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Three individual primary colors were generated from only one piece of Er3+–Eu3+ co-doped oxygen-
deficient germanate glass under UV light irradiation. Blue, green, and red emissions were originated
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from Ge-related oxygen-deficient defect centers (GODCs), Er3+ ions, and Eu3+ ions, respectively. Detailed
photoluminescence spectra, decay curve analyses, and electron paramagnetic resonance measurements
were carried and the results indicate the existence of energy transfer between Er3+ and Eu3+ ions, GODCs
and Eu3+ ions.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
r3+–Eu3+ co-doped
xygen-deficient glass

. Introduction

Realization of new, red-green-blue (RGB) full-color displays
ave attracted considerable interests in flat-panel display systems
nd lighting technology [1–4]. Traditional methods of a variety of
olors generation typically rely on mixing various primary colors
rom different emitting materials [5,6]. An alternative approach is
eneration of three primary color lights from a single material,
hich have advantages such as superior stability, easy fabrica-

ion, and low cost [2,3]. A large amount of researchers focused on
rganic materials due to their variety of attainable emission colors
nd high quantum efficiency [7,8]. On the other hand, many atten-
ions have been paid to inorganic transparent solid materials due
o their outstanding stabilities in contrast with organic materials
1,9]. Compared with other materials like organic films and power
hosphors, glass has some advantages such as homogeneous light
mitting and excellent thermal and chemical stabilities [10,11]. In

ddition, glasses and glass-ceramics represent ideal materials for
he initiation of multi-mode emission because emission centers can
e present in many different forms (redox states, ligand environ-
ent) [12]. Therefore, rare earth doped glasses and glass-ceramics
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niversity, Hangzhou 310027, China.

∗∗ Corresponding author.
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925-8388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2011.03.095
used for lighting and display devices have been extensively inves-
tigated in recent years [10–19]. In our previous work, we have
reported high efficiency blue light emission originates from Ge-
related oxygen deficient centers (GODCs) in calcium aluminum
germanate glass [20]. Moreover these luminescent centers can co-
doped with other transition-metal or rare earth ions in glasses and
exhibits multi-color emissions [21,22]. Considering the ideal green
and red emission from Er and Eu ions, we envisaged that three pri-
mary colors emission can be achieved by co-doped Er and Eu ions
with GODCs in glasses. Just like what we envisaged, here we present
three individual primary colors (blue, green, and red) emitting from
only one piece of Er3+–Eu3+ co-doped oxygen-deficient glass under
ultraviolet (UV) irradiation. The luminescence properties and the
energy transfer processes between Er3+, Eu3+ ions and GODCs in
these glasses have also been studied.

2. Experimental details

A series of glass samples with the nominal composition of
38.8CaO–26.2Al2O3–5.8Al–29.2GeO2–Er2O3–xEu2O3 (x = 0, 0.25, 0.5, 1, 1.5, 3)
(mol %) were obtained by conventional melt-quenching technique using high-
purity CaCO3, Al2O3, Al (all of 99. 9%), GeO2, Er2O3, Eu2O3 (all of 99.99%) as raw
materials. CaO–Al2O3–GeO2 glasses show good mechanical strength and chemical

durability [23]. It is worth emphasizing that if the glass sample was obtained
by single step, the Eu3+ in the glass would react with Al and be reduced to Eu2+,
resulting in yellow emission instead of red emission. Therefore, we used two
melting steps to obtain the final glass samples. Firstly, the mixtures of CaCO3,
Al2O3, Al, GeO2, and Er2O3 were melted in alumina crucibles with alumina caps
at 1500 ◦C for 1 h under the ambient atmosphere. The melts were poured onto

ghts reserved.
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Table 1
Glass composition of 38.8CaO–26.2Al2O3–5.8Al–29.2GeO2–Er2O3–xEu2O3 recorded
by XPS analysis (at.%).

Sample Ca Al Ge O Er Eu

x = 0 11.49 17.24 7.47 63.23 0.57 0
x = 0.25 11.48 17.22 7.46 63.13 0.57 0.14
x = 0.5 11.46 17.19 7.45 63.04 0.57 0.29

F
p

ig. 1. Absorption spectra of Er3+–Eu3+ co-doped glass with different concentration
f Eu3+ ions.

stainless plate and pressed with another stainless plate to obtain the original
lasses. Then the original glass was grinded into powder and mixed with Eu2O3

horoughly. Secondly, the mixtures of original glass powder and Eu2O3 were melted
or 20 min under the same condition as above-mentioned to obtain the final glass
amples. In the first-step, the Al melt has been reacted completely. Then, in the
econd-step there was no Al to react with Eu3+. Finally, the reduction of Eu3+ to
u2+ can be suppressed. The final glass samples were cut and optically polished
o a size of 10mm × 10mm × 2 mm. The composition of the glasses were deter-

ined by Thermo ESCALAB 250 X-ray photoelectron spectrometer (XPS), using
onochromatic Al K� (1468.6 eV) as the excitation source. Electron paramagnetic

esonance (EPR) spectra were obtained using a JEOL JES-FA200 ESR spectrometer
300 K, 9.063 GHz, X-band). Absorption spectra were recorded with a JASCO
-570 UV/VIS/NIR spectrophotometer. Photoluminescence excitation (PLE) and
hotoluminescence (PL) spectra of the samples in UV and visible wavelength ranges
ere recorded on a JASCO FP-6500 spectrophotometer equipped with a Xenon

amp source, and the luminescence photographs of glasses were also obtained
ith an excitation of a Xenon lamp in the spectrophotometer. Decay curves were
easured with a FLS920 fluorescence spectrophotometer. The refractive indices of

amples at 632.8, 1310 and 1550 nm were measured by SPA 4000 prism coupler.
ll of the measurements were carried out at room temperature.

. Results and discussion

The composition of the prepared glass samples was measured

y XPS and the result is shown in Table 1. A little Ge was evapo-
ated during the melting process. The optical absorption spectra of
he Er3+–Eu3+ co-doped glasses recorded in the spectral range of
00–750 nm are shown in Fig. 1. In accordance with energy level
iagram and literature data [24,25], the observed absorption bands

ig. 2. (a) PLE (monitored at 402, 550, and 615 nm) and (b) PL (excited by 340, 379, and 3
rimary colors emission excited by 340, 379, and 395 nm UV lights, respectively.
x = 1.0 11.43 17.14 7.43 62.86 0.57 0.57
x = 1.5 11.40 17.09 7.41 62.68 0.57 0.85
x = 3.0 11.30 16.95 7.34 62.16 0.56 1.69

were assigned to appropriate electronic f–f transitions of the Er3+

from the 4I15/2 ground state to different excited states. From Fig. 1,
it also observed that the optical absorption edge of the glass shifted
to the longer wavelength region with the increase in Eu2O3 concen-
tration. It was attributed to the increasing of non-bridging oxygen
(NBO) with the increasing of Eu2O3 concentration. Generally, rare-
earth ions entering the aluminosilicate or germanate glass usually
act as network modifiers, causing the formation of a wide distri-
bution of NBO [26]. It has been reported that [20], the shift of the
absorption edge to longer wavelength (red-shift) is related to the
formation of NBO, which binds electrons less tightly than bridging
oxygen (BO). When the Eu2O3 was doped to the glass, the oxy-
gen in Eu2O3 would exist as the form of NBO in the glass. Hence,
the absorbance edge shows a red-shift with the increase in Eu2O3
concentration.

Just like what we envisaged, the GODCs, Er and Eu co-doped
glass shows multi-color emissions when excited by different UV
light. Fig. 2 shows the PLE and PL spectra of 2Er3+–0.5Eu3+ co-doped
glass sample. The inset reveals three primary colors (blue, green,
red) emission when the glass excited by 340, 379, and 395 nm UV
lights, respectively. When this glass excited by 379 nm UV light,
green emission bands were detected at 526 and 550 nm which can
be ascribed to typical 2H11/2 → 4I15/2, 4S3/2 → 4I15/2 transitions of
Er3+ ions [24,25]. And when excited by 395 nm UV light, red emis-
sion bands were detected at 580, 590 and 615 nm which were due
to typical 5D0 → 7F0, 5D0 → 7F1, 5D0 → 7F2 transitions of Eu3+ ions
[24,25]. In order to exclude the presence of Eu2+ ions, EPR anal-
ysis was taken. Only an apparent ESR signal appeared at g = 1.994,
which can be ascribed to GODCs (Fig. 3a) [20,27]. As reported in our
previous work, the GODCs were produced by following reaction:
Ge–O–Ge + Al → Ge–Ge (GODC) + Al–O (1)

For comparison, we therefore have prepared a Eu2+

doped glass sample with a composition of 40CaO–27Al2O3–

95 nm) spectra of 2Er3+–0.5Eu3+ co-doped glass sample, the inset shows the three



6464 G. Lin et al. / Journal of Alloys and Compounds 509 (2011) 6462–6466

-doped glass sample and (b) Eu2+ doped glass sample.
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Fig. 3. EPR spectrum of the (a) 2Er3+–0.5Eu3+ co

Al–30GeO2–1Eu2O3. In this glass the Eu3+ ions was almost
educed to Eu2+ ions. And we detect some Eu2+ EPR signals in
his glass (Fig. 3b) [28]. In addition, the Eu2+ doped glass shows a
ellow emission with a broad emission band from 400 to 600 nm,
hile the Eu3+ doped glass reveals a typical red emission. So we

an confirm that the Eu ions in the glass are mainly Eu3+ ions. It has
een reported that the GODCs has two PL bands at 300 and 395 nm
ith the corresponding excitation bands at 250 and 330 nm [27].

hen, the blue emission band centered at 402 nm might attribute
o T1 → S0 transition of GODCs [21,29].

To elucidate the luminescence properties of the glass, we
ecorded the emission yield (EY) of the glasses from the mea-
urements using a standard substance and the following equation,
hich was adopted from Ref. [30]:

˚X

˚S
= FX

FS
· AS

AX
· n2

X

n2
S

(2)
here F was the emission intensity, A was the absorption coeffi-
ient, n was the refractive index, and subscripts S and X represented
he standard and sample, respectively. In this experiment, 1 mol/L
hodamine B in ethanol was used as the standard (˚s = 0.65) and
he refractive index n0 of glass samples were measured by SPA 4000

ig. 4. CIE diagram and emission yield of three primary colors emission of
Er3+–0.5Eu3+ co-doped glass.
Fig. 5. PL spectra of Er3+–Eu3+ co-doped glass with different concentration of Eu3+

ions excited by 379 nm UV light.
prism coupler. We keep the geometry of glass sample and standard
nearly the same. The standard Rhodamine B in ethanol was put in
a 2 mm thick cuvette. The volume of the Rhodamine B solution was
kept approximately 10mm × 10mm × 2 mm which was nearly the

Fig. 6. Simplified energy level diagram and observed transitions in Er3+–Eu3+ co-
doped glass.
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We also studied the emission properties of GODCs excited by
ig. 7. Decay curves for (a) Er3+ emission (550 nm) and (b) Eu3+ emission (615 nm)
ith different concentration of Eu3+ ions. Inset is the calculated average lifetime and

T efficiency.

ame to the glass samples. So the parameters for absorption and
mission experimental were nearly the same. As shown in Fig. 4,
he EY of the three primary colors were as follows: 36% (blue), 64%
green), and 45% (red). We also calculated the Commission Inter-
ationale de l’Eclairage (CIE) chromaticity coordinates of the three
rimary colors emission [31]. The obtained CIE (x, y) were (0.17,
.18), (0.31, 0.65), and (0.61, 0.32), respectively. These would fall
ell within the blue, green, and red region as the 1931 CIE dia-

ram (Fig. 4). Considering the ideal CIE (x, y) for blue, green, and red
ere (0.15,0.06), (0.30, 0.60), and (0.64, 0.33), respectively [28], the

reen and red emission from our glass were desired, while the blue
mission was not so ideal.

Fig. 5 demonstrates typical PL spectra of Er3+–Eu3+ co-doped
lasses excited by 379 nm. It was observed a decrease in Er3+ PL
ands (green) with the increase in concentration of Eu3+ ions, which
ight indicate the energy transfer (ET) from Er3+ to Eu3+ ions. In

ddition, since the energy gap between the Er3+: 4S3/2 level and
u3+: 5D0 level was within 1000 cm−1, whereas Er3+: 2H11/2 and
u3+: 5D1 levels almost overlap on each other, hence the energy

3+ 3+
ransfer process from Er to Eu was possible, as given in the
ollowing equation:

S3/2,2H11/2(Er3+) → 5D0,5D1(Eu3+) + phonons (3)
Fig. 8. (a) PL spectra of Er3+–Eu3+ co-doped glass with different concentration of Eu3+

ions excited by 340 nm UV light and (b) decay curves for GODC emission (402 nm)
with different concentration of Eu3+ ions. Inset is the calculated average lifetime and
ET efficiency.

Moreover, a decrease of red emission has been observed when
the Eu concentration exceeds 6% mol, which was due to concentra-
tion quenching.

Fig. 6 shows a simplified energy level diagram of Er3+ and Eu3+

ions and supposed energy transitions. To gain a deeper insight onto
the transitions, we have recorded the decay curves of the Er3+ emis-
sions at 550 nm excited by 379 nm UV light (shown in Fig. 7a). The
idea of energy transfer was strengthened by the decay curve anal-
ysis, which was fitted in second order exponential in Er3+–Eu3+

co-doped glass, in place of single exponential used in singly doped
Er3+ glass. We have also calculated the energy transfer efficiencies
(�ET) using the equation given by Joshi [32].

�ET = 1 − �

�
. (4)

where � and �0 denoted the average lifetimes of donor ion (Er3+) in
the presence and absence of acceptors (Eu3+), respectively. Similar
energy transfer process was reported by Dwivedi et al. [25]. The
detailed mechanism could refer to Ref [25]. The decay curves for
the emission transition of 5D0 → 7F2 of Eu3+ ions are also shown
in Fig. 7b. It can be seen that the lifetime was decreased when
the doped concentration was increased, which can be attributed
to the non-radiative relaxation caused by the surface defects that
act as a quenching center [33]. When the doped concentration was
increased, the sample had more quenching centers and the non-
radiative rate increased, which caused the lifetime to be shortened.
340 nm light. It was also observed a decrease in intensity of GODCs
PL bands with the increase in concentration of Eu3+ (as shown
in Fig. 8), which might demonstrated the energy transfer from
GODC to Eu3+ ions. As the T1 → S0 transitions of GODCs centered at
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02 nm, ranging from 350 to 500 nm, this energy could be absorbed
y 7F0 → 5D2 transitions of Eu3+ ions, hence the energy transfer
ight be possible. Decay curves for GODC emission (402 nm) with

ifferent concentration of Eu3+ ions are also shown in Fig. 8b. The
ET was also being calculated.

. Conclusions

Three primary colors were achieved by only one piece of
r3+–Eu3+ co-doped oxygen-deficient glass under UV irradiation.
lue, green, and red emissions originated from GODCs, Er3+, and
u3+ ions were confirmed by analyzing of photoluminescence
roperties of the prepared samples. The emission yield and CIE
hromaticity coordinate of the blue, green, and red are 36% (0.17,
.18), 64% (0.31, 0.65), and 45% (0.61, 0.32), respectively. Energy
ransfers from Er3+ ions to Eu3+ ions and from GODCs to Eu3+ ions
ere confirmed by PL spectra and decay curve analysis.

cknowledgments

This work was financially supported by the National Natu-
al Science Foundation of China (Grant Nos. 51072054, 50872123
nd 50802083), National Basic Research Program of China
S2010081048).

eferences

[1] E. Downing, L. Hesselink, J. Ralston, R. Macfarlane, Science 273 (1996)
1185–1189.

[2] A.S. Gouveia-Neto, L.A. Bueno, R.F. do Nascimento, E.A. da Silva Jr., E.B. da Costa,

V.B. do Nascimento, Appl. Phys. Lett. 91 (2007) 091114.

[3] G. He, D. Guo, C. He, X. Zhang, X. Zhao, C. Duan, Angew. Chem. Int. Ed. 48 (2009)
6132–6135.

[4] L.D. Carlos, R.A. Sá Ferreira, J.P. Rainho, V. de Zea Bermudez, Adv. Funct. Mater.
12 (2002) 819–823.

[5] M.P. Saradhi, U.V. Varadaraju, Chem. Mater. 18 (2006) 5267–5272.

[
[

[
[

pounds 509 (2011) 6462–6466

[6] H.S. Yoo, W.B. Im, S. Vaidyanathan, B.J. Park, D.Y. Jeon, J. Electrochem. Soc. 153
(2007) J66–J70.

[7] J. Feng, F. Li, W. Gao, S. Liu, Y. Liu, Y. Wang, Appl. Phys. Lett. 78 (2001) 3947–3949.
[8] R.H. Friend, R.W. Gymer, A.B. Holmes, J.H. Burroughes, R.N. Marks, C. Taliani,

D.D.C. Bradley, D.A. Dos Santos, J.L. BreÂ das, M. LoÈ gdlund, W.R. Salaneck,
Nature 397 (1999) 121–128.

[9] J.S. Kim, P.E. Jeon, J.C. Choi, H.L. Park, S.I. Mho, G.C. Kim, Appl. Phys. Lett. 84
(2004) 2931–2933.

10] S. Fujita, S. Yoshihara, A. Sakamoto, S. Yamamoto, S. Tanabe, Proc. SPIE 5941
(2005) 594111.

11] D. Chen, Y. Yu, H. Lin, P. Huang, F. Weng, Z. Shan, Y. Wang, Opt. Lett. 34 (2009)
2882–2884.

12] G. Gao, N. Da, S. Reibstein, L. Wondraczek, Opt. Express 18 (2010) A575–A583.
13] Q. Luo, X. Qiao, X. Fan, H. Yang, X. Zhang, S. Cui, L. Wang, G. Wang, J. Appl. Phys.

105 (2009) 043506.
14] X. Liang, Y. Yang, C. Zhu, S. Yuan, G. Chen, A. Pring, F. Xia, Appl. Phys. Lett. 91

(2007) 091104.
15] Z. Lin, X. Liang, Y. Ou, C. Fan, S. Yuan, H. Zeng, G. Chen, J. Alloys Compd. 496

(2010) L33–L37.
16] J. Ding, Q. Zhang, J. Cheng, X. Liu, G. Lin, J. Qiu, D. Chen, J. Alloys Compd. 495

(2010) 205–208.
17] H. Ping, D. Chen, Y. Yu, Y. Wang, J. Alloys Compd. 490 (2010) 74–77.
18] G. Lin, G. Dong, D. Tan, X. Liu, Q. Zhang, D. Chen, J. Qiu, Q. Zhao, J. Alloys Compd.

504 (2010) 177–180.
19] X. Qiao, X. Fan, Z. Xue, X. Xu, Q. Luo, J. Alloys Compd. 509 (2011) 4714–4721.
20] G. Lin, B. Zhu, S. Zhou, H. Yang, J. Qiu, Opt. Express 15 (2007) 16980–16985.
21] G. Lin, G. Dong, X. Liu, Q. Zhang, D. Chen, J. Qiu, Electrochem. Solid-State Lett.

13 (2010) J1–J4.
22] G. Lin, B. Zhu, S. Zhou, H. Yang, J. Qiu, J. Mater. Res. 23 (2008) 1890–1894.
23] M.C. Wang, J.S. Wang, M.H. Hou, Jpn. J. Appl. Phys. 33 (1994) 2651–2655.
24] W.T. Carnall, G.L. Goodman, K. Rajnak, R.S. Rana, J. Chem. Phys. 90 (1989) 3443.
25] Y. Dwivedi, A. Rai, S.B. Rai, J. Lumin. 129 (2009) 629–633.
26] J.T. Kohli, R.A. Condrate, J.E. Shelby, Phys. Chem. Glasses 34 (1993) 81–87.
27] H. Hosono, Y. Abe, D.L. Kinse, R.A. Weeks, K. Muta, H. Kawazoe, Phys. Rev. B 46

(1992) 11445–11451.
28] J. Qiu, K. Miura, T. Mitsuyu, K. Hirao, Opt. Lett. 24 (1999) 786–788.
29] Y. Teng, Y. Zhuang, G. Lin, J. Zhou, B. Zhu, J. Qiu, J. Alloys Compd. 496 (2010)

378–381.

30] M. nogami, Y. Abe, Appl. Phys. Lett. 69 (1996) 3776–3778.
31] http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie.html#c2, last accessed

March 1, 2011.
32] B.C. Joshi, J. Non-Cryst. Solids 180 (1995) 217–220.
33] T.H. Fang, Y.J. Hsiao, Y.S. Chang, Y.H. Chang, Mater. Chem. Phys. 100 (2006)

418–422.


	Three primary colors emitting from Er3+–Eu3+ co-doped oxygen-deficient glasses
	Introduction
	Experimental details
	Results and discussion
	Conclusions
	Acknowledgments
	References


