation on the crystal structure
of K4Ca(PO4), should be carried out in future for better under-
standing of the PL properties of this system.

Fig. 2 shows the obtained FTIR spectrum of K4Cagg4(PO4)2:
Eug 06 phosphor sintered at 1000 °C in air atmosphere. Generally,
the characteristic bands of the orthophosphates are located in two
regions of 1120-940 cm~! and 650-540 cm~! [24]. From the
spectrum, it is clear that the main couple of absorption peaks are
characteristics of the vibrations of (PO4)*>~ groups: at 554 cm ™!
for bending vibration and at 1053 cm~! for stretching vibration.
The strong absorption band in the region 2975-3500cm ™!
centered at 3230 cm~! and the other sharp absorption peaks at
1403 and 1660 cm ™! are ascribed to the O-H content absorbed at
the powder surface when the sample was in contact with the
environment during the preparation process of measurement.
A weak band at 2425 cm~! might be due to the C-0 vibration of
CO, in the air. Moreover, the absence of characteristic bands of
polyphosphates confirms that there is no polyphosphates in the
sample, which is in good agreement with that of literature
reported earlier [25,26].

The size distribution of the phosphor is significant for its
application in LEDs, thus the SEM image of the K Cagg4(POy4),:
Eug0s powder phosphor was examined and shown in Fig. 3. The
morphology is formed by means of an aggregation process of
high-active particles during calcinations and it possesses an
irregular morphology. It is also clear from the microgram that
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Fig. 2. FTIR spectrum of (6 mol%) Eu®*:K,Ca(PO,), powder phosphor.
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Fig. 3. SEM micrograph of (6 mol%) Eu®*:K4Ca(PO,), phosphor.

the average size of the particles may be in micrometer range, which
is suitable for fabricating the solid-state lighting (SSL) devices. From
the survey of literature, it is noticed that the crystalline powder that
exhibits high luminescent intensities in addition with the micro-
meter dimension will find more applications [27,28]. In order to
verify the presence of Eu in the doped K4Ca(PO,4), samples, the EDS
analysis was performed. EDS profile of K4Cagg4(PO4)2:Euggs phos-
phor is presented in Fig. 4 and it clearly revealed that the product is
composed of K, Ca, P, O and Eu elements.

The recorded DSC profile is shown in Fig. 5. In the temperature
region 30-450 °C, the DSC profile consists of two endothermic
peaks: one is a broad endothermic peak located in the tempera-
ture range from 70 to 105 °C corresponds to the removal of free
and adsorbed water [29] and the other a weak endothermic peak
at 248 °C is due to the decomposition of NH3 [30].

In order to estimate their potential application as the candidate
phosphor for white light emitting diodes, the excitation and emis-
sion spectra of K,4Ca(PO4),:Eu>* phosphors were carried out. The
recorded excitation spectrum of K4Cag g9g(PO4),:Eug o, powder phos-
phor sintered at 1000 °C is shown in Fig. 6. In the wavelength region
350-550 nm, several excitation peaks are observed and located at
362 nm (’Fo—°D4), 382 nm ("Fo—°L;), 394 nm ("Fy—°Lg), 415 nm
("Fo—°D3), 465 nm ("Fo—°D5) and 533 nm (’Fo—°D;) which are
assigned to 4f-4f transitions within the Eu®** [31]. From the
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Fig. 4. EDS profile of (6 mol%) Eu®*:K,Ca(PO,4), phosphor.
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Fig. 5. DSC profile of (6 mol%) Eu>*:K4Ca(PO,4), phosphor.
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Fig. 6. Excitation spectrum of (2 mol%) Eu>*:K4Ca(PO,4), phosphor.

spectrum, it was found that the intensity of f-f transition at
394 nm is high compared with the other transitions and has been
chosen for the measurement of emission spectra of Eu+ :K4Ca(POy4),
phosphors. The most intense peak obtained at 394 nm clearly
suggests that these phosphors are effectively excited by near
ultraviolet light emitting diodes (NUV-LEDs).

Fig. 7 shows the emission spectra of Eu>* doped K,4Ca(POs),
phosphors. The emission band covers a region from 550 to
750 nm and it includes several typical emission sub-bands which
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Fig. 7. Emission spectra of Eu:*:K4Ca; _, (PO4), with an excitation wavelength of
394 nm. The inset shows the variation of PL intensity with rare earth ion (Eu®>™)
concentration.

could be ascribed to the transition from Dy —’F; (J=1, 2, 3, 4) are
the characteristics of Eu>* ions. The emission spectra contain the
dominant red emission band at 618 nm is owing to the electric
dipole transition of >Dy— ’F,, while the weak emission peak at
595 nm is due to the magnetic dipole transition of *Dg— Fj.
Other weak emission bands located at 657 and 707 nm could be
ascribed to °Do— ’F5 and °Dg— ’F4 transitions, respectively.

The luminescence originating from transitions between 4f
levels is predominant due to electric dipole or magnetic dipole
interactions [32]. It is well known that the intense red emission
with the electric dipole transition *Dg— ’F, is supersensitive to
the symmetry of crystal field environment, while the orange-red
emission with the magnetic dipole transition Dy — ’F; is insensi-
tive to that. In order to detect the symmetry of the crystal field
environment around Eu3* ijon, the intensity ratio (R) of transi-
tions °Dg—’F, to °Dy—’F;, R=L/I; was calculated [33]. The
intensities I, and I, are defined as the area under their corre-
sponding emission spectrum curves calculated by integrating
from 610 to 630nm and 585 to 609 nm, respectively. The
symmetry local site without inversion center of the crystal field
environment around Eu>* leads to a higher value of (R> 1), the
opposite would lead to a lower value of R (1>R>0). The
calculated R values for KsCaj_x(PO4):Eui* (x=2, 6 and
10 mol%) phosphors are 1.42, 1.67 and 1.86, respectively, which
indicated that Eu>* occupies the sited with no inversion sym-
metry. From the spectra, it is clear that among the various
characteristic transitions of Eu>* ions, the hypersensitive electric
dipole transition at 618 nm (°Dy— ’F,) was found to the dominant
one. The energy level diagram of Eu>* ions in K4Ca(PO,4),:Eu3+
phosphor is depicted in Fig. 8.

In order to optimize the Eu>* doping concentration to max-
imum the PL intensity, the Eu®>* doping concentration was varied
according to K4Cai_x(PO4):Eu2* (x=2, 6 and 10 mol%). In Fig. 7,
the inset shows the dependence of the PL intensity with rare earth
ion (Eu®>*) concentration. From the emission spectra, it is also
observed that by increasing the dopant (Eu®*) concentration the
PL intensity was also increased for 6 mol% and for 10 mol % the PL
intensity was decreased due to concentration quenching effect.
According to Dexter's theory, the decrease in the emission
intensity occurs as a result of the non-radiative energy transfer
between the Eu®>* ions, due to electric multipole-multipole
interaction, which are distance dependent [34]. As the concentra-
tion of Eu>" ions increases, the distance between these ions
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Fig. 8. The schematic energy level diagram of Eu* ions in K4Ca(PO,4), phosphors.
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Fig. 9. Time decay patterns of 618 nm emission band for Eui*: K4Ca;_x(PO4),
phosphors.

becomes smaller, with the result that the non-radiative pathway
by energy transfer among the Eu®* ions becomes preferential one
[35]. Therefore, the optimum dopant concentration of Eu>* jons
for KsCa; _(PO4)2:Eu* (x=2, 6 and 10 mol%) is 6 mol%.

The luminescence decay curves of the 618 nm emission for
K4Ca;_(PO4):Eu2* (x=2, 6 and 10 mol%) phosphors were
recorded. Fig. 9 shows the decay curves for Dy — ’F, emission
for these samples when excited at 394 nm. All these curves can be
well fitted into single-exponential decay equation, revealing that
the presence of the Eu®>* environment is unique in accordance
with the crystal structure. Additionally, no wavelength shift or
peak for a new site has been observed for various concentrations.
This implies that only one local Eu>* environment exists, because
different centers will have different excitation and emission
spectra, which is in consistent with the XRD results [36]. How-
ever, the predominant single exponential behavior indicating the
homogeneous of doped ions inside the host matrix. In the past,
Barthon et al. [37] had reported that the decay time would
decrease if there were a large number of de-excited centers that
rapidly transited to ground state. On the basis of equation,
I=Iy exp( —t/t), the lifetime values of K4Ca; _,(PO4),:Eui* (x=2,
6 and 10 mol%) were determined to be 1.1528, 1.982 and
1.094 ms, respectively. As the Eu®>* dopant concentration
increases, the concentration quenching effect occurs, and it will
degenerate the emission intensity and the decay time.
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Fig. 10. CIE color coordinates of Eu®*: K4Ca(PO,4), phosphors.

To evaluate the material performance on color luminescent
emission, the Commission International de I'Eclairage (CIE) chro-
maticity coordinates X, Y were obtained for the prepared samples.
The CIE chromaticity coordinates of the light emission from these
Eu®* doped K,Ca(PO,), phosphors excited at 394 nm are depicted
in Fig. 10. It indicates that the color of the phosphors with
different Eu>* ion contents lies in the orange-reddish region for
prepared phosphors and the CIE values varying from (0.637,
0.362) to (0.650, 0.349). The coordinate of X increases with the
increase of Eu>* ion contents, whereas the value of Y decreases
with the increase of Eu®>* ion. However, the largest values
of X and Y are 0.650 and 0.362 corresponds to 10 and 2 mol%
of Eu®** ions, respectively. This demonstrates that the
K4Ca(PO4),:Eu®* phosphors are potential materials for the fabri-
cation of NUV WLEDs.

5. Conclusions

In conclusion, we have successfully synthesized novel and red
luminescent K4Ca;_o(PO4)2:Eul* (x=2, 6 and 10 mol%) phos-
phors by the conventional solid state reaction technique at
1000 °C for 5 h in air atmosphere and their luminescence have
been studied and discussed for the first time. FTIR spectrum
evidences the existence of (PO,)>~ groups in these phosphors.
SEM micrograph indicated that the particles are found to be in
micrometer size, which is suitable for the fabrication of the SSL
devices. In addition, the elemental composition is verified with
EDS analysis and the DSC analysis has been carried out to study
the thermal properties. Most importantly, the Eu** doped
K4Ca(PO,4), samples exhibit strong red emission at 618 nm
(°Do—’F>) under the near UV excitation wavelength of 394 nm
("Fo—°Lg). The K4Ca(PO4),:Eu>* phosphor has the strongest
emission intensity, when the doping concentration of Eu* is
6 mol%. Based on these obtained results, we propose that the
newly developed K,Ca(PO4),:Eu>* phosphors are a promising
candidate as a red component for the fabrication of near UV based
white LEDs.
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