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Abstract This paper reports an optical investigation of

Eu3?:PbF2 nanocrystals distributed into silica glasses fab-

ricated by sol–gel methods. The sample microstructure was

investigated using scanning transmission electron micros-

copy. The b-cubic PbF2 crystalline phase was identified

using X-ray diffraction analysis. The observed emission

bands correspond to 5D0 ? 7FJ (J = 0–4) transitions of

Eu3?. The spectroscopic parameters for Eu3? ions were

determined based on excitation and emission measure-

ments as well as luminescence decay analysis. Emission

originating from 5D0 state of Eu3? ions in sample con-

taining PbF2 nanocrystals is long-lived in comparison to

precursor sol–gel silica glasses.

Keywords Nanocrystals � Europium ions � Sol–gel

method � Glass ceramics � Luminescence properties

1 Introduction

In recent years rare earth doped glass materials have been

extensively investigated due to their interesting optical

properties and applications in optoelectronics. The trivalent

europium ions due to orange/red emission are one of the

most important of the rare earth ions and can be applied in

solid-state laser, plasma display panel or spectroscopic

probe [1–5]. Oxyfluoride glass–ceramics based on the sil-

icate glassy matrix are unique class of materials that

combine the advantages of physical and chemical proper-

ties of an oxide glass with the high solubility of the rare

earth ions. Moreover, the low phonon energy of fluoride

crystalline phase is very importance because the higher

phonon energy of the host is related to the higher non-

radiative transition probability, which will result in

decrease of luminescence efficiency [6–9]. Furthermore,

the glass–ceramics stay at intermediate state between

crystalline materials and glasses, so that they combine the

best properties of crystals (high emission, quantum yield of

luminescence, mechanical and thermal strength, etc.) and

glasses (possibilities of pressing and molding, pulling

optical fibers, etc.).

Melt quenching method is well known as conventional

method used to obtain glass–ceramic systems. However,

the composition of glasses is uncertain due to partial

evaporation of some components during high temperature

melting. Sol–gel method provides a new approach to pre-

pare glass–ceramics [10]. Compared to the conventional

melt quenching method several advantages have been

observed, such as: lower processing temperature, easier

composition control, better homogeneity of the product,

and wide range of compositions. The heat treatment pro-

cess is a significant step in this method which allows to the

removal of the remaining hydroxyl groups which can

suppress the luminescence. During heat treatment process

close to the crystallization temperature the oxyfluoride

glass–ceramics can be obtained, in which fluoride crystal-

lites are dispersed in the amorphous matrix and rare earth

ions are usually incorporated into crystalline phase. If

europium ions are incorporated into crystal phase, longer

fluorescence lifetime of excited state is exhibited as well as

relative emission band intensities of Eu3? are completely
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different. In the literature there are many published works

on the emission properties of Eu3?, some of them are

concentrated on the sol–gel synthesis and preparation of

europium doped fluoride nanocrystals (e.g. NaYF4, CaF2,

BaF2, LaF3, YF3, LiGdF4) using heat treatment process

[11–16]. To the best of our knowledge, only a few works

are available on the Ln3?:PbF2 particles, for example PbF2

nanocrystals containing ytterbium, erbium, holmium and

thulium [17, 18]. There are no reports on the preparation of

Eu3?-doped PbF2–SiO2 glass system by sol–gel method

and fabrication of Eu3?:PbF2 nanocrystals. Their optical

properties are not documented. These facts were sufficient

to carry out research on the Eu3?:PbF2 fluoride nanocrys-

tals distributed into sol–gel silica glass.

In this Letter, we present new optical results for sol–gel

silica glasses doped with Eu3? ions before and after heat

treatment. Structural and optical changes around Eu3?

were examined using scanning transmission electron

microscopy (STEM), X-ray diffraction (XRD) and emis-

sion measurements.

2 Experimental

The reagents used in the synthesis of the sol–gel silica

glasses were of analytical grade and supplied by Aldrich

Chemical Co. Deionized water obtained from Elix 3 system

(Millipore, Molsheim, France) was used during the

experiments.

Glasses with the following composition 9.9TEOS -

19.8C2H5OH - 39.6H2O - 19.8DMF–3.9HNO3 - 1.1(Pb

(CH3COO)2 ? Eu(CH3COO)3) - 5.9CF3COOH, in molar

% were prepared by sol–gel methods based on procedure

[19]. The solution of tetraethoxysilane (TEOS) and N,N-

dimethylformamide (DMF) in ethanol and water with nitric

acid as a catalyst was hydrolyzed for 30 min at room

temperature to make sure that all components were totally

mixed. Subsequently, Pb(CH3COO)2 and Eu(CH3COO)3

were dissolved in water with trifluoroacetic acid and added

dropwise into the first solution. Obtained transparent

solution was stirred during 5 h at room temperature. A wet-

gel was obtained by leaving the solution in a sealed con-

tainer at 35 �C for 5–6 weeks. This step was required in

order to obtain dried samples, known as xerogels (denoted

as SG-Eu). Finally, these xerogels were inserted into cold

furnace (FCF 5 5SHP produced by Czylok Poland) and

heat treated, at 350 �C for 10 h, according to data reported

in the literature about PbF2 nanocrystals [4, 6, 17–19], in

order to precipitate nanocrystallites in controlled size,

giving rise to a transparent glass–ceramic (denoted as SG-

Eu-HT). The temperature of furnace was raised with

heating rate of 10 �C min-1, the annealing process was

carried out in air. After annealing the samples were cooled

to room temperature in a closed furnace. The resulting

system is composed of an amorphous oxide sol–gel matrix

with Eu3?:b-PbF2 crystallites embedded into it.

The microstructures of the samples containing PbF2

crystallites were studied using a scanning transmission

electron microscopy (STEM, Hitachi HD-2300A) equipped

with an energy dispersive X-ray spectroscope (EDS). The

sol–gel glass samples before and after heat treatment were

examined using X-ray diffraction (X’Pert X-ray diffrac-

tometer). Luminescence spectra were performed using

Horiba Jobin–Yvon spectrofluorimeter FLUOROMAX-4

with 150 W xenon lamp as light source. The measurements

were carried out with a spectral resolution of 0.1 nm

without smoothing and correction. The emission spectra

were registered in range 550–750 nm upon excitation at

393 nm, whereas the excitation spectra were recorded in

the 350–500 nm spectral ranges (kem = 611 nm). Lumi-

nescence decay curves were detected at the same condi-

tions with accuracy of ±2 ls. All experiment and spectral

measurements were carried out at room temperature

(T = 20 ± 2 �C).

3 Results and discussion

3.1 Structural properties

Qualitative chemical analysis and structural properties of

the sol–gel samples were studied using microscopic

methods and X-ray diffraction measurements. The micro-

structure was characterized qualitatively by scanning

transmission electron microscopy (STEM). The micro-

graph of sol–gel sample after annealing process is pre-

sented in Fig. 1. The STEM image shows 4–6 nm sized

nanoparticles (a), which are distributed into sol–gel silica

glass matrix (b). The energy dispersive X-ray spectroscopic

measurements (EDS) were also used for the analysis of

chemical composition. The EDS spectra with nanosized

probe taken from (a) an individual nanoparticle and

(b) from the sol–gel glass matrix were registered, respec-

tively. They are presented in Fig. 2. Detailed qualitative

analysis using EDS technique reveals that several peaks

related to Si, Pb, O and F were detected. Moreover, the

additional Cu, Al and C signals also appeared. The peaks of

Cu and Al are coming from the STEM holder construction.

The holder consists of copper mesh on which the samples

were located. The copper mesh was held by the aluminum

bracket. The presence of peak related to carbon is a result

of contamination process. However, the most important

information is that the spectrum from the nanoparticle

(a) exhibits quite strong F and Pb signals denoted as (*) in

contrast to the spectrum for the sol–gel silica glass (b),

where some peaks due to Si, Pb and O are mainly observed.
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These peaks are attributed to the glass matrix surrounding

the nanoparticles. All these confirmed further that PbF2

nanoparticles were formed in the annealing process.

X-ray diffraction was used to confirm the nature of the

studied samples. Figure 3 shows XRD patterns for sol–gel

silica glass samples before and after heat treatment. It was

found that the studied systems before heat treatment were

fully amorphous, without any crystallization peaks. Inter-

esting results have been obtained when the samples were

annealed at controlled temperature and time. After heat

treatment in the spectra were observed several broad peaks.

Based on theoretical XRD pattern they are assigned to

cubic b-PbF2 crystalline phase. Crystal sizes have been

estimated from XRD by using Scherrer’s equation

(D = Kk/bcosh, where D is the crystal size, k is the

wavelength of X-ray, h is the diffraction angle, b is the half

width of the diffraction peak and K is a constant which

value is 1). The particle size of PbF2 crystallites was cal-

culated from FWHM as an average from all diffraction

lines. The mean value was 5 nm. Moreover, the crystallite

size was re-examined with the Williamson-Hall formula,

which includes internal stress influence on the line broad-

ening. Also these calculations were done over all diffrac-

tion patterns. The lattice deformation was lower than

0.00007 % and the estimated particle size was 5.1 nm and

is in very good agreement with the results obtained by

Scherrer’s methods.

3.2 Excitation and luminescence properties

The emission and excitation spectra for Eu3? in sol–gel

glasses before and after heat treatment are presented in

Fig. 4. The excitation spectra was monitored at

kem = 611 nm (5D0 ? 7F2 red transition of Eu3?) in the

range from 350 to 500 nm. The main observed peaks

correspond to Eu3? transitions coming from the ground

level 7F0 to the 5L6 and 5D2 excited states of Eu3?. The

most intense excitation peak observed at 393 nm is due to
7F0 ? 5L6 transition. Emission spectrum of Eu3? ions in

sol–gel glasses has been recorded upon excitation of 5L6

state at 393 nm pumped by the Xe lamp. For pumping in

the 5L6 state of Eu3? the 5D3, 5D2, 5D1, and 5D0 levels are

Fig. 1 STEM image of PbF2 nanoparticles distributed into sol–gel

silica glass matrix

Fig. 2 EDS spectra with nanosized probe taken from a individual

nanoparticle and b from the sol–gel silica glass matrix

Fig. 3 X-ray diffraction patterns for sol–gel silica glasses before and

after heat treatment and theoretical XRD pattern of cubic PbF2
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populated, but owing to the small energy gaps between

these levels the excitation energy is fast transferred in non-

radiative way and we can observed the emission from the
5D0 state of Eu3? ions.

The emission spectra were registered in range

550–750 nm. Five-group emission lines located at 577,

590, 611, 643 and 697 nm, due to 5D0 ? 7FJ (J = 0, 1, 2,

3, 4) transition were observed, respectively.

It is well known that the luminescence intensity ratio R

of I(5D0 ? 7F2)/I(5D0 ? 7F1) (emission intensity of red

line to the orange line) is a sensitive function of the local

asymmetry around the optically active dopant (Eu3? ions).

This ratio can be modulated by varying the glass host

composition, activator concentration and heat treatment. R

value strongly depends on the surrounding rare-earth ions,

which is drastically changed after heat treatment process.

Small R value is usually attributed to higher local sym-

metry for Eu3? ions. The increase in R value is due to

increasing asymmetry and degree of covalency bonds. The
5D0 ? 7F1 line is magnetic dipole transition located at

590 nm, the intensity of this line is considered to be almost

independent of the local symmetry. The 5D0 ? 7F2 line is

an electric dipole transition located at 611 nm, the intensity

of this line is dependent of the local field strength or hosts.

As it is known, the probability of this electric dipole

transition is higher for ions residing in asymmetric envi-

ronment, while it is inhibited for ions close in symmetric

surrounding. In studied samples before heat treatment the

strongest emission was observed at 611 nm. Quite different

situation was observed after annealing, the intensity of
5D0 ? 7F2 is comparable to the 5D0 ? 7F1 transitions. The

luminescence intensity ratios R for glass samples before

and after heat treatment have been decreased more than

three times and are equal to 4.92 and 1.58, respectively

(Table 1).

The high value of the luminescence intensity ratio

before annealing suggests that Eu3? ions are located in a

low symmetry site in amorphous silica matrix. After heat

treatment, local symmetry around the optically active

dopant (Eu3? ions) and participation of ionic bonds

increased [20]. The value of R is decreased due to incor-

poration of RE3? ions into cubic b-PbF2 crystalline phase.

During heat treatment occur two simultaneously processes:

reduction of OH groups and formation of fluoride nano-

crystals. Reduction of OH groups results in increasing of

luminescence intensity and lifetime. However, decreased

of R value is due to change the environment of optically

active dopant. The covalence oxide surroundings of euro-

pium ions changed to more ionic, due to presence of

fluoride ions around active dopant. Changes in the envi-

ronment around the europium ions and character of bond-

ing between europium ions and surrounding ligands after

annealing process may also indicate differences in the

shape (narrowing and sharpening) of the emission bands,

Fig. 4. Moreover, the RE3? contribution in nanocrystals or

in matrix was examined by other research groups, such as

de Pablos-Martin et al. [7, 9], Bensalem et al. [21] and

Armellini et al. [22]. Our results from luminescence spectra

are in good agreement with data obtained by referred

authors.

The relationship between the intensity ratio R and the

covalent/ionic character of bonding between Eu3? and

surrounding ligands has been analyzed in detail by Khan

et al. [2], Santana-Alonso et al. [11] and Bensalem et al.

[21]. The values of R parameters obtained for glass sample

containing PbF2 nanocrystals presented in our work are in a

good agreement with those estimated for other nanocrys-

talline fluoride-based systems, such as NaYF4 [11] and

PbF2 obtained by traditional high-temperature melt-

quenching technique [21].

The luminescence lifetime for the 5D0 level of Eu3? ions

(Fig. 5) depends mainly on radiative probabilities of the
5D0 ? 7FJ transitions. The luminescence decay curves

measured for samples before and after heat treatment were

Fig. 4 Emission spectra of Eu3? ions in sol–gel glasses before and

after heat treatment. Inset shows excitation spectra monitored at

611 nm

Table 1 Spectroscopic Parameters for Eu3? Ions

Sample Transition kem (nm) R sm (ms)

SG-Eu 5Do ? 7F2

5Do ? 7F1

611

590

4.92 0.49

SG-Eu-HT 5Do ? 7F2

5Do ? 7F1

611

590

1.58 2.71

R Luminescence intensity ratio of I(5D0 ? 7F2)/I(5D0 ? 7F1)

sm Luminescence lifetime for the 5D0 level of Eu3? ions
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very well fitted to single exponential function. The value of

emission lifetime for Eu3? increased five and half times,

that is: 0.49 ms before heat treatment and 2.71 ms after

heat treatment. Based on such large increase of lifetimes,

we suppose that after heat treatment process part of euro-

pium ions were incorporated into crystalline phase. The

relatively short emission lifetime in the sol–gel glass

sample before heat treatment is due to the presence of high

energy stretching vibrations of the residual hydroxyl

groups, causing non-radiative decay mechanism, results in

luminescence quenching. The concentration of the OH-

groups is significantly reduced during the heat treatment

process resulting in a longer 5D0 emission lifetime of Eu3?

ions incorporated into PbF2 nanocrystals. The 5D0 mea-

sured lifetime is similar to the value given by Secu et al.

[12, 13] and by Bensalem et al. [21], but is much higher

than value obtained by Khan et al. [2].

As pointed out above, the photoluminescence spectra

and R ratio as well as their 5D0 fluorescence lifetimes of

europium ions doped to glass before and after heat treat-

ment in examined systems are markedly different. It means

that Eu3? migrates from the glass to another phase upon

ceramisation. Bensalem et al. [21] has identified this phase

to be Eu3?:b-PbF2.

4 Conclusions

Optical properties of the Eu3?-doped PbF2–SiO2 glasses

obtained by sol–gel method have been investigated. Based

on excitation and emission measurements as well as

luminescence decay analysis the spectroscopic parameters

for europium ions were determined. It was found that the

control heat treatment process caused greatly increase of

the luminescence lifetimes (from 0.49 to 2.71 ms) and

significant decrease of luminescence intensity ratios R

(from 4.92 to 1.58). Longer luminescence lifetimes is

resultant of OH group reduction and PbF2 nanocrystals

formation. Such large differences at spectroscopic param-

eters may be caused mainly by changes in the environment

around the optically active dopant and character of bonding

between Eu3? and surrounding ligands. It was found that

the control annealing process allows obtained Eu3?:PbF2

nanocrystals distributed into sol–gel silica glasses, which

results in changing of optical properties mentioned above.

The sample microstructure was studied using scanning

transmission electron microscopy. The b-cubic PbF2 crys-

tal phase was identified using X-ray diffraction.
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