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a  b  s  t  r  a  c  t

The  reduction  of  Eu3+ to Eu2+ in a non-reducing  atmosphere  of  pure  argon  gas  has  been  reported  for  the
first  time  in  NaCaPO4 host  matrix  prepared  by using  a  solid-state  reaction.  Photoluminescence  spectral
profiles  confirmed  the  presence  of Eu2+ ions  in the prepared  compound  and  this  reduction  has  been
explained  by  means  of  a charge  compensation  model.  The  effect  of  lithium  incorporation  on the  photolu-

2+
eywords:
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minescence  efficiency  of  the  NaCaPO4:Eu phosphors  were  also  studied  and  explained  appropriately  for
various doping  concentrations  of  lithium  ions.  The  CIE  coordinates  and  temperature  dependant  lumines-
cence  profiles  of  these  phosphors  were  also discussed  in order  to  investigate  their potential  applications.
Besides  analyzing  its  photoluminescence  properties,  other  significant  characterizations  like XRD,  SEM,
TG–DTA,  FTIR,  Raman  spectral  profiles  have  also  been  studied  and  these  interpretations  were  documented
more  clearly.
. Introduction

Over the last few decades, optical properties of rare-earth (RE)
ons doped into various host materials have been studied exten-
ively, mainly with respect to their potential applications in solid
tate lighting, displays, lasers, optical amplifiers, sensors, etc. Of
he various RE elements, europium ion plays a dominant role.
uropium ions are widely selected and used as activators in com-
ercial phosphors, such as Y2O3:Eu3+ and BaMgAl10Ol7:Eu2+ with

wo normal valence states, viz. +2 and +3. Drastic spectral changes
re associated with the change in oxidation state of the rare earths.
s usual, Eu3+, which is stable under ambient conditions, exhibits

he line emission features due to the forbidden f–f transitions
located in 550–750 nm); while the divalent europium ion, which is
ensitive to oxygen and therefore unstable in air, shows the narrow-
and and broad-band emissions due to their f–f transitions (lying
round 360 nm)  and f–d transitions (not lying in a definite wave-
ength but strongly depending on hosts) respectively [1–4]

Inorganic luminescent materials, especially activated by diva-

ent europium ions (Eu2+), have been widely used in modern
ighting, displays and optical communications fields such as flu-
rescent lamps, cathode ray tubes, field emission displays, plasma

∗ Corresponding author. Tel.: +82 55 213 3425; fax: +82 55 267 0263.
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© 2011 Elsevier B.V. All rights reserved.

display panels and fiber amplifier [4].  Since the divalent Eu2+ ions
exist under a limited condition, no Eu2+ ion containing compound
could be obtained as a natural product. Therefore, the starting mate-
rial of the europium compound in preparing luminescent materials
is always trivalent europium oxide (Eu2O3). In the reduction pro-
cesses of Eu3+ to Eu2+, the four different cases which attract the
researchers attention are (a) the reduction is completely achieved
when samples are prepared in a reducing atmosphere (H2–N2 or
CO); (b) this reduction could not be completely realized when sam-
ples are synthesized in a reducing environment; (c) it is impossible
to obtain Eu2+ ions even if the preparation is carried out in a strong
reducing atmosphere and (d) in some special hosts, this reduction
can be realized even when samples are prepared in non-reducing
atmosphere (air, N2 and Ar). For environmental and technological
reasons, (d) is encouraging, but can be applied only to a limited
number of systems [5–7].

NaCaPO4 host matrix has lower synthesis temperature and
higher physical and chemical stability, which makes it as a suit-
able host lattice for luminescence materials [8].  It also possesses
an appropriate structure containing a rigid three-dimensional net-
work of tetragonal PO4 groups. These groups can surround and
isolate the produced divalent RE ions from the reaction with oxy-

gen. Therefore, this reduction reaction can be carried out even in
a non-reducing atmosphere [5,9]. In the present article, we report
the reduction phenomenon of Eu3+ ions to Eu2+ ions in NaCaPO4:Eu
phosphor prepared by a conventional solid state reaction method in

dx.doi.org/10.1016/j.jallcom.2011.05.044
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kwjang@changwon.ac.kr
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 non-reducing atmosphere of pure argon gas. As far as our knowl-
dge is concerned, this type of reduction in the case of NaCaPO4
ost matrix has not been reported so far. In addition, its struc-
ural, thermal, optical, photoluminescence properties along with
he temperature dependant luminescent behavior were also stud-
ed and analyzed.

. Experimental

Europium ions doped NaCaPO4 phosphors were prepared by a conventional
olid state reaction method by sintering the sample at 850 ◦C in pure argon atmo-
phere. The optimized doping concentration of europium ion in NaCaPO4 phosphors
as  found to be 1.0 mol% of the Ca ion of NaCaPO4 phosphors. Analytical reagent

rade high pure Na2CO3, Li2CO3, CaCO3, NH4H2PO4 and Eu2O3 chemicals were
eighed in requisite proportions and grounded in an agate mortar with methyl

lcohol to obtain homogeneous mixture. Differential thermal analysis (DTA) and
hermo gravimetric analysis were employed to determine the suitable heat treat-

ent procedure. The mixture was kept in an alumina crucible and sintered in pure
rgon atmosphere by a three-step heating process (200 ◦C for 2 h, 700 ◦C for 1 h, and
50 ◦C for 3 h) to obtain Eu2+:NaCaPO4 phosphor.

The crystal structure of the prepared phosphors was investigated by using X-
ay powder diffraction (Philips X’pert, MPD  3040, Westborough, MA) over the 2�
ange from 20◦ to 60◦ . The morphology of the powder phosphors was observed
y  employing field emission-scanning electron microscope (FE-SEM) (Tescan, MIRA
ILMH, Brno, Czech Republic). FTIR spectrum of the phosphor sample was recorded
n  a Jasco FTIR-200 E spectrometer with KBr pellet technique from 4000 cm−1 to
00 cm−1. Raman spectrum was recorded by using a high resolution NRS-3300

aser Raman spectrophotometer (JASCO) system equipped with a DPSS green diode
aser (532 nm)  as the excitation source. Emission and excitation spectra were mea-
ured using a Shimadzu, RF-5301PC spectro- fluorophotometer (Kyoto, Japan). The
G–DTA analysis were performed by using the thermal analyzer system (Model:
A 5000/SDT 2960 DSC Q10) in a alumina crucible at heating rate 10 ◦C/min, from
0 ◦C to 1000 ◦C at N2 gas atmosphere. To measure temperature dependent relative
mission intensity, a continuous wave (CW) xenon lamp (Thermo Oriel Instruments)
as  used as excitation source and PL spectra were measured by a USB spectrometer

Ocean Optics Model the USB2000 spectrometer). All spectroscopic measurements
ere performed at room temperature.

. Results and discussion

Fig. 1 shows the XRD patterns of NaCa0.99PO4:Eu0.01 and
a0.96Li0.04Ca0.99PO4:Eu0.01 phosphors sintered in pure argon
tmosphere. It reveals that the XRD patterns of these optimized
hosphor samples are in good agreement with the Joint Commit-

ee on Powder Diffraction Standards (JCPDS) data card bearing
he number 29-1193, indicating that the incorporated dopant ions
ave not caused any significant changes to the orthorhombic crys-

ig. 1. XRD profiles of Na1−xLixCa1−yPO4:Euy phosphors sintered in argon atmo-
phere.
Fig. 2. FE-SEM image of NaCa0.99PO4:Eu0.01 phosphors sintered in argon atmo-
sphere.

tal structure of NaCaPO4 matrix. The average crystallite size was
estimated by using Scherrer equation

Dh k l = k�

ˇ(2�)cos �

where  ̌ (2�) is the width of the pure diffraction profile in
radians, k is the constant, � is the wavelength of the X-rays
(0.15406 nm), � is the diffraction angle and Dh k l is the average
crystallite size along (h k l) direction. By fitting various peaks to
this formula and taking into account the instrumental broadening,
we found that the mean crystallite size of the phosphor particles
are in the range of 137–144 nm for NaCa0.99PO4:Eu0.01 phosphors
and Na0.96Li0.04Ca0.99PO4:Eu0.01 phosphors, respectively. FE-SEM
image of NaCa0.99PO4:Eu0.01 phosphors sintered in argon atmo-
sphere calcined at 850 ◦C is presented in Fig. 2. The obtained
micrograph shows that the particles are agglomerated and it
possesses an irregular morphology. For this reason, accurate mea-
surement of particle size might not be possible from it. The
approximate size of those particles might be in micrometer range
which is a suitable size for fabrication of SSL devices. From lit-
erature, it is noticed that the crystalline powder in micrometer

dimension will find more applications as it can exhibit high lumi-
nescent intensities [10].

FTIR spectrum of the Eu2+ ions doped NaCa0.99PO4:Eu0.01 phos-
phor sintered in argon atmosphere is shown in Fig. 3(a). Usually, the

Fig. 3. (a) FTIR spectrum and (b) Raman spectrum of NaCa0.99PO4:Eu0.01 phosphors
sintered in argon atmosphere.
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R absorption band of (PO4)3− has two regions of 1120–940 cm−1

nd 650–540 cm−1. The phosphate units in Fig. 3(a) are charac-
erized by two broad IR absorption bands centered near 1050
nd 570 cm−1 are assigned to the symmetric stretching mode of
he (PO4)3− units. However, we noticed some insignificant bands
ear 1636 cm−1and 3440 cm−1 that are associated to the OH con-
ent absorbed at the powder surface when the sample was  in
ontact with the environment during the preparation process of
easurement [11–14].  Fig. 3(b) shows the Raman spectrum of
aCa0.99PO4:Eu0.01 phosphors sintered in argon atmosphere. The
asic vibration modes from (PO4)3− free ions have four modes:
1(A1) of P–O symmetric stretching vibration, �2(E) of PO2 symmet-
ic bending vibration, �3(F2) of PO asymmetric stretching vibration
nd �4(F2) of PO2 asymmetric bending vibration in the (PO4)3−

etrahedron. In the crystal structure, (PO4)3− vibration may  have
ome changes due to disorder of the local point symmetry and
nion O2

− ions. The band at 967 cm−1 is assigned to �1(PO4)3− sym-
etric stretching vibration, 429 cm−1 and 454 cm−1 to �2(PO4)3−

ending vibrations, 1048 and 1027 cm−1 to �3(PO4)3− antisym-
etric stretching vibrations and 591 cm−1 to �4(PO4)3− bending

ibration, respectively. All the assignments made above are in good
greement with the earlier literature reports [13–15].

The TG–DTA profile of NaCa0.99PO4:Eu0.01 phosphor precursor
s shown in Fig. 4. In the temperature range from 20 ◦C to 200 ◦C, the
ample shows both exothermic and endothermic peaks in the DTA
urve, which is consistent with the first weight loss. These obser-
ations can be attributed to the decomposition of NH3, H2O and
he organic species used during the grinding process. The second
eight loss in the range of 200–700 ◦C is due to the degradation

f any other residual organic material from the precursor which
s also accompanied by the removal of CO2 gases that occurs from
he starting chemicals. Upon increasing the temperature a solid
tate reaction occurs among those precursor chemicals and peaks
bserved in the DTA curve confirm such reaction. TG curve indi-
ates a total weight loss of nearly 38% when the temperature is
aised from 30 ◦C to 1000 ◦C. No significant weight loss has been
bserved in the TG curve when the temperature is raised beyond
00 ◦C.

The luminescent properties of the optical materials are closely
orrelated with the valence state of the activator ions. As is well
nown, some kinds of reducing agents, such as H2/CO, are needed
o reduce the Eu3+ to Eu2+ in a solid state compound. But in some
pecial cases, this reduction could be thermally achieved in a non-

educing atmosphere at high temperatures as in air/N2/Ar. When
hosphors are prepared by conventional solid-state route by heat-

ng in air, usually unwanted impurities like OH−, O2−, etc., get

Fig. 4. TG–DTA profile of NaCa0.99PO4:Eu0.01 phosphor precursor.
Compounds 509 (2011) 7937– 7942 7939

incorporated. Such impurities can be quite harmful to the lumi-
nescence processes [16]. Fig. 5(a) shows the excitation spectra of
NaCaPO4:Eu2+ phosphor sintered in pure argon atmosphere, mon-
itored at 505 nm,  showing a broad band, which extends from 250
to 450 nm. This intense band can be attributed to the 4f–5d tran-
sition of Eu2+ ions [17]. The prominent excitation peak is located
at 373 nm,  which indicates that the phosphor is very suitable for
a color converter using UV light as the primary light source. It can
be used as a green phosphor excited by UV LED chip and mixed
with other color emission phosphors to obtain white light. Fig. 5(b)
shows the emission spectra of NaCaPO4:Eu2+ phosphors sintered
in pure argon atmosphere and measured 373 nm as the excitation
wavelength. The emission spectra are dominated by the broad and
intense band at 505 nm,  which is ascribed to the 4f65d → 4f7(8S7/2)
transition on Eu2+ ions [17,18]. It corresponds to the allowed f–d
transition of Eu2+. The 5d energy level of Eu2+ and the lower level
of 4f state overlap, so the electron of 4f state can be excited to 5d
state. The broad luminescence of Eu2+ is due to 4f65d1 → 4f7 transi-
tions, which is an allowed electrostatic dipole transition. However,
the 5d state is easily affected by the crystal field; that is to say, dif-
ferent crystal fields can split the 5d state in a different way. This
makes Eu2+ ion emitting different wavelengths in different crystal
fields and the emission spectrum can vary from the ultraviolet to
the red region. Covalence, the size of the cation, and the strength
of the crystal field influence Eu2+ ions emission color [17,19]. It can
be concluded that Eu2+ ion exists and the reduction of Eu3+ to Eu2+

occurs in NaCaPO4:Eu phosphors prepared in a non-reducing atmo-
sphere of pure argon gas. The full width at half maximum (FWHM)
of the emission band is around 76 nm.

The inset of Fig. 5 shows the graph between emission inten-
sity and Eu2+ dopant concentration. It is evident from figure that
the 1.0 mol% Eu2+ doped NaCaPO4 phosphor sample display better
emission profile than the other concentration samples. The posi-
tions of the emission peak are not much influenced by the Eu2+

concentration. The emission intensity increases with increasing of
Eu2+ concentration, and reaches the maximum at about 1.0 mol%.
Concentration quenching occurs, when the Eu2+ concentration is
beyond 1.0 mol%. Qiu et al. [20] showed that the probability of
energy transfer among the Eu2+ ions increases to a certain extent
with the increase in Eu2+ ion concentration in the host matrix. The
energy transfer occurred between the Eu2+ ions in NaCaPO4:Eu2+

phosphor is due to electric multipole–multipole interaction [18].
Intense green emission for 373 nm excitation wavelength indicates
that NaCaPO4:Eu2+ can be potentially used as a green phosphor in
near-UV LEDs.

According to earlier published reports, there are four conditions
that are necessary to reduce Eu3+ to Eu2+ in solid state compounds
when prepared in non-reducing atmosphere [6,21].  These are as
follows: (a) no oxidizing ions are present in the host compounds; (b)
the dopant trivalent Eu3+ ion replaces a divalent cation in the host;
(c) the substituted cation has a similar radius to the divalent Eu2+

ion and (d) the host compound has an appropriate structure, based
upon tetrahedral anion groups (BO4, SO4, PO4, or AlO4). We  will
consider NaCaPO4 based on the four conditions mentioned above.
An acceptable percentage difference in ionic radii between doped
and substituted ions must not exceed 30% [22]. The calculations
of the radius percentage difference between the doped ions (Eu3+)
and the possible substituted ions (Ca2+ and P5+) in NaCaPO4 are
analyzed based on the following equation:

Dr = 100 × Rm(CN) − Rd(CN)
Rm(CN)
where Dr is the radius percentage difference, CN is the coordination
number, Rm(CN) is the radius of the host cation, and Rd(CN) is the
radius of doped ion. Taking the above formula into consideration
and calculating those values for the possible substituted ions (Ca2+
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phenomenon can be described by thermal quenching in the config-
urational coordinate diagram [25]. The excited luminescent center
is thermally activated through phonon interaction, and then ther-
ig. 5. PL excitation and emission spectra of NaCa0.99PO4:Eu0.01 phosphors sintered
oncentration.

nd P5+), the value of Dr between Eu3+ and Ca2+ on eight coordi-
ated sites was found to be 4.8%, while the value of Dr between
u3+ and P5+ is −457.05%. Hence it is interpreted that, europium
ons has substituted the Ca2+ sites in NaCaPO4 matrix. On the basis
f the Shannon effective ionic radii of cations [23], it is clear that the
u3+ (1.066 Å) ion prefer to substitute the Ca2+ (1.12 Å) ions because
f their similar ionic radii. The above analysis showed that condi-
ions (b) and (c) were satisfied. In NaCaPO4 compound there exits
o oxidizing ions, which satisfy condition (a). Besides, host com-
ound has an appropriate structure, based upon tetrahedral anion
roups (PO4), as evident from obtained FTIR spectrum (Fig. 3) of
he prepared sample and hence the condition (d) is also satisfied.
herefore, all the four conditions for the reduction of Eu3+ to Eu2+

n NaCaPO4:Eu prepared in non-reducing atmosphere condition are
atisfied.

Further, the mechanism involved in the reduction of europium
ons in the NaCaPO4 matrix can be explained as follows: from a
hemistry point of view, the reduction of Eu3+ to Eu2+ reaction
eeds an electron anyway. When trivalent Eu3+ ions are doped in
o NaCaPO4 matrix, they will replace the Ca2+ ions. To keep the
lectro neutrality of the compound, two Eu3+ ions would substi-
ute for three Ca2+ ions. Therefore, two positive defects of [EuCa]*
nd one negative Ca2+ vacancy of [VCa]′′ would be created by each
ubstitution for every two  Eu3+ ions in the compound. By thermal
timulation, electrons of the [VCa]′′ vacancies would be then trans-
erred to doped Eu3+ ions and reduce them to Eu2+ ions. Hence
t is assumed that the more electrons carried by negative defects

ere created; the more Eu3+ ions would be reduced to Eu2+ ions.
wing to these reasons of charge compensation, Eu3+ subsequently

ntrinsically reduced to Eu2+. The rigid three-dimensional network
f tetragonal PO4 groups can surround and isolate the produced
ivalent europium ions from reacting with oxygen. Thus, necessary
xistence of defect electrons and the anion structures of com-
ounds play an important role in the transfer process of defect
lectrons to the doped RE3+ ions by thermal stimulation [7,9].

The temperature-dependent luminescence spectrum for the

bserved intense green emission under an excitation of 373 nm
s shown in Fig. 6. It can be seen that the NaCaPO4:Eu2+ phos-
hor displays an excellent thermal stability on the temperature
uenching effect. It is an essential requirement that phosphors for
on atmosphere. The inset shows the graph between emission intensity and dopant

white LED applications should have low thermal quenching in order
to avoid the changes in chromaticity and brightness of the white
LEDs [24]. The residual emission intensity of Eu2+ doped NaCaPO4
Phosphor at 250 ◦C is still as high as 73.5% of the initial inten-
sity at room temperature, whereas it is only 62% for a standard
YAG:Ce (Daejoo electronic materials, Korea) phosphor. The com-
parison between the thermal stability of those phosphors is shown
in the inset of Fig. 6. Such thermally stable NaCaPO4 phosphor can
serve better in improving the brightness of white-LEDs of high con-
version efficiency at high junction temperatures. Although, YAG:Ce
and NaCaPO4:Eu2+ phosphors are emitting yellow and green colors
respectively, in our present study we  have compared their thermal
stabilities for reference purpose only.

From Fig. 6, we can also clearly notice a gradual decrease
in the emission intensities as the temperature increases. This
Fig. 6. Temperature dependent emission spectra of NaCa0.99PO4:Eu0.01
2+ phosphors

sintered in argon atmosphere. The inset shows the temperature-dependent relative
emission intensities of the NaCa0.99PO4:Eu0.01

2+ and YAG:Ce phosphors samples.
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ally released through the crossing point between the excited
tate and the ground state in configurational coordinate diagram.
his non-radiative transition probability by thermal activation is
trongly dependent on temperature resulting in the decrease of
mission intensity. The thermally activated luminescent center is
trongly interacted with thermally active phonon, contributing to
WHM of emission spectrum. At higher temperature, the popu-
ation density of phonon is increased, and the electron–phonon
nteraction is dominant, and consequently FWHM of emission spec-
rum is broadened [17,24].

Several groups have investigated the effect of lithium incor-
oration on the phosphor efficiency. Such studies revealed that
he photoluminescent efficiency of many phosphors was  enhanced
emarkably by the incorporation of Li ions [26,27]. For this rea-
on, in our present investigation we have also incorporated Li
ons in place of Na ions to study its influence on the pho-
oluminescence properties of the NaCaPO4:Eu2+ phosphor. We
bserved a drastic enhancement in the photoluminescence effi-
iency of NaCaPO4:Eu2+ phosphor when lithium ions are co doped.
ig. 7 reveals that among all the Li incorporated samples, the
a1−xLixCa0.99PO4:Eu0.01 phosphor containing 4 mol% of lithium

x = 4) is exhibiting better luminescence efficiency when compared
ith other samples. Moreover, we have done XRD characterization

o analyze the possible structural explanation for this. It was  found
hat diffraction patterns of phosphors with and without lithium
ons are all the same. Hence the change in the emission intensity
s due to the differences of the ionic radii of alkali metal ions. The
lkali metal ions of Li+, Na+ and K+ have the valence electronic con-
gurations of noble gases. The alkali metal ions have ionic radii

n the increasing order of Li+ < Na+ < K+. The difference in the ionic
adii would probably give rise to diversity in the sub lattice struc-
ure around the luminescent center ions. This in turn influences
he spin–orbit coupling and the crystal field of europium ions.
hus, the relative emission intensity of the phosphors incorporated
ith lithium is strongly enhanced as the coordination conditions

f europium ions are influenced due to the change in distances
etween Eu–O [28,29].

In general, color is represented by means of color coordinates.
he chromaticity diagram established by the Commission Interna-
ionale de l’Eclairage (CIE) in 1931 is a two dimensional graphical
epresentation of any color perceivable by the human eye on an x–y

lot. Hence, in our present work, the chromaticity coordinates of
a1−xLixCa0.99PO4:Eu0.01 phosphors sintered in argon atmosphere

ig. 7. PL Emission Spectra of Na1−xLixCa0.99PO4:Eu0.01 phosphors sintered in argon
tmosphere with varying lithium ion concentrations.

[
[

[
[

[

[

Fig. 8. CIE color coordinates of Na1−xLixCa0.99PO4:Eu0.01 phosphors sintered in argon
atmosphere. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

has been calculated from their corresponding emission spectra and
its color coordinates are depicted in Fig. 8.

4. Conclusions

For the first time, we have reported about the reduction phe-
nomenon of Eu3+ to Eu2+ in NaCaPO4 compound sintered in
non-reducing atmosphere of pure Argon gas. This reduction phe-
nomenon was also explained by using charge compensation model.
The un-equivalent substitution of Eu3+ for Ca2+ creates electrons
on [VCa]′′ vacancies in NaCaPO4 matrix. The tetrahedral PO4 anion
groups of the compounds probably played a role of electron trans-
fer in the reduction process of Eu3+ to Eu2+ in non-reducing
atmosphere of pure argon. Emission spectral profiles and tem-
perature dependant emission studies revealed that the prepared
NaCaPO4:Eu2+ phosphors are potential enough for WLEDs and dis-
play device applications.
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