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A series of full-color single-phased phosphors for white LEDs (W-LEDs), in the system (Y, Ln),GeOs
(Ln=Tm, Tb, Eu), were prepared and their photoluminescence properties were characterized. The simul-
taneous incorporation of Eu3*, Th3* and Tm3* ions in Y,GeOs lattice can result in an integration of red,
green, and blue emissions when being excited by ultraviolet light. Under excitation at 352 nm, the color
tones of the (Yo.95_xTmg,01 TbxEug 04)2Ge0s phosphors change from cool white to warm white by increas-
ing the concentration of Tb3*, while the intensities of Eu>* emissions increase. Indeed, in the case of
co-doped systems, a very efficient energy that transfers from Tb3* to Eu3* occurs. The present phosphors
can potentially be used for the high CRI and high luminous efficient white LEDs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Inrecentyears, there has been an increasing trend for white light
emitting diodes (W-LEDs) to replace the conventional incandescent
and fluorescent lamps, due to their long lifetime, high energy effi-
ciency, environmental protection and so on. At present, W-LEDs are
fabricated by combining one or two different types of phosphors
that can be excited by the blue LED chip [1]. However, white LED
with yellow YAG:Ce phosphor excited by blue GaN has the follow-
ing problems: white emitting color changes with input power, the
mix-up of the two colors results in low color rendering index and
strong dependence of white color quality on an amount of phos-
phor leads to low reproducibility [2,3]. In order to overcome these
problems, it is essential to explore novel and efficient full-color
luminescent materials that can directly emit white light under the
excitation from the ultraviolet LED chip [4]. Recently, a lot of atten-
tion has been paid to single-phased white light emitting phosphors
[5-8], which have a large potential application for white light LED.
In these systems, the performance of white LEDs, including the CRI,
color temperature, and color range, will significantly depend on
the employed phosphors [9]. In this work, unusual full-color phos-
phors with simultaneous incorporation of Tm3* (blue), Tb3* (green)
and Eu3* (red) in the lattice of Y,GeOs are described, which could
lead to single-phased white light emitting phosphors. In particular,
the dependence of luminescence properties on the concentration
of R-G-B Ln3* ions is discussed.
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2. Experimental
2.1. Synthesis

(Y, Tm, Tb, Eu), GeOs materials were synthesized by solid-state reaction method.
The starting materials used were highly pure Y,03 (Grirem, 99.99%), GeO, (SCRC,
99.99%), Tm,03 (Grirem, 99.99%), Tb40; (Grirem, 99.99%), and Eu,03 (Grirem,
99.99%). Stoichiometric amounts of starting materials were ground well and fired
at 1350°C for 12 h in air and then cooled to room temperature (RT) in the furnace,
and then the powder samples can be used.

2.2. Characterization

The X-ray diffraction (XRD) of the powder samples was examined by a
Rigaku-Dmax 2500 diffractometer using Cu Ko radiation (A=0.15405nm). Pho-
toluminescence spectra were measured by a Shimadzu Spectrofluorophotometer
RF-5301PC. The lifetime spectra were measured by Fluorescence Spectrometer
FLS920. The photoluminescence and lifetime spectra were recorded at room tem-
perature. The particle size is measured by Malvern Mastersize 2000 Laser Analyzer.

3. Results and discussion

The X-ray diffraction patterns of (Y, Ln),GeOs (Ln=Tm, Th, Eu)
samples with different Ln ions are shown in Fig. 1a. From Fig. 1a
we can see that single phase of Y,GeOs (PDF No. 23-1484 [10])
was obtained for the samples synthesized at 1350°C. No second
phase was detected, as indicates that, at the doping level used, the
Tm?3*, Tb3*, Eu3* can be completely dissolved in the Y,GeOs host
lattice by substitution for the Y3*. The distribution of particle size
for (Yo.96Eug,04)2Ge0Os sample as shown in Fig. 1b demonstrated
that the obtained particle size was about 8 pm.

Fig. 2 shows the RT emission and excitation spectra of
(Yo.99Tmg 01)2Ge0s, (Yo0.96Tbo.04)2Ge0s and (Yoo6Eug 04)2GeOs
samples. The inset of Fig. 2 shows the excitation spectra
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Fig. 1. (a) XRD patterns of (Y, Ln),GeOs (Ln=Tm, Tb, Eu) samples. The standard data for Y,GeOs are shown as references. (b) The particle size distribution of (Yo.9sEuo.04)2GeOs

sample.

Fig. 2. RT emission spectra of (Yo.99Tmoo1)2GeO0s, (Y096 Tbooa)2GeOs and (Yo06Eu0.04)2GeOs samples, under excitation at 355(Tm?*), 376(Tb>*), 396 (Eu**) nm.

of (Yo.99Tmg01)2Ge0s, (Yo.96Tbo.04)2Ge05 and (Yo.96Eug.04)2Ge0s
samples at room temperature, monitored within the Eu3*
5Dg — ’F, (611 nm), Tb3* °D4 — 7F5 (544 nm), and Tm3* 1D, — 3F,
(455 nm) emission transitions, respectively. For (Yg9gEug 04 )2GeOs,
the strongest excitation peak is at 396 nm. The emissions of Eu3*
in the vicinity of 600 nm are due to the magnetic dipole transition
5Dy—7Fg_1, which is insensitive to the site symmetry [2,11,12]. The
emission around 610-630 nm is due to the electric dipole transition
of °Dg — 7F,, induced by the lack of inversion symmetry at the Eu3*
site, and is much stronger than that of the transition to the ”Fj state.
On the photoluminescence spectrum of (Ygg6Tbgo4)2GeOs, the
strongest excitation peak is at 254 nm, and emission occurs from
480nm to 610nm and is due to D4 — ’F4_g transitions for Tb3*
[13,14]. Among the emission lines from °Dy state, the D4 — “Fs
emission line at approximately 544 nm is the strongest. The reason
is that there is the greatest probability of the transition for both
electric-dipole and magnetic-dipole induced transition. Under the
excitation at 355 nm, which is the strongest excitation peak, the
(Yo.99Tmg g1 )2GeOs phosphor exhibits the characteristic emission
of Tm3* (blue line) at 455 nm which corresponds to the transition of
Tm?3* from 1D, to 3F,. This blue D, — 3F,4 emission is quite sharp,
with a full width at half maximum of about 10 nm.

Fig. 3 gives the RT emission spectra of the
(Y0~95,XTm0‘01Tbeu0.04 )2G605 (X= 0.01, 0.02, 0.04, 0.06, 008)

Fig. 3. RT emission

Tbo04Eug04)2GeOs;
Eup04)2GeOs.

4,

spectra of the phosphors excited by 352nm. 1,
(Y0.94Tmg,01Tbo,01Eu004)2Ge0s; 2, (Yo.93Tmo01Thbo.02EU004)2GeO0s; 3, (Yo91Tmoo

(Yo.89Tmg,01 Tbo 06 Eu.04)2Ge-Os;

5,

(Yo87Tmg01Tbo 08
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Fig. 4. CIE chromaticity diagram for the phosphors. 1,
(Y0.94Tmg,01Tbo,01Euo.04)2GeOs; 2, (Y0.93Tmo,01 Tbo 02Eu0,04)2GeOs; 3,
(Y091 Tmg01Tbo 04Eug.04)2GeOs; 4, (Yo.89Tmo 01 Tbo 06 Eto.04)2Ge-Os; 5,

(Yo.87Tmg,01Tbo.0s EUo.04)2GeOs.

phosphors with different Tb-doped levels under excitation at
352nm. For an excitation at 352nm (this nicely matches the
requirements for W-LEDs) a full-color emission is obtained,
resulting from the simultaneous red, green, and blue emis-
sion of Eu3*, Tb3*, and Tm3* ions in Fig. 3. With the Tb3* ion
concentration increasing, the intensities of Tb3* green emis-
sions and Eu3* red emissions increase. The corresponding
chromaticity coordinates are represented in the CIE diagram
of Fig. 4. In the (Yogs5_-xTmgo1TbxEuggs)2GeOs phosphors, the
color tones change from cool white (which is represented
at point 1) to warm white (which is represented at points 4
and 5) by adjusting the concentrations of Tb3*, such as for
(Y0.94Tmg,01Tbg,01Eug04)2Ge0s,  (Yo.93Tmg g1 Tbg o2Eug 04)2GeOs,
(Yo0.91Tmg,01Tbg 04Eu0,04)2Ge0s,  (Yo.89Tmg01Thbo.osEu0.04)2GEOs,

Fig. 5. Emission spectra of (Yo96Eu0,04)2Ge0s and (Yo.91Tmoo1Tbo04Eug04)2GeOs
under excitation at 352 nm; the inset shows the effect of Tb** concentration on
the integrated intensities of Eu* emissions from 570 nm to 640 nm.

Fig. 6. Decay curves of Tb3* at 544nm in (Yo96Tboos)2GeOs (04) and
(Yo.91Tmo,01 Tbo,04Eup 04 )2GeOs (05).

and (Yo.g7Tmg 01 TboogEug.04)2GeOs; the corresponding chromatic-
ity coordinates are (0.2651, 0.2421), (0.3026, 0.2924), (0.3556,
0.3431), (0.3865, 0.3713), and (0.4085, 0.3749), respectively.

Fig. 5 gives the emission spectra of (YpggEugo4)2GeOs and
(Yo.91Tmg 01 Tbg04Eug04)2GeOs under excitation at 352 nm. Under
selective excitation of Tb3* jons, at 352 nm, emission from Eu3*
ions in (Yg9sEup,04)2GeOs is very weak. But the integrated inten-
sity from 570 nm to 640 nm originating from Eu3* ions was found
to increase in (Ygg91Tmgg1Tbgg4EUg04)2GeOs5 by a factor of about
14.0. And with the Tb3* concentration (x) changing from 0.01
to 0.08 in the (Ygg5_xTmg o1 ThxEug g4 )2GeOs phosphors, the inte-
grated intensities of Eu3* emissions from 570 nm to 640 nm also
increase from 6 times to 22.5 times as that of (YgggEug4)2GeOs5
(see the insetin Fig. 5). This enhancement could be due to an energy
transfer from Tb3* to Eu3*.

Additional experimental support on efficient energy transfer
from Tb3* to Eu3* came from the lifetime measurements. Fig. 6
gives decay curves of Th3* f-f transition at 544 nm for different
Eu3* concentrations. The lifetime for Tb3* emission at 544 nm in
(Yo0.91Tmg g1 Tbg 04Eug 04)2GeOs is 1.17 ms, whereas it is 1.75 ms in
(Yo.96Tbg04)2Ge0s. An energy transfer efficiency of 33% could be

Fig. 7. Energy diagram of Tb3* and Eu3* in (Yg.91 Tmg01 Tbo04EU004)2GeOs.
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estimated through n(ET)=1 - kp/kap, kp represents the decay rate
in the absence of the acceptor (Eu3*) and kap represents the decay
rate in the presence of the acceptor [15].

Excitation of Eu3* can occur much easily via energy transfer
from the Tb3* —5D4 to the Eu3* —5D; states when pumped with
352 nm. After excitation of the —>D, state of Tb3*, the electrons
relax non-radiatively to the —>Dy state of Tb3*, and then some elec-
trons relax radiatively to the —7F5 and —7F, state of Tb3*, emitting
at 544 nm and 585 nm, while some electrons are transferred to the
—3D; level of Eu3*. Then, the electrons in —°D; level relax, firstly,
through non-radiatively decay to —>Dy levels and, next, decay to
the —7F;, emitting at 587 nm, or to the —’F,, emitting at 611 nm.
Energy level diagram as shown in Fig. 7 gives clearly process of
the luminescence mechanism, which is quantitatively confirmed
by the 3-level model for energy transfer [16,17].

4. Conclusions

In summary, (Y, Ln);GeOs (Ln=Tm, Tb, Eu) materials were
synthesized by solid-state reaction method. Under excita-
tion by UV light, the emission of red (Eu3*), green (Tb3%),
and blue (Tm3*) light were observed, and the color tones
of (Yo.95_xTmgo1TbxEugo4),GeOs changed from cool white to
warm white by adjusting the Tb3* concentration. In addition,
in the case of co-doped systems, energy transfer occurred
from Tb3* to Eu3* and Tb3* ion can be regarded as a sen-
sitizer. The white light generates when a UV-LED illuminates
these (Yo.95_xTmg1TbxEug4)2GeOs phosphors, which, to some

extent, will simplify greatly the usage of the present phos-
phor.
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