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Abstract

Eu3+ doped glass ceramics embedding ZnO quantum dots (QDs) were successfully prepared by a sol–gel method. High-resolution transmission

electron microscopy (HRTEM) observations revealed that ZnO QDs with size of 3–6 nm precipitated homogeneously among the SiO2 glassy

matrix after thermal treatment of the precursor sample. Such glass ceramics show a high transparency in the visible-infrared range due to the much

smaller size of the ZnO QDs than the wavelength of the visible light. The emission and excitation spectra of the samples with various ZnO contents

were studied. Based on Judd–Ofelt theory, the intensity parameter V2 was evaluated to investigate the change of the environment around Eu3+ in

samples with and without QDs.
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1. Introduction

In recent years, rare earth (RE) ions doped semiconductor

quantum dots (QDs) have attracted an increasing attention

because of their novel optical properties potentially applicable

in flat plane displays, biosensors, and so on [1–3]. Generally,

RE luminescence in this new class of nano-materials might be

efficiently sensitized by QDs host, which is an effective way to

overcome the low absorptions of parity-forbidden f–f transi-

tions of RE ions [4–6]. However, QDs might continuously grow

and agglomerate during storage, which restricts their practical

applications [7,8]. A good solution would be the RE ions doped

glass ceramics with semiconductor QDs embedding among an

oxide glassy matrix. Such materials possess not only the merits

of glassy matrix, such as excellent chemical and mechanical

performance and flexibility in size and shape, but also unique

physical properties originating from the semiconductors QDs,

for instance, quantum confinement and size-dependent optical

properties.

ZnO is a well-know wide band gap semiconductor

(Eg = 3.37 eV [9]) and a desirable candidate as the host
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material for luminescence centers [10,11]. The optical

properties of the ZnO nano-crystals doped with various RE

species have been previously studied, which indicated that

energy transfer from the host to RE ions may take place when

the synthesis and microstructure of the material are well

designed and controlled [10–13]. In this paper, the Eu3+ doped

glass ceramics embedding various contents of ZnO QDs were

successfully prepared by a sol–gel method, and their structures

and optical properties were investigated.

2. Experiments

The sol was prepared in two parts. For the first one, ethyl

orthosilicate (TEOS), distilled water and ethanol were mixed

in a molar ratio of 1:10:4. Europium nitrate was used as the

Eu3+ source, and traces of nitric acid were added as a catalyst

for the hydrolysis. The mixture solution was stirred for 4 h at

room temperature to complete the hydrolysis. For the second

one, zinc acetate di-hydrate and ethanolamine were dissolved

in isopropanol with a molar ratio of 1:1:2.5. The sols were

formed after continuous stirring the solutions at 65 8C for 4 h.

Two parts of sols were slowly mixed together and stirred for

another 4 h, resulting in a clear sol which was then poured into

vessels to form gels. The gels were then aged at room

temperature for one week, and finally dried at different
d.

mailto:yswang@fjirsm.ac.cn
http://dx.doi.org/10.1016/j.ceramint.2009.12.007


Fig. 1. TEM micrographs of (a) the as-made dry xerogel, and (b) the glass

ceramic. Inset in (b) shows the HRTEM image of an individual ZnO QD.

Fig. 2. Transmittance spectrum of the glass ceramic; inset shows photograph of

the corresponding sample.
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temperatures (30–200 8C) for another one week to obtain bulk

xerogels with compositions of xZnO-(100 � x)SiO2:yEu3+ (in

mol%, x = 0, 5, 10, 15, 20; y = 1, 2, respectively). To

precipitate the ZnO QDs, the xerogels were heat-treated at

500 8C for 2 h. The final samples were transparent bulk

monolithic pieces.

The microstructures of the samples were investigated by

transmission electron microscopy (TEM, JEM-2010) operated

at 200 kV. TEM specimens were prepared by dispersing fine

power grinded from bulk sample in ethanol, followed by

ultrasonic agitation, and then depositing onto a carbon

enhanced copper grid. The transmittance spectra were recorded

in an UV near-infrared spectrophotometer (Lambda900). The

photoluminescence excitation (PLE) and photoluminescence

(PL) spectra, under the excitation of a xenon lamp equipped

with a grating monochromator, were recorded by a PMT

detector (R928).

3. Results and discussions

TEM micrograph of the as-made xerogel with composition

of 1Eu3+:90SiO2–10ZnO is exhibited in Fig. 1a, demonstrat-

ing a typical amorphous structure. After heat-treated at

500 8C for 2 h, the homogenously distributed ZnO spherical

crystallites with 3–6 nm in size precipitated from the glassy

matrix, as shown in Fig. 1b. Fig. 2 reveals that, despite the

difference in refractive index between the ZnO QDs (�2.0)

and the surrounding glassy matrix (�1.55), the transmittance

of the glass ceramic reaches as high as 90% in the visible-

infrared range, which is due to the much smaller size of the

precipitated crystals than the wavelength of the visible light

[14,15].

The excitation spectra monitored at 614 nm

(Eu3+:5D0! 7F2 transition) for the 1 mol% Eu3+ doped glass

ceramics embedding various contents of ZnO QDs are

displayed in Fig. 3. Several peaks ascribing to Eu3+ transitions

are observed in all the samples, while a broad UV band appears

in the samples with ZnO QDs, owing to the generation of

excitons in the ZnO QDs and subsequent energy transfer to

Eu3+ ions residing in the QDs or near them [16]. It is noted that

the center of the broad UV bands does not shift obviously with

increasing ZnO content, suggesting that the band gap of QDs,

related to the size of the QDs, keeps almost unchanged. This is

in agreement with TEM observations where the mean grain

radius remains almost a constant for the samples with different

ZnO contents.

The PL spectra for the 1 and 2 mol% Eu3+ doped samples

containing various contents of ZnO were measured under

excitation at 330 nm. The intensities of Eu3+ emission at

614 nm as functions of ZnO content for the samples doped with

1 and 2 mol% Eu3+, respectively, are displayed in Fig. 4. For the

1 mol% Eu3+ doped samples, the emission intensifies with

increasing of ZnO content from 0 to 15%, and it remains nearly

constant when ZnO content further extends to 20 mol%.

Interestingly, for the 2 mol% Eu3+ doped samples, the emission

intensity enhances monotonously with increasing of ZnO

content from 0 to 20 mol%. These results suggest that the



Fig. 3. Excitation spectra of 1 mol% Eu3+ doped glass ceramics containing (a)

0; (b) 5; (c) 10; (d) 15; and (e) 20 mol% ZnO.
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energy transfer between the QDs and the Eu3+ ions is affected

by both contents of ZnO and Eu3+. For the samples with definite

Eu3+ content, with increasing of ZnO content, the amount of

energy transferred from ZnO to Eu3+ increases, resulting

naturally in the intensification of the Eu3+ emission. However,

when the content ratio of ZnO/Eu3+ excesses a certain value, the

energy transfer from ZnO QDs to Eu3+ ions is saturated.

Noticeably, when the ZnO content exceeds 10 mol%, the

enhanced emission intensity for the 2 mol% Eu3+ doped sample

is obviously lower than that for the 1 mol% Eu3+ doped one,

which is ascribed to the concentration quenching induced by

the ion–ion interactions of Eu3+.

The Judd–Ofelt parameters are usually used to reveal the

structural changes surrounding the RE ions. Due to the very low

oscillator strength of the Eu3+ 4f–4f transitions, the Judd–Ofelt

intensity parameters Vt (t = 2, 4, 6) can not be obtained from

the absorption spectrum. Instead, they can be determined from

the emission spectra [17]. The spontaneous emission prob-
Fig. 4. Eu3+ emission intensities at 614 nm for samples doped with 1 and

2 mol% Eu3+ as function of ZnO content, respectively.
abilities, A0J, of the 5D0! 7FJ (J = 2, 4, 6) transition can be

calculated by the following equation: [18]

A0J ¼
64e2p4

3hl0J
3

1

ð2J þ 1Þ
nðn2 þ 2Þ2

9

" # X
t¼2; 4; 6

VtjhjjUtjjij2

where e is the electronic charge, h the Planck’s constant, l the

average wavelength of the transition, n the refractive index, Vt

the intensity parameters and jhjjUtjjij2 the squared reduced

matrix elements whose values are independent of the chemical

environment of the ions [19]. In the case of Eu3+, Vt calculation

from emission spectrum is possible since A02, A04, and A06 only

depend on V2, V4, and V6, respectively. The magnetic dipole
5D0! 7F1 transition is relatively insensitive to the chemical

environment around the Eu3+ ions, so it can be considered as a

reference for the whole spectrum. The coefficient of the Eu3+

spontaneous emission is calculated by the relation [20] of

A0J ¼ A01

I0J

I01

n01

n0J

where A01 is the magnetic dipole transition rate assumed

constant and it is calculated using A01 ¼ n3ðA01Þvac and

(A01)vac = 14.65 s�1, I0J and n0J the emission intensity and

the average frequency of the 0!J transition, respectively.

The values of the Judd–Ofelt parameter (V2) are evaluated

to be 31.8 � 10�20 and 30.7 � 10�20 cm2 for the samples with

(20 mol%) and without ZnO QDs. The nearly identical values

for V2 parameters indicates that the Eu3+ ions environment in

the two samples is similar, i.e., Eu3+ ions are mainly located in

the glass matrix and/or the interfaces between SiO2 and ZnO

QDs.

The time-resolved emission spectra for the 1 mol% Eu3+

doped glass ceramic containing 20 mol% ZnO QDs is presented

in Fig. 5. Different from the PL spectra without decay time, the

broad emission band corresponding to the ZnO QDs disappears,

remaining only some sharp peaks attributed to the Eu3+

5D0!7FJ (J = 0, 1, 2, 3, 4) transitions for the time-resolved PL
Fig. 5. Time-resolved emission spectra of 1 mol% Eu3+ doped glass ceramic

embedding 20 mol% ZnO under 330 nm excitation. Inset shows 0.1 ms-

decayed spectra of 1 mol% Eu3+ doped glass with and without ZnO.
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spectra with decay time from 0.1 to 2 ms. This is due to the

luminescence lifetime of ZnO (about several ns) much shorter

than that of Eu3+ (about several ms). However, the line shape of

the emission peaks keeps unchanged with the decay time,

suggesting that the emissions are originated from the same Eu3+

ions. Significantly, the Eu3+ 614 nm emission intensity in the

sample with 20 mol% ZnO QDs is about 36 times stronger than

that in the sample without ZnO QDs, as shown in the inset of

Fig. 5.

4. Conclusions

The Eu3+ doped SiO2–ZnO glass ceramics were fabricated

with a large range of ZnO content. The size of the ZnO quantum

dots was 3–6 nm, independent on the ZnO content. The Eu3+

visible emissions intensified remarkably with increasing of

ZnO content in the sample. The near identical value of the

Judd–Ofelt’s intensity parameter V2 for the samples with and

without ZnO quantum dots suggests that the Eu3+ ions located

mainly in the glass matrix and/or the interfaces between SiO2

and ZnO.
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