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On the basis of the structural information that the host material has excellent charge stabilization, blue-emitting
Ca6-x-yMgx(PO4)4:Euy

2þ (CMP:Eu2þ) phosphors were synthesized and systematically optimized, and their
photoluminescence (PL) properties were evaluated. Depending upon the amount of Mg added, the emission
efficiency of the phosphors could be enhanced. The substitution of Eu2þ affected their maximum wavelength (λmax)
and thermal stability because the substitution site of Eu2þ could be varied. To obtain single-phase two-color-emitting
phosphors, we incorporated Mn2þ into CMP:Eu2þ phosphors. Weak red emission resulting from the forbidden
transition of Mn2þ could be enhanced by the energy transfer from Eu2þ to Mn2þ that occurs because of the spectral
overlap between the photoluminescence excitation (PLE) spectrum of Mn2þ and the PL spectrum of Eu2þ. The energy
transfer process was confirmed by the luminescence spectra, energy transfer efficiency, and decay curve of the
phosphors. Finally, the optimized Ca6-x-yMgx-z(PO4)4:Euy

2þ,Mnz
2þ (CMP:Eu2þ,Mn2þ) phosphors were applied

with green emitting Ca2MgSi2O7:Eu
2þ (CMS:Eu2þ) phosphors to ultraviolet (UV) light emitting diode (LED)-pumped

white LEDs. The CMS:Eu2þ-mixed CMP:Eu2þ, Mn2þ-based white LEDs showed an excellent color rendering index
(CRI) of 98 because of the broader emission band and more stable color coordinates than those of commercial
Y3Al5O12:Ce

3þ (YAG:Ce3þ)-based white LEDs under a forward bias current of 20 mA. The fabricated white LEDs
showed very bright natural white light that had the color coordinate of (0.3288, 0.3401), and thus CMP:Eu2þ,Mn2þ

could be regarded as a good candidate for UV LED-based white LEDs.

1. Introduction

Commercial white light emitting diodes (whiteLEDs) offer
advantages such as low power consumption, long lifetime
(>100000 h), and environmental friendliness and are fabri-
cated by combining a blue LED chip with yellow-emitting
phosphor.1 Although commercial blue-LED-pumped, yel-
low-emitting phosphor-based white LEDs have high effi-
ciency (>30 lm/W), they have a poor color rendering index
(<65) because of weak red emission. Furthermore, most
phosphors have no absorption band in the range from 440 to
460 nm with the exception of the commercial yellow phos-
phor, Y3Al5O12:Ce

3þ. Recently, a new class of white LEDs,
i.e., near-ultraviolet LEDs (near-UV LEDs) combined with
multiphase phosphors, have been developed to provide

excellent color-rendering properties compared to those of
commercial white LEDs.2

However, this new type of white LED has low lumines-
cence efficiency because of the reabsorption of blue emission
by red and green phosphors; there is also a high cost issue to
produce such devices.3 In studies on phosphors, numerous
researchers have studied the energy transfer mechanism
between two activators.3-5 One activator, serving as a
sensitizer, helps another activator to emit efficiently, and
the two activators simultaneously substitute one host lattice
to form single-phase and multicolor-emitting phosphors.
Furthermore, a single-phase emitting phosphor utilizing
energy transfer in the phosphor can be advantageous for
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near-UV LEDs-based white LEDs due to the following
reasons. In this case, there is no reabsorption of blue emission
and there is no need to mix two or three different phosphors.
Consequently, this single-phase emitting phosphor can en-
hance the luminescence efficiency and color reproducibility
of the white light source.
Phosphors based on phosphates have distinctive charac-

teristics such as excellent thermal stability and stabilization of
ionic charge in the lattice compared to other oxide phos-
phors.6 B. Dickens et al. reported on the crystal structural
information onCa7Mg9(Ca2-x,Mgx)(PO4)12.

7 They reported
that this composition can be easily changed to several
compositions having different stoichiometry in terms of the
variable ratio between Ca and Mg, and Ca6-xMgx(PO4)4
(CMP) is also a variation of the original composition. CMP
was selected as a basic composition because CMP:Eu2þ

phosphor has good luminescence properties under near-UV
excitation.8 R. A. McCauley et al. reported the influence
of Mg content in the CMP:Eu2þ phosphor.8 They explained
that a solid solution of CMP between Ca3(PO4)2 and
Mg3(PO4)2 can be formed in Mg content range of 2.76-3.6
mol and its luminescence properties are enhanced with
increasing Mg content in this range. From this information,
the influence of Mg content was studied in the present
paper, as no scientific basis for its ameliorating effect was
provided in the previous research. The crystal structure
of CMP is monoclinic and its space group is C2/c. In the
lattice of CMP, there are five different Ca sites that can
be substituted by Eu2þ as an activator. Each Ca site has
different structural information such as coordinationnumber
(n), which mainly affects the environment of the activators.
Thus, the CMP-based phosphor will show site-sensitive
characteristics on which the luminescence properties
and thermal stability can be dependent, because Eu2þ and
a variable amount of Mg tend to substitute for the same
Ca sites.
Furthermore, Mn2þ codoped CMP:Eu2þ, a single-phase,

two-color-emitting phosphor, emitted blue and red radiation
originating from Eu2þ andMn2þ, respectively. Although the
absorption and emission of Mn2þ are weak due to its
forbidden transition, the emission ofMn2þ was considerably
improved by the energy transfer from Eu2þ to Mn2þ.
Furthermore, the energy-transfer mechanism was confirmed
by the change in the luminescence spectra, energy-transfer
efficiency, and decay curve of the phosphors. Finally, the
generation of white color and fabrication of white LEDs by
incorporating CMP:Eu2þ,Mn2þ phosphor as well as its
luminescent properties will be discussed.

2. Experimental Section

2.1. Synthesis. Powder samples of Ca6-x-yMgx(PO4)4:
Euy

2þ, Ca6-x-yMgx-z(PO4)4:Euy
2þ,Mnz

2þ were prepared by a
conventional solid-state reaction method. To synthesize the
phosphor samples, we used CaHPO4 (Aldrich, 98.0þ %),
MgO (Aldrich, 99.99%), (NH4)2HPO4 (Aldrich, 99.99%),
Eu2O3 (Aldrich, 99.99%), and MnO (Aldrich, 99.99%) as raw
materials. After the raw materials were mixed using an agate
mortar for 1 h with ethanol, the mixed raw materials were dried

at 85 �C for 1 h. Finally, the samples were sintered at 1100 �C for
5hrs in a reducing atmosphere of H2 (5%) and N2 (95%).

2.2. Characterizations.To investigate its luminescent proper-
ties, we characterized photoluminescence (PL) and photolumi-
nescence excitation (PLE) with a DARSA PRO 5100 PL system
(Professional Scientific Instrument Co., Korea) using a xenon
lamp (500W) as an excitation source. The crystal structures
of the samples were investigated by X-ray diffraction (XRD)
patterns obtained by a Rigaku diffractometer with Cu KR
radiation (λ=1.54 Å). To obtain lattice parameters, we em-
ployed the LeBail pattern-matching method, as implemented in
the General Structure Analysis System (GSAS) program.9

2.3. Fabrication ofWhite LEDs.To fabricate white LEDs, we
combined UV LED chips (λmax = 380-385 nm, nonepoxy
molding packages and lamp type LEDs, TEKCORE Co.,
Ltd., TAIWAN) with CMP:Eu2þ,Mn2þ phosphors and yellow-
ish-green emitting Ca2MgSi2O7:Eu

2þ (CMS:Eu2þ) phosphors.
Optical properties such as luminescence spectra, luminous
efficiency, color-rendering index, and the Commission Inter-
nationale de I’Eclairage (CIE) color coordinates of the initial
mixed phosphors and the white LEDs fabricated were charac-
terized using a DARSA PRO 5100 PL system (PSI Trading Co.
Ltd., Korea) and evaluated under a forward bias current of
20 mA at room temperature.

3. Results and Discussion

3.1. Luminescent Properties of Optimized CMP:Eu2þ

Phosphors.We have synthesized the monoclinic phase of
CMP:Eu2þ at 1100 �C successfully. The XRD pattern
of the sample agrees well with JCPDS 73-1182,
which correspond to monoclinic CMP. The obtained
lattice parameters of Ca2.94Mg3(PO4)4:Eu0.06

2þ were
a = 22.9496 Å, b = 9.8605 Å, c = 16.9674 Å, β =
99.86� by LeBail pattern-matching of powder X-ray
diffraction profile (Rwp = 13.54-14.09%). Although
Eu2þ substituted for Ca sites, there is no significant
change in the XRD patterns compared to that of the
JCPDS card and the simulated XRD patterns. This
indicates that the phosphor samples were well-synthe-
sized by the solid-state reaction method and have high
crystallinity.
In the lattice of CMP, the ionic radius of Ca is about

1.00 Å (n = 6), 1.06 Å (n = 7), and 1.12 Å (n = 8),
whereas the ionic radius ofMg is about 0.72 Å (n=6) and
the valence of P is þ5. Here, n denotes the coordination
number of an ionic site. Judging from this information,
Eu2þ (n= 8, 1.2 Å) will likely substitute a Ca site having
similar ionic size and the same valence as an activator. To
evaluate the basic luminescent properties of CMP:Eu2þ

phosphor, the PL and PLE spectra of 0.06 mol of Eu2þ-
doped CMP phosphor were recorded at room tempera-
ture. Figure 1 shows the photoluminescence (PL) and
photoluminescence excitation (PLE) spectra of Ca5.94-x-
Mgx(PO4)4:Eu0.06

2þ phosphor with various Mg content.
As shown in Figure 1, the spectra of phosphor show a
strong absorption band in the UV region ascribed to the
transition from 8S7/2 to eg and t2g, and a blue emission
ascribed to the transition from t2g to

8S7/2. PLE and PL
intensity enhanced with increasing Mg content. This
result is consistent with expectations based on previous
research results.8 Critical evidence that can show the
change of interaction among Eu2þ ions depending upon(6) Tang, Y. S.; Hu, S. F.; Lin, C. C.; Bagkar, N. C.; Liu, R. S.Appl. Phys.

Lett. 2007, 90, 151108.
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various Mg content is needed, as the present PL results
are not sufficient to explain the influence of Mg content.
To confirm the fact that the PL intensity increases with

increasing Mg contents, the critical concentration and
critical distances where concentration quenching oc-
curred were calculated for each case, i.e. for Mg = 2.76,
3.0, and 3.6 mol. Table. 1 shows the critical concentration
and critical distance10 for each case. When the phosphor
samples were systematically synthesized with varyingMg
content, the critical concentrations increased and critical
distances decreased with increasing Mg content. This
means that concentration quenching occurs at high
Eu2þ concentration and a large amount of Eu2þ can
substitute for Ca site in the case of high Mg content.
Thus, its PL intensity was superior to that of other cases,
and this result is consistent with the observations of the
PL and PLE spectra.
The basis of the structural information,8 five different

Ca sites that can be substituted by Eu2þ and Mg can be
classified into three groups based upon their coordination
number, i.e., 8-coordinated site, 7-coordinated site and
6-coordinated site. In Ca3Mg3(PO4)4 host lattice, there
are 36 Ca sites in one unit cell. Among 36 Ca sites, the
number of 6-, 7-, and 8-coordinated Ca sites is 8, 8 and 20,
respectively. Therefore, whenEu2þ substitutes aCa site in
the CMP, Eu substitutes 6-coordinated, 7-coordinated,
and 8-coordinated Ca sites in a ratio of 2: 2: 5. Generally,
Eu2þ ions substitute for Ca sites by this ratio because the
ionic radius of Eu2þ is slightly larger than that of Ca.
However, it is expected that Mg (n = 6, 0.86 Å) tends to
substitute first the 6-coordinated Ca site (n= 6, 1.14 Å),
which has a small size difference from Mg, because the
ionic size of Mg is much smaller than that of Ca. For this
reason, Eu2þ might substitutes for the Ca site in a
different ratio where there is a high rate of high-coordi-
nated Ca sites with increasingMg content rather than the
ratio noted above. This assumption can be confirmed by

the following results on the variation of emission wave-
lengths. As shown in Table 1, the emission wavelength
moves to shorter wavelength with increasingMg content.
This phenomenon can be explained by a crystal field
effect.11

Each Ca site has different structural information.
Hence, it is expected that each Ca site will have different
thermal stability. Figure 2i shows the PL results of
phosphor samples with various Mg concentrations at
various second heat treatment temperatures in a range
from room temperature to 200 �C. In the case of Mg
content (Mg = 2.76), the decreased amount of emission
intensity is smaller than those of other cases. On the other
hand, when the Mg content is low, the phosphor has
better thermal stability than those in other cases. This
phenomenon can be explained by Pauling’s second rule.12

Among the five rules, the second rule explains that the
bond valence, called the electrostatic strength, of each ion
should be approximately equal to its oxidation state. On
the other hand, the valence of an ion (Vi equal to the
oxidation state of the ion, and S equal to the number of
coordination) is equal to the sum of the valences of its
bonds (sij). Therefore, this explanation can be expressed
by the following relation.

Vi ¼ S � Sij ð1Þ
The electrostatic strength of each Ca site was calculated
by this relation. The electrostatic strengths of 6-, 7-, and 8-
coordinatedCa site are approximatelyþ0.3333,þ0.2857,
and þ0.2500, respectively. Therefore, the low-coordi-
nated Ca site will have large electrostatic strength and
Eu2þ, which substitutes low-coordinated Ca sites, will
have high thermal stability against external influences.
Therefore, Eu2þ can likely substitute greater amounts of
low-coordinated Ca sites in the case of Mg concentra-
tion (Mg = 2.76) and shows good thermal stability.
On the basis of these results, the activation energy of

Figure 1. PLE and PL spectra of Ca5.94-xMgx(PO4)4:Eu0.06
2þ withMg

contents of (a) 2.76, (b) 3.0, (c) 3.3, and (d) 3.6 mol.

Table 1. Various Luminescence Properties of Ca6-x-yMgx(PO4)4:Euy
2þ

Mg content
(x moles)

critical conc.
(y moles)

critical
distance (Å)

variation of
λem (nm)

2.76 0.07 27.568 450
3.0 0.09 25.327 445
3.6 0.10 24.410 438

Figure 2. (i) PL results of Ca5.92-xMgx(PO4)4:Eu0.08 phosphor samples
with Mg content of (a) 2.76, (b) 3.0, and (c) 3.6 mol at various 2nd heat-
treatment temperatures. (ii) The activation energy of thermal quenching
of Ca5.92-xMgx(PO4)4:Eu0.08 phosphor samples with Mg content.

(10) Larson, A. C.; Von Dreele, R. B. GSAS. General Structure Analysis
System Program and Handbook; Los Alamos National Laboratory Report
LAUR 86-748; Los Alamos National Laboratory: Los Alamos, NM, 1994.
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thermal quenching was calculated by the Arrhenius equa-
tion, which has been used to calculate the activation
energy.6,13

IðTÞ≈ I0

1þ c exp -E
kT

� � ð2Þ

where I(T) is the intensity at a given temperature, I0 is the
initial intensity, c is a constant, k is Boltzman’s constant,
T is temperature, and E is activation energy.
Figure 2ii shows the activation energy of thermal

quenching of phosphor samples with variousMg content,
calculated by the Arrhenius equation. In the case of Mg
contents (Mg = 2.76), the phosphor is expected to show
good thermal stability because of its high activation
energy. From the results shown in Figure 2, the behavior
of substitution of Eu2þ andMg for Ca sites was also well-
noticed by these results and was consistent with the
assumption described above.

3.2. Energy Transfer from Eu2þ to Mn2þ in the CMP.

Mn2þ has weak red emission because of its forbidden
transition required by the selection rule.14Mn2þ can show
various emission wavelengths because of the influence of
the crystal field against the external crystal field.3 In the
case of CMP:Eu2þ,Mn2þ phosphor, Mn2þ easily substi-
tutes the Mg site because of its similarity in ionic size and
valence. Therefore, theMg site that can be substituted by
Mn2þ was evaluated, because the external crystal field
affects the emission wavelength of Mn2þ. Although there
are five different Mg sites in the CMP, almost all sites are
coordinated with 6 oxygens.7 Therefore, when Mn2þ

substitutes the Mg site in the CMP, we can expect that
Mn2þ will show red emission. Figure 3i shows the PLE
andPL spectra ofCMP:Mn2þ phosphor.As shown in this
figure, the excitation of Mn2þ is due to the transitions of
6S0 f 4T2(

4F), 6S0 f 4T1(
4F), 6S0 f 4E(4D), 6S0 f

4T2(
4D), and 6S0f

4G and the weak red emission is due
to the transition of 4T1 f

6A1.
15,16 As expected, Mn2þ in

the Mg site of CMP shows very weak red emission. To
confirm the energy transfer from Eu2þ to Mn2þ and the
role of Eu2þ as a sensitizer, the PL spectrum of CMP:
Eu2þ and PLE spectrum of CMP:Mn2þ have to overlap
with each other.17-19 Figure 3ii shows the PLE spectrum
of Mn2þ and PL spectrum of Eu2þ. One can expect that
the energy absorbed by Eu2þ can transfer to Mn2þ

because of the spectral overlap in the region of 400-450
nm. The PLE intensity (Mn2þ) of CMP:Eu2þ,Mn2þ in-
creases compared to that of CMP:Mn2þ. Also, the spec-
tral shape PLE of CMP:Eu2þ,Mn2þ has the spectral
shapes PLE of both CMP:Eu2þ and CMP:Mn2þ (see
Figure 3iii). Hence, Eu2þ and also Mn2þ incorporated

with CMP well and improvement of the luminescent
properties of Mn2þ could be expected because of the
energy transfer from Eu2þ to Mn2þ.
Figure 4i, ii shows the PL spectra of the phosphor

samples prepared with a fixed Eu2þ concentration and
varied Mn2þ concentration. Although the concentration
of Eu2þ was fixed, the emission intensity of Eu2þ de-
creased with increasing Mn2þ concentration. Figure 4iii,
iv shows the PL spectra of phosphor samples prepared
with fixed Mn2þ concentration and varied Eu2þ concen-
tration. Although the concentration of Mn2þ was fixed,
the emission intensity of Mn2þ dramatically increased
with increasing Eu2þ concentration. From these results,
we can be sure about the efficient energy transfer
from Eu2þ to Mn2þ. In the observation of the relative
PL intensity of Ca2.4-yMg3.6(PO4)4:Euy

2þ and Ca2.4-y-
Mg3.54(PO4)4:Euy

2þ,Mn0.06
2þ phosphors, the two kinds

of spectra show that the blue emission intensity of Eu2þ

increases with increasing Eu2þ concentration. However,
they show a difference in emission intensity and the
difference is almost uniform for each case of Eu2þ con-
centration. This indicates that a certain amount of energy
is absorbed by Eu2þ transferred to Mn2þ, which was of
fixed concentration. Generally, the energy transfer effi-
ciency from a sensitizer to activator can be expressed as
the following equation14

ηT ¼ 1-
IS

IS0
ð3Þ

where ηT is the energy transfer efficiency and IS0 and IS
are the luminescence intensity of a sensitizer in the
absence and presence of an activator, respectively. In this
case, Eu2þ acts as a sensitizer and Mn2þ acts as an
activator. Figure 5a shows the results of energy transfer
efficiency from Eu2þ to Mn2þ calculated by eq 3 and
Figure 5b is the trend of increasing emission intensity of
Mn2þ. As shown in Figure 5a, the energy transfer effi-
ciency increases with increasing Mn2þ concentration.

Figure 3. (i) PLE and PL spectra of Ca2.4Mg3.54(PO4)4:Mn0.06
2þ phos-

phor. (ii) PLE spectrum of Ca2.4Mg3.54(PO4)4:Mn0.06
2þ and PL spectrum

of Ca2.34Mg3.6(PO4)4:Eu0.06
2þ. (iii) PLE spectra of (a) Ca2.34Mg3.6(PO4)4:

Eu0.06
2þ, (b) Ca2.4Mg3.54(PO4)4:Mn0.06

2þ, and (c) Ca2.34Mg3.54(PO4)4:
Eu0.06

2þ,Mn0.06
2þ phosphors.
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2008, 112(48), 18882–18888.
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However, the rate of increase of the emission intensity
gradually decreases with increasing Mn2þ concentration.
This indicates that the quantity of energy that can transfer
from Eu2þ to Mn2þ is gradually restricted with increas-
ing Mn2þ concentration, because the concentration of
Eu2þ is fixed. This trend is similar to that of the results

portrayed in the graph in Figure 5b. Therefore, efficient
energy transfer from Eu2þ to Mn2þ can be expected from
these results. Panels c and d in Figure 5 show the decay
curve of Eu2þ and Mn2þ, respectively. The decay time of
Eu2þ decreases with increasing Mn2þ concentration, and
the decay time of Mn2þ increases with increasing Eu2þ

Figure 4. (i, ii) PL results of Ca2.34Mg3.6-z(PO4)4:Eu0.06
2þ,Mnz

2þ phosphors with (a) z=0, (b) z=0.02, (c) z=0.04, (d) z=0.06. (iii, iv) PL results of
Ca2.4-yMg3.54(PO4)4:Euy

2þ,Mn0.06
2þ phosphors with (e) y = 0, (f) y= 0.02, (g) y= 0.04, (h) y = 0.06.

Figure 5. (a) Energy transfer efficiency fromEu2þ toMn2þ in Ca2.34Mg3.6-z(PO4)4:Eu0.06
2þ,Mnz

2þ; (b) trend of increasing emission intensity ofMn2þ in
Ca2.34Mg3.6-z(PO4)4:Eu0.06

2þ,Mnz
2þ. (c) Decay curve of Eu2þ in Ca2.34Mg3.6-z(PO4)4:Eu0.06

2þ,Mnz
2þ, and (d) Mn2þ in Ca2.4-yMg3.54(PO4)4:Euy

2þ,
Mn0.06

2þ.
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concentration. The decay time of Eu2þ decreases with
increasing Mn2þ concentration because the energy ab-
sorbed by Eu2þ transferred to Mn2þ. In contrast, the
decay time of Mn2þ increases with increasing Eu2þ con-
centration becauseMn2þ absorbed the energy fromEu2þ.
Thus, these results also indicate that energy transfer
occurs efficiently from Eu2þ to Mn2þ.
According to Dexter and Schulman, concentration

quenching is in many cases due to energy transfer from
one activator to another until an energy sink in the lattice
is reached.20 As suggested by Blasse,9 the average separa-
tion REu-Mn can be expressed by

REu-Mn ¼ 2
3V

4πxN

� �1=3
ð4Þ

whereN is the number of Z ions in the unit cell, andV is the
volume of the unit cell. For Ca3Mg3(PO4)4 host, N = 36
and V = 3839.63 Å3. x is the total concentration of Eu2þ

and Mn2þ. Thus, REu-Mn (in Å) is determined to
be 13.66, 12.68, and 11.93, corresponding to 0.02, 0.04,
and 0.06 in Ca2.94Mg3-z(PO4)4:Eu0.06,Mnz. It turns out that
the critical concentration xc was 0.14 at which the lumines-
cence intensity of Eu2þ is only half of that of
the sample with no Mn2þ included. Therefore, the critical
distance (Rc) of energy transfer was calculated to be about
11.33 Å. We have also observed that the radiative emission
fromEu2þ prevails whenREu-Mn>Rc and energy transfer
from Eu2þ to Mn2þ dominates when REu-Mn<Rc.
The energy transfer mechanism between Eu2þ and

Mn2þ in CMP:Eu2þ,Mn2þ should be controlled by elec-
tric multipole-multipole interaction according to Dexter
theory, which follows the energy transfer equation given
below18,22,23

IS0

IS
�Cn=3 ð5Þ

where IS0 is the intrinsic luminescence intensity of Eu2þ

and IS is the luminescence intensity of Eu2þ in the
presence of the Mn2þ. The n= 6, 8, or 10 are dipole-di-
pole, dipole-quadrupole, or quadrupole-quadrupole
interactions, respectively. The value of n can be deter-
mined from the slop (n/3) of the linear line in Figure 6
which plots log (I/C) vs log(C) on a logarithmic scale of
I/C. The value of n/3 is found to be 5.808. Therefore, the
value of n is calculated approximately 6. This indicates
that dipole-dipole interaction is the energy transfer
mechanism between Eu2þ and Mn2þ in the CMP:Eu2þ,
Mn2þ phosphor.

3.3. Fabrication of White LEDs by Including CMP:
Eu2þ,Mn2þ Phosphors. To fabricate white LEDs with a
high color rendering index, blue and red emitting CMP:
Eu2þ,Mn2þ phosphors were combined with yellowish-
green emitting phosphors, CMS:Eu2þ. Figure 7 shows the
PL spectra and color coordinates of CMS:Eu2þ-mixed

CMP:Eu2þ,Mn2þ phosphors with various ratios between
the amount of CMP:Eu2þ,Mn2þ and that of CMS:Eu2þ

phosphors, respectively. As shown in Figure 7a-c, each
phosphor has a broad emission band in the wide region of
wavelength and high color rendering index (CRI), i.e., (a)
Ra = 82, (b) Ra = 88, and (c) Ra = 86, respectively. As
shown inFigure 7d, the color coordinates of the phosphor
samples as well as the color rendering index could be
tuned by the ratio between the amount of CMP:Eu2þ,
Mn2þ and that of CMS:Eu2þ. The phosphor samples
were coated onto UV LED chips with a maximum
excitation wavelength of 380-385 nm. Figure 7e shows
photographs of emission from CMS:Eu2þ-mixed CMP:
Eu2þ,Mn2þ phosphor with a mixture ratio of 8:1-based
white LEDs under a forward bias current of 20 mA,
which generally commercial white LEDs are operated at
20 mA.21 The CMP:Eu2þ,Mn2þ and CMS:Eu2þ-based
white LEDs generated bright white light at 20 mA.
Figure 8i shows electroluminescence (EL) spectra of

the CMS:Eu2þ-mixed CMP:Eu2þ,Mn2þ -based white
LEDs. Three emission bands were clearly located at
∼460, ∼535, and 620 nm, respectively. When the PL
spectra of initial phosphor samples were compared to
the EL spectra of this white LEDs, the blue emission
generated by Eu2þ from CMP:Eu2þ,Mn2þ moved to
longer wavelength and red emission generated by Mn2þ

from CMP:Eu2þ,Mn2þ increased. In this regard, the EL
properties of phosphor depend on the packaging condi-
tion such as the amount of phosphor coating on the LED
chip because of the red-shift caused by the reabsorption.24

In particular, The CMS:Eu2þ-mixed CMP:Eu2þ,Mn2þ -
based white LEDs operated at 20 mA showed natural
white light with color coordinates of (0.3288, 0.3401), a
color temperature (Tc) of 6066 K, and an excellent
CRI (Ra) of 98. Figure 8ii shows the CRI of the optimized
white LED under a forward bias current of 20 mA.
The general CRI is designated by the symbol Ra, which
is the average value of R1 to R8.21 The numbers in
parentheses indicate the Munsell color system.22 A com-
mercial Y3Al5O12:Ce

3þ (YAG:Ce3þ)-based white LED
having a Ra of 78 was compared to the CMS:Eu2þ-mixed
CMP:Eu2þ,Mn2þ -based white LED, and the latter
showed higher R values. In particular, the values of
R1 (7.5R) and R8 (10P) related to red emission are higher
than those of the commercial YAG:Ce3þ-based white
LED, which has weak red emission. Furthermore,

Figure 6. Logarithm of the emission intensity per activator ion (log
I/CEuþMn) as a functionof logarithmof the (Eu2þþMn2þ) concentration
(log CEuþMn) in CMP:Eu2þ,Mn2þ phosphor.

(20) Dexter, D. L.; Schulman, J. A. J. Chem. Phys. 1954, 22, 1063.
(21) Jang, H. S.; Yang, H.; Kim, S. W.; Han, J. Y.; Lee, S. -G.; Jeon,

D. Y. Adv. Mater. 2008, 20, 2696–2702.
(22) Wyszecki, G.; , Stiles, W. S., Color Science: Concepts and Methods,

Quantitative Data and Formulae, 2nd ed.; JohnWiely & Sons: New York, 1982;
Chapter 6.

(23) Van Uitert, L. G. J. Electrochem. Soc. 1967, 114, 1048. (24) Sakuma, K.; Hirosaki, N.; Xie, R.-J. J. Lumin. 2007, 126, 843.
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R4 (2.5G) related to green emission is higher than that of
the commercial YAG:Ce3þ-based white LED due to
the addition of yellowish-green emitting CMS:Eu2þ

phosphors.
As shown in Figure 8i, the EL intensity increased

continuously with increasing applied forward bias cur-
rent. This indicates that the CMS:Eu2þ-mixed CMP:
Eu2þ,Mn2þ -based white LED does not show spectral
saturation and the mixed phosphors can be regarded as
promising candidates for UV LED-based white LED
applications. Although the Ra values of the CMS:Eu2þ-
mixed CMP:Eu2þ,Mn2þ-based white LED were changed
from 98 at 20 mA to 92 at 40 mA, the Ra value is still
higher than that of the commercial YAG:Ce3þ-based
white LED. In addition, there is a very small difference
between the color coordinates of (0.3288, 0.3401) at 20
mA and (0.3202, 0.3219) at 40 mA, indicating that the
CMS:Eu2þ-mixed CMP:Eu2þ,Mn2þ-based white LED
has high color stability. Although the luminous efficacy
of the fabricated white LEDs (∼ 5.49 lm/W) was lower
than that of commercial blue-LED-pumped, yellow-emit-
ting phosphor-based white LEDs, the efficiency can be
enhanced through further optimization of the lumines-
cence properties of the phosphors and the fabrication
process of the white LEDs. In particular, the efficiency of
UV LED chips is still low, because UV LED-based white
LEDs are under development. If efficient UV LEDs will
be developed, the luminous efficacy can be significantly
improved. The CMS:Eu2þ-mixed CMP:Eu2þ,Mn2þ

phosphors show excellent luminescence properties and
the CMS:Eu2þ-mixed CMP:Eu2þ,Mn2þ-based white
LEDs also show better optical properties than those of
commercial white LEDs.

4. Conclusion

To address issues such as reabsorption of blue emission and
the costliness to produce white LED devices, a single-phase
emitting phosphor is a promising candidate that results in
enhancing the luminescence efficiencyandcolor reproducibility

Figure 7. PL spectra of mixed phosphors with various ratios between the amount of Ca2.34Mg3.54(PO4)4:Eu0.06
2þ,Mn0.06

2þ and Ca1.93MgSi2O7:Eu0.07
2þ

phosphors: (a) CMP:CMS= 1:1, (b) CMP:CMS= 4:1, and (c) CMP:CMS= 8:1. (d) Color coordinates of mixed phosphors with various ratios between
the amount of Ca2.34Mg3.54(PO4)4:Eu0.06

2þ,Mn0.06
2þ and that of Ca1.93MgSi2O7:Eu0.07

2þ phosphors: (a) CMP:CMS= 1:1, (b) CMP:CMS= 4:1, and (c)
CMP:CMS= 8:1. (e) Photograph of emission from Ca2.34Mg3.54(PO4)4:Eu0.06

2þ,Mn0.06
2þ and Ca1.93MgSi2O7:Eu0.07

2þ with a mixture ratio of 8:1-based
white LEDs under a forward bias current of 20 mA.

Figure 8. (i) EL spectra of the Ca1.93MgSi2O7:Eu0.07
2þ-mixed

Ca2.34Mg3.54(PO4)4:Eu0.06
2þ,Mn0.06

2þ-based white LEDs under forward
bias currentof (a) 12, (b) 14, (c) 16, (d) 18, (e) 20, (f) 22, (g) 24, (h) 30, (i) 38,
and (j) 40 mA. (ii) Color rendering indices of commercial YAG:Ce3þ-
based white LED and Ca1.93MgSi2O7:Eu0.07

2þ-mixed Ca2.34Mg3.54-
(PO4)4:Eu0.06

2þ,Mn0.06
2þ-based white LED under a forward bias current

of 20 mA.
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of the white light source. From this motivation, CMP:Eu2þ,
Mn2þ phosphor was selected as a candidate. First, to prepare
optimized CMP:Eu2þ, we evaluated its luminescent proper-
ties. CMP:Eu2þ can form a solid solution betweenCa3(PO4)2
and Mg3(PO4)2 in a concentration range of Mg from 2.76 to
3.6mol, as determined from the phase diagram. In this range,
the emission intensity ofCMP:Eu2þ increaseswith increasing
Mg concentration because the critical concentration in-
creases and the interaction among Eu2þ ions decreases with
increasing Mg concentration. The emission wavelengths of
phosphor samples prepared with various Mg concentrations
move to the short wavelength with increasingMg concentra-
tion. Also, in the case of lowMg concentration, the phosphor
shows better thermal stability than that of other cases. To
synthesize the single-phase, two-color-emitting phosphor via
energy transfer from Eu2þ to Mn2þ, we also considered the
luminescent properties of CMP:Eu2þ,Mn2þ phosphor. Eu2þ

was used as a sensitizer because of the weak red emission of
Mn2þ originating from its forbidden transition in this system

and two activators, Eu2þ andMn2þ, were used tomake a two
color emitting phosphor. The energy transfer from Eu2þ to
Mn2þ was confirmed by several experimental results such as
the luminescence spectra, energy-transfer efficiency, and
decay curve of the phosphors. To generate white color by
using CMP:Eu2þ,Mn2þ phosphor, this phosphor was com-
bined with a yellowish-green phosphor (CMS:Eu2þ). The
mixed phosphors showed a broad emission band in a wide
region of emission wavelength and a high color rendering
index. The CMP:Eu2þ,Mn2þ and CMS:Eu2þ-based white
LED exhibited an excellent color rendering index of 98, color
coordinates of (0.3288, 0.3401), a color temperature of 6066
K, andbright naturalwhite light under a forward bias current
of 20 mA. Thus, this white LED is thought to be a promising
white light source with high color rendering.
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