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Tunable luminescent properties of Dy**, Tm** doped
Li,CaSiO, phosphors for near-UV light-emitting diodes
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A series of Dy3’+-Tm3+ co-activated Li»CaSiO4 phosphors were synthesized by a high temperature solid-state reaction and
characterized using X-ray powder diffraction as well as luminescence spectroscopy. The excitation and emission spectra
show that all the Tm** and Dy3+ co-doped Li>CaSiO4 samples can be effectively excited by UV light and then emit light in the
region between blue and white. Furthermore, the color coordinate of as-obtained samples exited at 360 nm were able to be
adjusted from warm-white to cold-white light area by varying the doping concentrations of Tm* and Dy3+. Hence,
Li,CaSiO4:Dy**, Tm®" phosphors have potential application as UV-convertible phosphor for near-UV excited white

light-emitting diodes.
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1. Introduction

In recent years, White-Light-Emitting-Diode (WLED)
has been widely recognized as the fourth-generation
lighting source after the incandescent lamp, fluorescent
lamp, and high-pressure gas discharge lamp due to its
advantages of high luminous efficiency, long life, good
stability, and energy saving and environmental protection.
[1-3]. In white light emitting diodes (LEDs) application,
LEDs can be fabricated in three ways: (1) Combine yellow
YAG: Ce*" phosphor with a gallium nitride (GaN)-based
bluechip; (2) Combine the GaN-based blue chip with
green and red phosphors or the ultraviolet (UV) (350-420
nm) chip with blue, green, and red tri-color phosphors; (3)
Combine a single-composition white-emitting phosphor
with an UV LED[4-6]. Recently, the third type has drawn
much attention because of its small color aberration, great
color rendering index and lower production cost [7-9]. The
previous studies have showed that the single composition
white-emitting phosphor can be achieved by co-doping
rare-earth ions or transition metal ions into the same host
matrix. Hence, many studies recently focused on the
Eu®/Mn®* [10], Ce*/Mn*" [11], Ce*'/Eu®* [12], and
Ce*/Tb* [13] couples. However, the Dy*'-doped,
Dy**-Tm*" co-doped phosphors, which can be synthesized
more conveniently in an ambient atmosphere, were rarely
investigated. It is well known that the Dy** ion can emit
yellow and blue light through the transitions *Fg,—®Hi,
and *Fg;,—°Hss, by absorbing UV light [14]. That is to say,
white light can be generated by single Dy** ion when the
ratio of the yellow light and blue light are properly

adjusted. Unfortunately, it is hard to adjust a proper
yellow/blue ratio to generate a suitable white light in
single Dy**-doping system [15]. This phenomenon usually
makes the color temperature of the white-light emission
generated by Dy*" ion not suitable. The Tm*" ion can
generate blue light through the *G,—>Hg transition which
can compensate the blue light generated by Dy*" ions.
Therefore, white-light emission might be generated by
co-doping appropriate amounts of Dy** and Tm*" in the
specific host [16-18].

The silicate-matrix is an excellent luminescent host
because of its good chemical and thermal stability.
Recently, luminescence properties of Eu**, Eu?* and Ce**
doped Li,CaSiO, have been reported for the LEDs
application [19-23]. Dy*'-doped Li,CaSiO, phosphors
have been observed for their potential application for
near-UV excited WLEDs [24]. In the present work, we
obtained white-light-emitting phosphors by co-doping
Tm*-Dy** in a single host.

2. Experimental section

A series of samples LiZCaSiO4:O.06Dy3+,
Li,CaSi0,:0.06Tm**, Li,CaSi0,:0.06Dy**, xTm* (x =
0.01, 0.02, 0.04, 0.06, 0.08, 0.10) were prepared by a
conventional solid-state reaction technique at high
temperature. The reactants include analytical reagent grade
Li,COz; CaCO;, SiO, and rare earth oxides (Tm,Og,
99.99%; Dy,0s, 99.99%). Appropriate amount of starting
materials were grounded in an agate mortar and heated in
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air at 1073K for six hours. The final products were cooled
down to room temperature (RT) and grounded again into a
white powder.

The phase purity was characterized by a powder X-ray
diffraction (XRD) analyzed using Cu Ka radiation
(L = 1.5405 A, 40 kV, 30 mA) on a Rigaku D/max 2200
vpc X-Ray Diffractometer at room temperature (RT). The
photoluminescence spectra at RT were recorded on an
FLS1000 spectrometer. A 350W xenon lamp was used as
the excitation source.

3. Results and discussion
3.1. XRD measurement

Powder XRD measurements were performed for all
final samples to check the phase purity and the phase
structure. The XRD patterns of samples Li,CaSiO,:0.06
Dy**, Li,CaSi0,:0.06 Tm*, Li,CaSiO4:0.06Dy**,0.06
Tm* is shown in Fig. 1(a). It can be seen that that the
XRD patterns of the sample matches well with the JCPDS
card (27-0290) [Li,CaSiO,], indicating that doping of Dy**,
Tm®*" ions does not cause significant change in the host
structure. Some impurities with small peaks were
identified as (*Ca,SiO, (JCPDS#33-0302), which may be
caused by insufficient precursor reactions. Clearly, a small
amount of phase change would not significantly affect our
analysis. In order to further study the crystal structure of
Li,CaSiO,4, combined with the work of Gard [25], it is
found that the crystal structure of Li,CaSiO, is a
body-centered tetragonal system, and the spatial
parameters are a = (0.504 7+0.000 5 A), ¢ = (0.648
60.000 6 A), the space group is 142m. In the Li,CaSiO,
unit cell, there is only one octa-coordinated strongly
distorted dodecahedral calcium site. There are two kinds
of Ca-O bonds in the crystal lattice, which four Ca-O
bonds have a bond length of 0.269 nm, and the other four
The bond length of the Ca-O bond is 0.241 nm. In addition,
by observing the illustration on the right of Fig. 1(b), it can
be found that the diffraction peaks of the crystal plane
between 26 = 35" - 40° shift to a large angle direction after
doping with Dy*" and Tm** ions. According to the Bragg
equation 2dsin@ = nk, the main reason for this peak shift is
due to the small radius Dy** (Rp,>" = 0.091 nm, CN = 8),
Tm* (Rrm>* = 0.088 nm, CN = 8) displacement formula
instead of Ca®" with a larger radius (Rc,2* = 0.100 nm,
CN = 8), the difference in ion radius and charge leads to
smaller unit cell parameters [26].
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Fig. 1. XRD patterns (a) and located between 26 = 35 - 40
diffraction peak position offset (b) of Li,CaSiO,:0.06Dy*",
Li,CaSi0,:0.06Tm**, Li,CaSi04:0.06Dy**,0.06Tm*"
phosphors (color online)

3.2. Dy** luminescence in Li,CaSiO,

Fig. 2 shows the excitation spectrum (curve a) and the
emission spectrum (curve b) of the single Dy3+ -doped
phosphor Li,CaSiO,:0.06Dy**. Curve a is the excitation
spectrum in the range 250-500 nm by monitoring the
emission of Dy*" at 575 nm. The excitation spectrum
consists of a series of absorption lines, in which the peak
at ~350 nm is dominant. This intense excitation peak is
assigned to °Hisp—*P7j, transition of Dy** ion. Other
peaks at ~325 nm, ~365 m and ~386 nm are ascribed to
the transitions 6H15/2—’4|\/|17/2, 6H15/2_’4|:)3/2, and 6H15/2_>
*F,, of Dy*" ion, respectively. The emission spectrum of
LiZCaSiO4:0.06Dy3+ under 350 nm excitation is shown in
Fig. 2(b). There are two group emission peaks in the
wavelength range 450-600 nm. The blue peak (~ 490 nm)
corresponds to the *Fg,—°His), transition and the yellow
peak (~579 nm) corresponds with the “Fop — °Higp
transition of Dy*". The intensities of the blue and yellow
peaks are nearly the same, indicating that white light can
be obtained in the prepared phosphor LiZCaSiO4:O.06Dy3+.
The chromaticity coordinates (x, y) of LiZCa1SiO4:O.06Dy3+
are calculated to be (0.348, 0.375), indicating that the
present phosphor Li2C5318i04:0.06Dy3+ is located in
yellow-white light region. As a white-light emission
phosphor for LEDs lamp, the emission color is closed to
the standard white-light point (0.33, 0.33), but still has a
little deviation.
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Fig. 2. The excitation (curve a, e, = 575 nm) and emission
(curve b, Ae = 350 nm) of sample Li,CaSiO,:0.06Dy**

3.3. Tm*" luminescence in Li,CaSiO,

The excitation spectrum (curve a, Aem = 457 nm) and
the emission spectra (curve b, A, = 354 nm) of sample
Li,CaSi0,:0.06Tm*" are shown in Fig. 3. The excitation
spectrum presents one strong peak centered at ~354 nm in
340-370 nm range by monitoring emission at 457 nm,
which is assigned to the *Hg—'D, electronic transition of
Tm®*" ions. The emission spectra under 354 nm excitation
are displayed in curves b of Fig. 3. The emission curve
consist of an emission peak at about 452 nm in the
wavelength range 400-550 nm, corresponding to the *D,—
3F, transition of Tm** ions.
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Fig. 3. The excitation (curve a, e, = 457 nm) and emission
(curve b, Ae = 354 nm) of sample Li,CaSiO,: 0.06Tm®*

3.4. Tm*-Dy** luminescence in Li,CaSiO,

Fig. 4 presents the emission spectra of Tm**-Dy**

co-doped samples Li,CaSiO,:0.06Dy**, xTm®* with
various contents of Tm** under the UV light (360 nm)
excitation, and the amplified emission peaks in the
wavelength range from 445 to 470 nm is presented in the

inset of Fig. 4. With increasing concentration of Tm**
increasing, a different trend for the luminescence intensity

can be seen. Fig. 5 shows the dependence of the intensities
of the Tm* 'D,—°F, transition at 451 nm and the
*For;—"His, (477 nm), *Fg,—°®Hig, (570 nm) transitions of

Dy*" as a function of Tm*" concentrations, respectively.

With doping concentration increasing of Tm®" in the
Tm*-Dy*" co-doped system, the intensities of Tm®'

'D,—%F, transition increase linearly, and reach a
maximum at the concentration x = 0.06, while that of Dy**
decreases gradually. It is possibly due to the quenching
effect of Tm** on the emission intensity of Dy*".
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Fig. 4. Emission spectra of samples Li,CaSiO,: 0.06Dy**,
xTm®* (x=10.01, 0.02, 0.04, 0.06, 0.08, 0.10) (color online)
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In order to further analyze the mechanism of
concentration quenching, Blasse [27] pointed out that the
critical distance R. of luminescent ion concentration
guenching can be obtained by formula (1).

1/3
Rc = 2(37V) (1)
4XN

In the formula: V is the unit cell volume, N is the
number of atoms contained in the unit cell, and X; is the
critical concentration of doped ions. For Li,CaSiO,, V =
165.21A, X.= 0.06, N = 2 [23]. Therefore, Rc can be
calculated to be about 13.8A. Blasse [28] believes that if
R. is greater than 5A, the electric multipole moment
interaction is the mechanism of concentration quenching,
otherwise it is the electron cloud exchange. In this system,
Rc is much greater than 5A, so the mechanism of
concentration quenching is electric multipole moment
interaction.The type of electric multipole moment
interaction can be determined by equation (2) [29].

L epod] @

In the formula: x is the concentration of activator, I is
the integrated intensity of luminescence, 8 = 6, 8, 10 are
electric dipole moment-electric dipole moment, electric
dipole moment-electric quadrupole moment, electric
quadrupole moment-electric quadrupole moment. For the

same material, S(x) is a constant. Make the relationship
curve between log(l/x(Tm**)) and log(x(Tm*")) (Fig. 6),
and get the slope of (6/3 = -0.849). Therefore, the value of
6 is about 2.5. Combining the results of Formula (1) and
Formula (2), it shows that the concentration quenching
mechanism of Tm** in Li,CaSiO,:Dy*", Tm* phosphors is
mainly the electric dipole moment-electric dipole moment
interaction.
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Fig. 6. Li,CaSiO,:Dy*", Tm*" relationship curve of
log(I/x(Tm**))-log(x(Tm**)

Table 1. Luminous characteristic parameters and CIE chromaticity coordinates for LiZCaSiO4:O.06Dy3+; Li,CaSi0,:0.06Tm*";
Li,CaSi0,:0.06Dy>*, xTm** upon excitation at 360 nm

SN%Jnr]r?t!g? Tm concentration (x) Eprg;?tsiigr?syne%k Emissioar?ui.ntensity Chromaticity %%%r?]inqz;tes (Aex =
a Li,CaSi0,:0.06Dy** 575 nm 8523 (0.335,0.407)
b 0.01 458 nm 6420 (0.294,0.270)
c 0.02 458 nm 9870 (0.266,0.224)
d 0.04 458 nm 10210 (0.252,0.200)
e 0.06 458 nm 10240 (0.244,0.184)
f 0.08 458 nm 7456 (0.233,0.166)
g 0.10 458 nm 7576 (0.225,0.159)
h Li,CaSi04:0.06 Tm** 457 nm 248800 (0.164,0.121)

The corresponding chromaticity diagram for these
eight samples Li,CaSi0,:0.06Dy*"; Li,CaSiO,:0.06Tm*";
Li,CaSiO,: 0.06Dy**, xTm*(x = 0.01, 0.02, 0.04, 0.06,
0.08, 0.10) are presented in Fig. 7 and Table 1. The color
coordinates of the sample Li,CaSiO,: 0.06Dy**, 0.01Tm**
is x = 0.294, y = 0.270, which is locates at the white-light

region. With the Tm** concentration increasing, the color
coordinates of the samples decline in line, and finally to
the blue region, implying that the concentration of Tm**
has great influence in the tuning of color coordinate for
Li,CaSiO,: Tm**, Dy** phosphors.
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Fig. 7. The chromaticity coordinate diagram Dy**- and Tm**-doped Li,CaSiO, under 360 nm excitation. The digital images of the
phosphors under 365 nm excitation are shown in the inset (color online)

4. Conclusions

The luminescence properties of Dy**-doped
phosphors  Li,CaSiO,:Dy*, Tm* -doped phosphors
Li,CaSiO,;Tm** and Tm*-Dy** co-doped phosphors
Li,CaSiO,: Tm**-Dy** were investigated. Li,CaSiOs:Tm®*
and Li,CaSiO,:Dy** phosphors can absorb UV light, and
emit blue and white light, respectively. For co-doped
samples phosphors Li,CaSiO4:0.06Dy**, xTm**, the color
temperate can be tuned from yellow-white to blue-white
light area by varying the concentrations of Tm**
the as-fabricated single-composition Li,CaSiO,:Tm**,Dy**
phosphor are promising candidates for white light emitting
diodes.
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