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Abstract Rare earth ions-doped transparent glass ceramics

containing hexagonal GdF3 nanocrystals with a mean size

of 16 nm were prepared. Energy dispersive x-ray spec-

troscopy and luminescence spectrum investigation evi-

denced the incorporation of rare earth ions into GdF3

nanocrystals. The efficient energy transfer from Gd3? to

Tb3? was demonstrated in the Tb3?-doped glass ceramics,

which resulted in an intense green light emission originated

from Tb3?: 5D4 ? 7F6 transition via the sensitization of

Gd3?. Compared with the precursor glass, the Dy3?-doped

glass ceramic exhibited longer lifetime and lower yellow-

to-blue emission intensity ratio owing to the allocation of

Dy3? ions in the low-phonon-energy GdF3 environment.

Under ultraviolet excitation, the Dy3?-doped samples

emitted bright white light, indicating their potential appli-

cation in white light emitting diodes.

Introduction

Rare earth (RE) ions-doped transparent oxyfluoride glass

ceramics, achieved by controlled crystallization of the

precursor glass with appropriate chemical composition,

have attracted great attention due to their favorable prop-

erties benefited from both fluoride crystal and oxide glass

matrix, i.e., low phonon energy and high mechanical and

chemical stabilities [1–3]. The key factor for the efficient

luminescence lies on the partition of the optically active

RE ions into the precipitated fluoride nanocrystals [4].

The lanthanide trifluorides nanocrystals embedded glass

ceramics are therefore promising materials since the lan-

thanide ions could be substituted easily by RE ions of the

same valence. In addition, the lanthanide trifluorides have

low phonon energy that makes them possible to reduce the

undesirable non-radiative de-excitation of RE ions [5–10].

Recently, the preparation and the luminescent properties of

the RE-doped LaF3 and YF3 nanocrystals embedded glass

ceramics have been well studied [11, 12]. Unlike La3? and

Y3?, Gd3? could be used as the sensitizer for Sm3?, Eu3?,

Eu2?, and Tb3? in some materials [13, 14]. However, to

our knowledge, few investigations on the optical behaviors

of the RE-doped glass ceramics containing GdF3 nano-

crystals were reported so far.

In recent years, there has been an increasing trend for the

white light emitting diodes (W-LEDs) to replace the con-

ventional incandescent and fluorescent lamps for their

advantages in energy saving and related environmental

benefits. At present, W-LEDs are usually fabricated by

combination of a blue LED chip with fluorescence phos-

phors [15]. However, the difference between the individual

degradation rates of the blue LED chip and the phosphors

coated on the chip would cause a chromatic aberration and a

poor white light performance. To solve this problem, it is

essential to develop novel materials that could emit bright

white light under ultraviolet (UV) chip excitation [16, 17].

In this case, the UV excitation light is invisible and could be

totally absorbed by phosphors. In the scheme of construct-

ing current W-LEDs, epoxy resin is used to mix the phos-

phor powder to enable its coating on the chip, which may

shorten the lifetime of the LED owing to unavoidable aging

of the coating layer under long-term UV irradiation. As a

desirable progress, luminescent glasses and glass ceramics

were reported as good alternatives for the phosphor
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powders since they can be formed in plate-like shape to

ensure a direct encasement of the UV chip [18–20].

In this article, the Tb3?- or Dy3?-doped glass ceramics

containing GdF3 nanocrystals, which have not yet been

reported before, were fabricated. The efficient energy

transfers from Gd3? to Tb3? and Dy3? was demonstrated.

More significantly, an intense white light emission was

observed in the Dy3?-doped sample under ultraviolet

excitation.

Experimental

The precursor glasses were prepared with the following

composition (in mol%): 44SiO2–28Al2O3–17NaF–11GdF3.

The Dy3? or Tb3? doping was introduced by the addition

of DyF3 or TbF3, respectively, with RE content set from

0.1 to 2.5 mol%. For each batch, about 10 g of raw

materials were fully mixed and melted in a covered plati-

num crucible in air atmosphere at 1400 �C for 30 min, then

cast into a brass mold followed by annealing to relinquish

the inner stress. The obtained precursor glasses were then

heated at 670 �C for 2 h to form glass ceramics through

crystallization.

To identify the crystallization phase and determine

the mean size of the crystallites, X-ray diffraction (XRD)

analysis was carried out with a powder diffractometer

(DMAX2500 RIGAKU) using Cu Ka radiation (k =

0.154 nm). The microstructures of the samples were studied

using a transmission electron microscope (TEM, JEM-2010)

equipped with an energy dispersive X-ray spectroscope

(EDS). The emission and excitation spectra and the decay

curves of the samples were recorded on an Edinburgh

Instruments FLS920 spectrofluoremeter equipped with both

continuous and pulse xenon lamps. All the measurements

were carried out at room temperature.

Results and discussion

XRD patterns of the 0.1 mol% Dy3?-doped precursor glass

and glass ceramic are shown in Fig. 1. There are only two

diffuse humps in the precursor glass, indicative of its

amorphous nature. After heat-treated at 670 �C, several

intense diffraction peaks ascribed to the hexagonal GdF3

nanocrystals appear [21]. Based on the diffraction peak

widths, the mean size (D) of the GdF3 crystallites were

evaluated to be 16 nm by Scherrer equation:

D ¼ 0:9k
b cos h

ð1Þ

where k is the X-ray wavelength, b the full width at half

maximum of the peak, and h the diffraction angle. As an

example, Fig. 2 presents the typical TEM micrograph of the

GdF3-based glass ceramic, which exhibits the homogeneous

distribution of the spherical GdF3 nanocrystals with sizes of

13–18 nm in the glass matrix, in consistent with the XRD

results. The corresponding selected area electron diffraction

(SAED) pattern, shown in the inset of Fig. 2, exhibits the

polycrystalline diffraction feature of GdF3.

To explore the distribution of RE ions in the glass

ceramics, the EDS spectra with a nanosized probe taken

from an individual GdF3 nanocrystal and from the glass

matrix were measured, respectively, for the glass ceramics

doped with Dy3?. The spectrum from the nanocrystal,

Fig. 1 XRD patterns of 0.1 mol% Dy3?-doped precursor glass (PG)

and glass ceramic (GC), respectively

Fig. 2 TEM micrograph and SAED pattern of 0.1 mol% Dy3?-doped

glass ceramic
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shown in Fig. 3a, exhibits Gd, F, and Dy signals (the Al, Si,

and O peaks are attributed to the glass matrix surrounding

the nanocrystal, and the Cu ones are originated from the

copper grid supporting the TEM specimen), while in the

spectrum of the glass matrix presented in Fig. 3b, no Dy

signals are detected, indicating that RE ions are mainly

concentrated in the GdF3 nanocrystals.

The excitation and emission spectra of the Tb3?-doped

glass ceramics are presented in Fig. 4. There are two sets of

excitation signals appearing in the excitation spectrum

shown in Fig. 4a for the 542 nm (Tb3?: 5D4 ? 7F6) emis-

sion: one consists of several characteristic Tb3? excitation

peaks from the 7F6 ground state to the indexed excited

states, and the other consists of two excitation bands at

273 nm and 311 nm originated from the Gd3?: 8S7/2 ? 6IJ

and 8S7/2 ? 6PJ transitions, respectively. Figure 4b exhib-

its the emission spectra of the glass ceramics doped with

various contents of Tb3? under the excitation of 273 nm

(Gd3?: 8S7/2 ? 6IJ). There are several intense peaks rang-

ing from 480 to 650 nm ascribing to the Tb3? transitions

from 5D4 to 7FJ (J = 6, 5, 4, 3), respectively. These emis-

sions intensify monotonously with increasing of Tb3?

content, evidencing an efficient energy transfer from Gd3?

to Tb3?. The possible energy transfer process is schemati-

cally depicted in the RE energy level diagrams shown in

Fig. 5. It is worthy to mention that the emissions from the

higher excited-state transitions, i.e., 5D3 ? 7FJ (J = 6, 5, 4,

3, 2), are also detected. Remarkably, the intensities of these

emissions exhibit a converse trend with Tb3? content, i.e.,

Fig. 3 EDS spectra taken from

a an individual GdF3

nanocrystal, and b the glass

matrix in the 0.1 mol%

Dy3?-doped glass ceramic

Fig. 4 Excitation

(kem = 542 nm) (a), and

emission (kex = 273 nm) (b)

spectra of Tb3?-doped glass

ceramic; inset of (b) shows

enlarged emission spectra in

375–475 nm region

Fig. 5 Energy-level diagrams of Gd3?, Dy3?, and Tb3?, showing

possible processes of energy transfers from Gd3? to Tb3? or Dy3?.

Solid, dotted, and curved arrows denote optical transitions, energy

transfers (ET), and non-radiative transitions, respectively
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they decrease with increasing of Tb3? content from 0.1 to

2.5 mol%, as shown in the inset of Fig. 4b, which might

be ascribed to the cross-relaxation between Tb3? ions,

i.e., 5D3 ? 7F6 ? 5D4 ? 7F0 [22]. Since the emission at

542 nm is the strongest one, all the samples display green

luminescence visible by the naked eyes.

To demonstrate the potential application of the glass

ceramics as the luminescent hosts for W-LEDs, the lumi-

nescent performances of the Dy3?-doped samples were

investigated. Figure 6 depicts the excitation spectrum of

the 0.1 mol% Dy3?-doped glass ceramic, monitored at

571 nm (Dy3?: 4F9/2 ? 6H13/2). Similar to the case of the

Tb3?-doped sample, the Gd3? excitation transitions are

also detected, demonstrating the occurrence of energy

transfer from Gd3? to Dy3? which is described in Fig. 5.

However, the excitation peak of Gd3? at 273 nm is much

weaker than that of the intrinsic Dy3? at 350 nm. The

emission spectra of the 0.1 mol% Dy3?-doped precursor

glass and glass ceramic under excitation of 350 nm is

presented in Fig. 7a. Two intense emission bands centered

at 480 nm (blue) and 571 nm (yellow), ascribed to the
4F9/2 ? 6H15/2 and the 4F9/2 ? 6H13/2 transitions of Dy3?,

respectively, are observed. There is a significant change in

the intensity ratio of the yellow-to-blue emissions for the

glass and glass ceramic. The decreased yellow-to-blue ratio

in the glass ceramic is attributed to the GdF3 crystalline

environment of Dy3? ions, since the yellow emission

originated from the hypersensitive transition of Dy3?:
4F9/2 ? 6H13/2 is strongly influenced by the ligand field of

Dy3? [23]. In addition, based on the Dy3? 4F9/2 decay

curves shown in Fig. 7b, the evaluated Dy3? 4F9/2 lifetime

for the precursor glass (1.06 ms) is longer than that for the

glass ceramic (0.75 ms). Figure 7c presents the Commis-

sion International de I’Eclairage (CIE) 1931 chromatic-

ity diagram converted from the emission spectra of the

0.1 mol% Dy3?-doped samples. The calculated color

coordinate is (0.355, 0.403) for the precursor glass, while it

is (0.334, 0.391), much closer to (0.333, 0.333) of the

standard equal energy white light illuminate, for the glass

ceramic. Significantly, the glass ceramic generates intense
Fig. 6 Excitation (kem = 571 nm) spectrum of 0.1 mol% Dy3?-

doped glass ceramic

Fig. 7 Emission

(kex = 350 nm) spectrum (a),

decay curves (b), and CIE 1931

chromaticity diagram (c) of

0.1 mol% Dy3?-doped

precursor glass (PG) and glass

ceramic (GC)
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white light visible by the naked eyes, indicative of their

potential applicability as the luminescent host for W-LEDs.

Conclusions

The RE-doped transparent oxyfluoride glass ceramics

containing hexagonal GdF3 nanocrystals were prepared by

melt-quenching and subsequent heating. The efficient

energy transfer from Gd3? to Tb3? is evidenced, which

resulted in the intense green light emission in the Tb3?-

doped glass ceramic. The Dy3?-doped glass ceramic emits

intense white light under UV excitation, demonstrating its

potential applicability in the field of W-LEDs.
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