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Abstract: Nd3+, Eu3+ and Tb3+ ions doped transparent chlorophosphate glass ceramics were prepared and their frequency-conversion proper-
ties were studied. X-ray diffraction (XRD) patterns evidenced the formation of expected halide nanocrystals. The absorption, excitation and 
emission spectra investigation indicated that some of rare earth (RE) ions were trapped in low phonon energy halide nanocrystals, and there-
fore an efficient down frequency-conversion was observed. The comparative spectroscopic studies of RE doped samples suggested that the 
glass ceramics systems are potentially applicable as efficient ultraviolet to visible frequency-conversion photonics materials. 
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In recent years, RE ions doped glass ceramics have at-
tracted much attention due to their potential application in 
optical devices such as frequency-conversion materials and 
solid-state lasers[1–10]. Transparent glass ceramics are two 
phase materials containing nanocrystalites with sizes less 
than 30 nm embedded in a glassy matrix[11–13].  

Among various glass matrices, the phosphate glasses have 
several advantages, such as high thermal expansion coeffi-
cient, low melting and softening temperature and high ultra-
violet transmission in comparison with conventional oxide 
glasses[14–16]. Phosphate glasses also act as good hosts for 
large concentrations of dopant RE ions with good homoge-
neity[15]. Furthermore, phosphate glass shows the highest 
emission cross-sections and highest spectral intensity[17,18]. 
The low phonon energy of the fluoride and chloride glasses 
yields low non-radiative decay and high radiative emission 
rates of RE ion energy levels, leading to much higher quan-
tum efficiencies[19–21]. The host materials with low phonon 
energies are generally desirable in order to achieve higher 
emission efficiencies.  

Frequency-conversion properties of Eu3+ doped chloro-
phosphate[2] and fluorophosphate[3] transparent glass ceram-
ics were reported in our previous works. There are, however, 
limited number of research reports on the RE doped chloro-
phosphate glass and glass ceramics in the literature. In this 
work the Nd3+, Eu3+ and Tb3+ doped chlorophosphate glass 
and glass ceramics were successfully prepared, and their ul-
traviolet to visible frequency-conversion properties have 
been studied.  

1  Experimental  

RE ions doped chlorophosphate glasses with composition in 
mol.% of: 45P2O5, 14Na2HPO4, 25CaCl2, 15NaCl, 1RE2O3 
(RE=Nd, Eu and Tb) were prepared with melting procedure. 
All the raw materials were anhydrous powders with high pu-
rity. The batches of raw materials were melted at 1000 ºC for 
1 h in a covered alumina crucible in the normal atmosphere. 
The liquids were shaken at 20 min. interval during melting. 
The molten mixtures were transferred into stainless steel and 
copper molds to obtain cubic glassy rods with 3 cm length 
and cross sections with 0.7 cm side. The heat treatment pro-
cedures were performed at temperatures between Tg and Tc 
(transition and crystallization temperatures) and transparent 
glass ceramics samples were obtained. The Nd3+ and Tb3+ 
doped glass ceramics that annealed at 460 ºC for  3 h have 
been assigned in the text as Nd3+:G-C and Tb3+:G-C. The 
Eu3+ doped glass ceramics that annealed at 460 ºC for 1 and 
3 h, have been assigned in the text as Eu3+:G1-C and 
Eu3+:G3-C, respectively. 

XRD spectrometer (X'pert, Philips) was used to investi-
gate the nanocrystals formation. Jenway UV-vis spectrome-
ters and Jasco spectrofluoremeter were used for absorption, 
excitation and frequency conversion spectroscopy studies. A 
Xe lamp was used as an excitation source for down conver-
sion emission. All the measurements were carried out at 
room temperature. 

2  Results and discussion 

2.1  XRD results 

XRD patterns of the glass and glass ceramics samples are 
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illustrated in Fig. 1. The glassy sample has amorphous 
structure. However, for glass ceramics samples the crystal-
line CaCl2 structure (marked with *) were observed. Thus, 
glass ceramics containing CaCl2 nanocrystals were obtained. 
By using Scherrer formula, the size of the nanocrystals was 
evaluated to be about 20 nm for glass ceramic samples that 
annealed at 460 ºC for 3 h. For sample that annealed at 460 ºC 
for 6 h (G-C 460 6 h) the size of the nanocrystals was about 
35 nm and resulted more decrease in their transparency. 

In the next sections, ultraviolet to visible frequency-  
conversion properties of Nd3+, Eu3+ and Tb3+ doped glass 
and glass ceramics with more emphasis were reported. 

2.2  Nd3+ doped samples 

The absorption spectra of Nd3+:glass and Nd3+:G-C, be-
tween 300–900 nm are given in Fig. 2, which consist of 
some intense absorption bands located at 865, 795, 740, 580, 
525 and 355 nm, corresponding to the ground state 4I9/2 to the 
excited states 4F3/2, 4F5/2, 4F7/2+4S3/2, 4G5/2+2G7/2, 2K13/2+4G7/2, 
and 4D3/2+4D5/2 respectively. The absorption spectra show 
that both of fabricated glass and glass ceramics are transpar-
ent matrices at 300–900 nm region. Similar result has been 
observed for other Nd3+:glasses[22–24]. And also all of absorp-
tion bands were comprised with energy level scheme of Nd3+ 
doped ceramic garnet Y3Al5O12

[25]. 
The excitation spectra of Nd3+ doped glass and glass ce-

ramics, monitored at 700 nm are illustrated in Fig. 3. The 
spectral range from 200 to 650 nm consisted of some sharp 

 
Fig. 1 XRD patterns of Glass (1), G-C 460 ºC 3 h sample with 

CaCl2 phase (*) (2) and G-C 460 ºC 6 h (3) 

 
Fig. 2 Absorption spectra of Nd3+: glass (1) and Nd3+: G-C samples (2) 

lines at 238, 300 and 355 nm which resulted from transitions 
between the 4f energy levels of Nd3+ ions. For Nd3+: G-C 
sample, very intense emissions were observed at 238 nm in 
comparison with Nd3+: glass and this wavelength is very 
suitable for down frequency conversion. 

Fig. 4 shows the down conversion emission spectra of 
Nd3+ ions in the glass and glass ceramic samples. The emis-
sion bands were achieved in visible region at 472, 484, 703 
and 715 nm. For Nd3+: glass sample, weak luminescence 
peaks were observed, while intense luminescence was ob-
served for glass ceramic sample. The measured down con-
version emission intensity from the Nd3+: G-C at 472 nm is 
about 14 times that of the Nd3+: glass sample at 484 nm. For 
the crystallized sample the emission bands centers shift to 
lower wavelengths side. The band shift can be related for the 
transformation of environmental structure of Nd3+ site from 
amorphous to ordered crystalline, which confirms the incor-
poration of Nd3+ ions into CaCl2 nanocrystals during crystal-
lization. 

2.3  Eu3+  doped samples 

The excitation spectra of Eu3+ emission monitored at 615 nm 
of 5D0→7F2 transition are depicted in Fig. 5. The excitation 
bands in the spectral range from 220 to 600 nm, can be as-
signed to 7F0→5D0 (592 nm), 7F0→5D1 (534 nm), 7F0→5D2 
(465 nm), 7F0→5D3 (414 nm), 7F0→5L6 (396 nm), 7F0→5G3 
(383 nm) and 7F0→5D4 (364 nm) respectively. Similar exci-
tation spectra for Eu3+ doped glasses and glass ceramics pre-
viously were reported[12,21,26–28]. The strongest peak at 396 nm 
for Eu3+: glass and particular strong peaks for Eu3+ doped 
glass ceramics samples at 311 nm were obtained. Thus, the 

 
Fig. 3 Excitation spectra of Nd3+: G-C (1) and Nd3+: glass (2) sam-

ples (monitored at 700 nm) 

 
Fig. 4 Down conversion luminescences of Nd3+: G-C (1) and Nd3+: 

glass (2) samples (excited at 238 nm) 
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Fig. 5 Excitation spectra of Eu3+: G3-C (1), Eu3+: G1-C (2) and Eu3+: 

glass (3) samples (monitored at 615 nm) 
 
396 and 311 nm are ideal pump wavelengths to generate 
down conversion emission from these samples. 

Fig. 6 shows ultraviolet to visible frequency-conversion 
emission spectra of Eu3+ ions in the glass and glass ceramics 
samples that excited at 396 nm. These spectra consist of the 
well known 5D0→7FJ (J=0–4) transitions namely 5D0→7F0 
(554 nm), 5D0→7F1 (588 nm), 5D0→7F2 (611 nm), 5D0→7F3 
(652 nm) and 5D0→7F4 (696 nm). For Eu3+: G1-C sample the 
highest intensity has been obtained and with increasing the 
time of heat treatment (for Eu3+: G3-C) emission intensities 
were decreased. The excitation beams at region 392-396 nm 
(corresponding to 5L6→7F0 transition) have been suggested 
as ideal wavelengths to generate brightly red luminescent in 
different Eu3+ doped glasses[2,3,12,27–31]. 

Fig.7 shows the emission spectra of Eu3+ doped samples at 
5D0→7F1 and 5D0→7F2 transitions that excited at 311 nm. 
The intense emission was achieved at 614 nm for Eu3+: 
G3-C. For 5D0→7F1 transition at 591 nm, weak emission 
peak was appeared. The emission intensity of Eu3+: G3-C 
and Eu3+: G1-C are about 13.4 and 10.2 times stronger than 
of Eu3+: glass at 614 nm respectively. The probability of the 
5D0→7F2 transition is very sensitive to changes in the 
chemical surroundings of the Eu3+ ions[2,3,12] which indicated 
that the Eu3+ ions have been incorporated into CaCl2 
nanocrystals. 

2.4  Tb3+  doped samples 

The excitation spectra of Tb3+ doped glass and glass ce-
ramics emission monitored at 592 nm are illustrated in Fig. 8. 

 
Fig. 6 Emission spectra of Eu3+: glass (1), Eu3+: G1-C (2) and Eu3+: 

G3-C (3) (excited at 396 nm) 

 
Fig. 7 Emission spectra of Eu3+: G3-C (1), Eu3+: G1-C (2) and Eu3+: 

glass (3) samples (excited at 311 nm) 
 

The spectral range from 220 to 600 nm consisted of some 
intense excitation at 255 and 300 nm. For Tb3+: G-C sample, 
very intense emission was observed at 300 nm in compari-
son with Tb3+: glass and this wavelength is very suitable for 
down frequency conversion.  

Fig. 9 shows the down conversion emission spectra (ex-
cited at 300 nm) of Tb3+ doped samples. The emission bands 
were achieved at 490, 543 and 592 nm. For Tb3+: glass sam-
ple, weak luminescence peak were observed, while intense 
down conversion luminescence was observed for glass ce-
ramic sample at 592 nm, the down conversion emission in-
tensity of Tb3+: G-C is about 66 times stronger than of Tb3+: 
glass sample at this wavelength. 

For all of RE doped glass ceramics samples, the increas-
ing of down conversion emission intensities indicates that 
CaCl2 nanocrystals have a great influence on these favorable 
changes. After crystallization process of thermal treatment, 
some of the rare earths ions could be trapped in the CaCl2 

nanocrystals. The glass ceramic matrix provides the distinct 

 
Fig. 8 Excitation spectra of Tb3+: G-C (1) and Tb3+: Glass (2) sam-

ples (monitored at 592 nm) 

 
Fig. 9 Emission spectra of Tb3+: G-C (1) and Tb3+: Glass (2) sam-

ples (excited at 300 nm) 
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advantage of low phonon frequencies compared to glass 
materials and minimizes the non-radiative losses and there-
fore more efficient emission intensities can be observed.  

3  Conclusions 

Nd3+, Eu3+ and Tb3+ doped transparent chlorophosphate 
glass ceramics containing CaCl2 nanocrystals were obtained 
from P2O5-Na2HPO4-CaCl2-NaCl-RE2O3 composition. All 
of the experiments demonstrated suitable changes in glass 
ceramics host medium and resulted in further improvements 
in emission intensities of RE doped glass ceramics. Spec-
troscopy studies showed that considerable amount of RE 
ions were incorporated into the crystalline phase and resulted 
in much stronger emission in glass ceramics samples and 
therefore implied them as a potential material for ultraviolet 
to visible frequency-conversion photonics materials.  
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