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Abstract

A series of novel single-phase white phosphors Ba; 3Cagg9_ ,— ySiO4:O.01Eu2+,an2+, yDy** were synthesized by the solid-state
method. The excitation spectra of these phosphors exhibit a broad band in the range of 260—410 nm, which can meet the application
requirements for near-UV LED chips (excited at 350-410 nm). The emission spectra consist of two broad bands positioned around
455 nm and 596 nm, which are assigned to 5d — 4f transition of Eu’*, and *T; > %A, transition of Mn* ¥, respectively. The luminescence
intensity of phosphors enhances obviously by doping Dy*™ ions, and the intensity of two bands reaches an optimum when Dy*™"
amounts to 2 mol%. In addition, thermoluminescence investigation of phosphor was conducted, getting two shallow trap defects with
activation energy of 0.43 eV and 0.45 eV, which demonstrates the energy transfer mechanism of Dy—Eu through the process of hole and
electron traps. By precisely tuning the Mn?" content, an optimized white light with color rendering index (CRI) of R,=84.3%,
correlated color temperature (CCT) of 7.=8416 K and CIE chromaticity coordinates of (0.2941, 0.2937) is generated. The phosphor
could be a potential white phosphors for near-UV light emitting diodes.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: D. Silicate; D. Phosphor; D. Ba; 3Cag ;SiO4:Eu®* Mn*" Dy**; E. Light-emitting-diode

1. Introduction

White light-emitting diode (W-LED) is considered as the
most promising light source, due to the merits of a long life
span, compact size, high brightness, low energy consump-
tion, and environmental friendliness, which has aroused
wide public concern during the past 30 years [1-6].
Currently, white light-emitting diode produced by combi-
nation of three primary color phosphors—red, green and
blue phosphor, with light-emitting diode exhibit many
problems such as inter-color absorption and the mixing
proportion, which affect the luminous efficiency and color
rendition to a large extent. However, single-phase white
light phosphor can overcome those problems and this ideal
scheme has caused the attention of more and more
researchers, which will be the trend of development in
the future. Eu®>"/Mn?"-codoped single-phase white light
systems were a potentially ideal candidate, because Eu®*

*Corresponding author. Tel.: 486 13 842 060 909.
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can produce an intense emission band from blue to green,
transition metal Mn>* can give abroad emission band
from green to red by energy transfer. For instance, Baj
MgSi,Og:Eu? ™ ,Mn? " [7], St;Y(PO,)5:Eu®* ,Mn> ™ [8], SrAl,
B,O:Eu®* Mn?™ [9], Na(Sr, Ba)PO,:Eu** Mn>" [10].
Dy’ is one of the important rare-earth ions for the
preparation of phosphors and plays a major role in the
production of different types of light-emitting materials.
Because the 4F state of Dy*™ ion is easily affected by the
outer crystal field, 4F9/2—6HJ (J=5/2,17/2,9/2, 11/2, 13/2,
15/2) transitions can be obtained in different substrates.
Phosphors doped Dy** jon can produce mainly blue
emission (~ 480 nm), yellow emission (= 575nm), red
emission( ~ 670 nm), corresponding to the 4F9/2—6H15/2,
4F9/2—6H13/2 and 4F9/2—6H11/2 transition of Dy3+ ion.
For instance, Bandi et al. proposed a novel white phosphor
Ca3Y9551301,:Dy,Ce consisting of blue emission (4F9/2
—°H, s/2) and the yellow emission (4F9/2— 6H13/2) [11], Lupei
et al. [12] investigated spectroscopic characteristics of Dy -
doped Y;Al50;,, peaking at 485 nm (4F9/2—6H15/2), 580 nm
(*Foo—°Hy3p0), and 675 nm (*Fo—Hyy ) [12].
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The T phase of Ba;;Ca(,SiO4 host lattice is the most
chemically stable one in (Ba,Ca),SiO4 system [13]. White-
light phosphor has been obtained when Eu?* and Mn>™"
were doped simultaneously in this T-phase substance [14].
In this paper, we report the synthesis and characteristics of
a series of T phase full-color emitting Ba; 3Cag g9 x— ,Si04
(BCS):0.01Eu**",xMn>", yDy>* phosphors, and photo-
luminescence (PL) and the photochromic parameters of
the phosphors are determined. By tuning the Mn?"
content, white light phosphors with different color render-
ing indexes and color temperatures have been synthesized.

2. Experimental procedure

A solid-state synthesis procedure was used to prepare
the phosphors with nominal compositions of
Ba; 3Cag g9 ,Si04:0.01Eu* " xMn>* ,yDy’ * (BCS-
EMD). Ca’" was substituted by Mn®* and Dy’ ". The
starting materials were CaCOj3 (A.R. grade), BaCO3 (A.R.
grade), SiO, (A.R. grade), MnCO; (A.R. grade), Eu,03
(99.99% purity), Dy,0O3 (99.99% purity). 7mol % of
BaCl;2H,O (A.R. grade) was added additionally as a
fluxing agent. All raw materials with stoichiometric
amounts were mixed thoroughly with amounts of ethanol
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Fig. 1. The XRD patterns of BCS:0.01Eu**,0.02Mn’>* yDy** (y=0-
0.05) phosphors.

Table 1
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in an agate mortar. Then these mixtures were dried at
50 °C for 1 h. Finally, the obtained powder was reground
and calcined in a tubular furnace at 1000 °C for 2h in a
reductive atmosphere (the composition of mixed flowing
gas is Viu)/Vin2=1/10). The sample was allowed to cool
spontaneously in the reducing atmosphere to 400 °C, then
kept on cooling to room temperature spontaneously in air
atmosphere. Accordingly, the reaction equation can be
expressed as follows:

1.3BaCO;+(0.69 — x — y)CaCO5 +0.005Eu,05
+xMnCO; +y/2Dy203 + SIOZ e

Ba1,3Ca0_69 ,x,ySiO4:0.0 1 Eu,an,yDy + (1 99 — y)CO2T 5
x, y=0-0.05

The structure of the products was characterized by the
XRD employing Cu K, radiation at 40 kV and 250 mA,
the diffraction data were recorded over the range 0=10—
80° with a 0.02° step size, a scan speed of 4 °/min. The PL
and PL excitation (PLE) spectra of the samples were
recorded with Hitachi F-4600 fluorescence spectrophot-
ometer equipped with a 150 W Xenon lamp under a
working voltage of 500 V. Thermoluminescence spectra
were recorded using the RGD3B thermoluminescence
dosimeter (Beijing Institute of Chemical Defense), heat-
ing rate 8 °C/s, maintaining 40 °C for 8 s and 300 °C for
12's. The sample weight was kept constant (0.0007 g).
The photochromic parameters of phosphors were mea-
sured with a PMS-50 (PLUS) UV-vis—near IR spectro-
photocolorimeter, scan rate 5 nm/s, excitation wave-length
365 nm. All these measurements were carried out at room
temperature.

3. Results and discussion

The XRD patterns of BCS:0.01Eu®>" ,xMn** yDy**+
(y=0-0.05 mol%) samples are shown in Fig. 1. All
diffraction peaks of these samples coincide well with the
Joint Committee on Powder Diffraction Standards
(JCPDS) card No. 36-1449, no obvious shifting of peaks
or other impurity phase can be detected at the current
doping level. From Rietveld refinement of the JADE 5.0
software package, the calculated lattice parameters are
shown in Table 1. Compared with the standard crystal (T
phase), the value of a, ¢, V has scarcely changed, which

Unit cell parameters of BCS:0.01Eu>*,0.02Mn>* ,yDy** (y=0-0.05) phosphors.

y a(A) ¢ (A) V(A% z Density
0 5.739 14.634 417.38 4.0 4.7684
0.01 5.741 14.656 418.40 4.0 4.7569
0.02 5.746 14.664 419.29 4.0 4.7467
0.03 5.741 14.647 418.14 4.0 4.7598
0.04 5.742 14.651 418.31 4.0 4.7579
0.05 5.739 14.645 417.72 4.0 4.7645
Standard crystal 5.749 14.664 419.73 4.0 4.7418
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Fig. 2. PLE spectra of BCS:0.01Eu®*,0.02Mn>*,0.02Dy** monitored
under 460 nm and 600 nm.

indicates that Ca®* can be partly replaced by rare-earth
ions (Eu®>", Dy*") and Mn>" ions without change of
crystal structure. The standard crystal belongs to the P3m1
space group with hexagonal unit cell (¢=5.749 A,
c=14.664 A, ¥=419.73 A’ for Ba, 5Cao-SiOy). It consists
of five Ba®> " /Ca’™* sites (one M(2)Og ring and four M(1, 3,
4, 5)O19;1> polyhedrons) and two SiO, tetrahedral sites
[15].

The PLE spectra of BCS:0.01Eu®",0.02Mn>*,0.02Dy> *
sample monitored under 460 nm and 600 nm monitored
are given in Fig. 2. The two PLE spectra monitored under
460 nm (main emission peak of Eu>™) and 600 nm (emis-
sion peak of Mn”>") are similar and exhibit a wide band
extending from 230 to 440 nm, which contain mainly two
absorption bands peaking at about 283 and 365 nm. The
BCS-EMD sample has the larger energy absorption at
283 nm than at 365 nm UV radiation, but it is cheap and
available commercially for LED-chip with 350—410 nm,
the wavelength of 365 nm was chosen as excitation wave-
length in this paper.

The PL spectra of BCS:0.02Dy”*, BCS:0.01Eu®*,0.02
Mn®>* and BCS:0.01Eu®*,0.02Mn", 0.02Dy** phosphors
excited at 365 nm are given clearly in Fig. 3. There are rarely
emission peak in the PL spectra of BCS:0.02Dy>* phosphor,
which demonstrates that Dy®* cannot be used as the
luminescent center in the BCS host crystal lattice. However,
the intensity of PL spectrum enhances clearly with the
incorporation of Dy’ in BCS:Eu®* ,Mn”"crystal lattice.
The BCS:Eu?" ,Mn”>" phosphor has been observed and
discussed by Park et al. [16], the energy transfer between
Eu?>"-Mn?* was induced by dipole-quadrupole interaction.
The characteristic emission peaks (any sharp 4F-6H transi-
tions) of Dy** are not present in BCS:Eu’* ,Mn>* ,Dy**
crystal lattice, which indicates that Dy>" might act as a
sensitizer and transfer energy to Eu?" with the function of
the hole and electron traps [17].

Fig. 4 plots the TL glow curve of the BCS:0.01Eu*™",
0.02Mn**,0.02Dy** phosphor. The TL curve is intensive,
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Fig. 3. PL spectra (lex=365nm) of (a) BCS:0.02Dy**; (b)
BCS:0.01Eu®*,0.02Mn>*; and (c) BCS: 0.01Eu®*,0.02Mn>*,0.02Dy>*.
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Fig. 4. The TL curve of BCS:0.01Eu**,0.02Mn>*,0.02Dy** phosphor
and two sub-bands fitted by Gaussian function.

which indicates that more electrons can be trapped by
co-doping Dy’ ions. Here Gaussian fitting was done for
resolving the TL curve, revealing two obvious peaks at
151 °C and 206 °C, demonstrating the existence of two
traps in the material. The activation energy of the traps
was calculated using the following equation [18§],

E=2KT? /T,-T,

where K is Boltzmann constant, T,, is the temperature at
the peak maximum and (T>—T;) is the width of half-
maximum of the peak. The corresponding data of the TL
peaks are listed in Table 2. The activation energy data of
0.43 eV and 0.45 eV show they are the shallow trap defects,
and these trap defects could easily release electrons. It
further demonstrates the energy transfer mechanism of
Dy-Eu through the process of hole and electron traps.
The schematic graph of energy transfer mechanism of
Dy-Eu in BCS-EMD phosphor is represented in Fig. 5.
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Table 2
The TL date of the BCS:0.01Eu?*,0.02Mn>*,0.02Dy** sample.

Peak T,,/°C T,/°C T,/°C Elev
a 151 123 195 0.43
b 206 162 251 0.45
Conduction Band
v X S
Eu" excited state @ Free clectron
O Free hole
1 Band gap
Emission Excitation
6
Dy i trap level
Eu?* ground state 0O
A Capture Release
p
51 2 3| |4

© y

Fig. 5. The schematic graph of energy transfer mechanism of Dy—Eu in
BCS-EMD phosphor.

Valence Band

Under the UV excitation, the electrons absorbed energy of
ground state (4f7) of Eu®" are excited to the excited state
(4f°5d"), generating some holes simultaneously (process 1).
Part of the holes are released to valence band (process 2),
and captured by co-doping Dy* ™ ion (process 3), energy of
holes is stored temporarily in the crystal, forming meta-
stable state. After heated, stored holes are released to
valence band (process 4), migrate to ground state (process
5), then recombine with free electrons from excited state
(process 6). The combination of stimulated holes and free
electrons radiates spontaneously visible light, which
improves the luminescence intensity.

The PL spectra of BCS:0.01Eu®*,0.02Mn** yDy’*+
samples exhibit a broad nonsymmetrical band in the
wavelength range of 420-563 nm with two peaks centered
at about 455 nm and 496 nm, as shown in Fig. 6. They are
fitted by Gaussian function and then form four sub-bands
peaking at about 442 nm, 456 nm, 477 nm, 511 nm (dotted
lines), as shown by the left inset in Fig. 6. This is due to the
substitution of four possible M(1, 3, 4, 5)O;¢,> sites or
partial M(2)Oq sites by Eu?™ ions. A weak broad band
from 563 to 670 nm centered at 591 nm occurs in Eu/Mn
and Eu/Mn/Dy phosphors, which can be assigned to
“T(*G)—°A,(°S) forbidden transition of Mn’>*. From
Fig. 6, we can also see that the PL intensity enhances
gradually with the increase of y value from 0 to 2 mol%.
When Dy** concentration is 2 mol%, the luminescence
intensity at 455 nm reaches the optimum, luminescence
intensity centered at 455 nm and 596 nm is 147% and
115% as that of un-doped sample, respectively, as shown
in the right inset of Fig. 6. The intensity falls gradually
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Fig. 6. PL spectra (lex=365nm) of BCS:0.01Eu®*,0.02Mn’>" yDy**+
with different Dy>* concentrations, the left insets show five sub-bands
fitted by Gaussian function (dotted lines) with x=y=0.02, the right insets
show the maximum of blue emission band and orange-red emission band
with different y value.

when Dy** dopant is higher above 2 mol%. One of the
possible explanations for this luminescence decay is
Dy>* concentration quenching, which occurred fre-
quently in rare earth ions doped materials as the ions
concentration is over-saturation [19]. Another reason
may be closely related to chemical clustering that
increases ion—ion interaction of Dy>™", reduces the
number of Dy** ions, which is truly involved in energy
transfer process. Thus, the fewer holes and traps were
generated in this system, which weakens the energy
transfer of Dy—Eu [20]. The CIE chromaticity coordi-
nates, CCT and CRI of BCS:0.01Eu®*, 0.02Mn>*,
yDy** phosphors with different doping contents of
Dy’ " excited at 365 nm are summarized in Table 3. As
the value of y increases from 0 to 5mol%, the CIE
chromaticity coordinates of the phosphors all fall in the
white region, as represented in points F to K in Fig. 7. The
findings showed that the luminescence intensity of BCS—
EMD phosphors can be improved obviously via adding
Dy*", but less influence to light-color parameter.

The PL spectra of BCS:0.01Eu’*",xMn>",0.01Dy’*
phosphors with different Mn®" concentration are shown
in Fig. 8. It is clearly observed that no obvious orange-red
light occurs in spectrum when x value is 1 mol%, because
of the insufficient Mn’>" content and lack of energy
transfer between Eu’" and Mn?". With the increase of
x value, the intensity of the orange-red emission band
increases, when x is 3 mol%, it reaches maximum. Whereas
the intensity of the blue emission band decreases simulta-
neously. These results indicate that the energy transfer
occurs from Eu*™ to Mn?™.

With Mn?" dopant concentration higher than 3 mol%,
the emission intensity of the whole spectra begins to decrease
because of the exceeding Mn>* killing the luminous centers
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Table 3
Comparison of CIE chromaticity coordinates (x, y), CCT (7,) and CRI
(R,) for BCS:0.01Eu**,0.02Mn** ,yDy** phosphors excited at 365 nm.

Sample  Sample CIE coordinates  CCT CRI
no. composition (y)  (x, ) (T./K) (R4/%)
F 0 0.3246, 0.3161 5917 83.5
G 0.01 0.3119, 0.3036 6804 82.7
H 0.02 0.2941, 0.2937 8416 84.3
I 0.03 0.2964, 0.2949 8172 84.1
J 0.04 0.2936, 0.2890 8628 83.7
K 0.05 0.3023, 0.2917 7748 82.1

02 03 04 05 06 0.7

Fig. 7. CIE chromaticity diagram for BCS:0.01Eu>*,0.02Mn>* yDy>*
phosphors (point F-K) excited at 365 nm.

and concentration quenching among Mn>" ions. Similar
phenomenon was observed and discussed by Ruelle et al.
[21]. The possible reason is attributed to the paired Mn>*
centers decaying faster than single Mn®* centers. The CIE
chromaticity coordinates, CCT and CRI of BCS:0.01Eu*,
xMn?*,0.01Dy** phosphors with different doping contents
of Mn?" excited at 365 nm are summarized in Table 4. As x
increases from 1 to 5 mol%, the values of R, and T, decrease
gradually, the CIE chromaticity coordinates of the phosphors
is tuned from blue to orange-red clearly, as represented in
points A to E in Fig. 9, which demonstrates that the
luminescent characteristics of the phosphors can be regulated.
In particular, a white light phosphor (BCS:0.01Eu*™",
0.02Mn>*,0.02Dy**) with CIE chromaticity coordinates of
(0.2941, 0.2937), CCT of T, = 8416 K, an excellent CRI of
R,=84.3% (higher than that R, (~ 78) of a W-LED based
on commercial YAG:Ce pumped by blue InGaN chip) can be
obtained by regulating the Mn>" content in the single host.
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Fig. 8. PL spectra (ix=365nm) of BCS:0.01Eu** xMn>*,0.01Dy**
with different Mn?>* concentrations.

Table 4
Comparison of CIE chromaticity coordinates (x, y), CCT (7,.) and CRI
(R,) for BCS:0.01Eu>*,xMn2*,0.01Dy** phosphors excited at 365 nm.

Sample  Sample CIE coordinates  CCT CRI
no. composition (x) (x, y) (T./K) (R, %)
A 0.01 0.2631, 0.2898 12084 86.5
B 0.02 0.3119, 0.3036 6804 82.7
C 0.03 0.3589, 0.3247 4292 78.4
D 0.04 0.3662, 0.3171 3922 75.4
E 0.05 0.4015, 0.3276 2961 71.3

4. Conclusions

A series of BCS-EMD phosphors with varying Mn?™/
Dy** were prepared successfully by the solid state reaction
method. The emission spectra of these phosphors showed
that the two main peaks are located at 455 and 596 nm,
which can be assigned to 5d —4f transition of Eu®", and
*T,(*G)—°A(°S) forbidden transition of Mn>™", respec-
tively. Dy’ enhances clearly the luminescence intensity of
BCS:Eu”* Mn>" phosphors. Dy** ions might act as
sensitizer. It is probable that energy transfer from Dy’
to Eu?* occurs through the function of hole and electron
traps. Color-tunable white light phosphors can be obtained
via changing the Mn>* content. A outstanding phosphor
(BCS:0.01Eu>",0.02Mn>*,0.02Dy> *) with CIE chromati-
city coordinates of (0.2941, 0.2937), an excellent CRI of
R,=84.3%, and CCT of T.=8416 K was obtained. In
addition, these phosphors could be efficiently excited in the
wavelength range of 350-410 nm where the near ultraviolet
light-emitting diode is well matched. According to these
excellent spectra profile, we could conclude that the BCS-
EMD phosphor might be a promising single-phased
phosphor for near-UV white-light LED.
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Fig. 9. CIE chromaticity diagram for BCS:0.01Eu** ,xMn>*,0.01Dy**
phosphors (point A-E) excited at 365 nm.
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