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The phosphosilicate for planar waveguides fabrication by using sol-gel, and particularly erbium-doped wave-
guide amplifiers, is reviewed. In particular, efforts to use sol-gel to improve molecular homogeneity in Er-doped
phosphosilicate-based monolith and thin films will be discussed. A variety of material studies was carried out to
investigate and optimize the sample preparation condition for such application. These include X-ray diffraction,
the Fourier transform infrared and optical transmittance, absorption and refractive index calculation. The erbium
nitrate precursors use is shown to alter the Er®* ions doping in the prepared samples thermally treated in the final
monolith glass form, in comparison to the use of thin film phosphosilicate sol-gel sample. Excess heat treatment
is used to force prepared samples crystallization, moreover resulting photoluminescence analysis is used to detect
the co-operative-up-conversion sample properties before and after heating.
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1. Introduction

The sol-gel method has been extensively investigated
for the co-operative —up-conversion and optical wave-
guides fabrication, etc., where it is a convenient and
flexible way to prepare monolithic samples and to de-
posit oxide films samples [1]. Co-operative-up-conversion
processes in Er3* ions-doped materials investigation has
been of great interest since their first use as laser materi-
als. This interest is due to the luminescence presence in
the visible region, with a transition that can be enhanced
by an appropriate host choice.

Other key application for sol-gel glass is photonics
and/or integrated optics. A sol-gel is a feasible method
for fabricating phosphosilicate components that can be
used in communications fiber application. The sol-gel
technique has now been used to make waveguides with
low (< 0.3 dB/cm) propagation loss at the telecommu-
nications wavelengths, especially 1550 nm [2, 3|. Sol-
gel offers great performance possibilities, due to the ease
of introducing a wide variety of dopants. Erbium ions,
in particular, can provide amplification in the 1550 nm
communications window through stimulated transitions
from the 41,3 s2 metastable energy level to the ground
state. Ions can be inverted to the metastable level by op-
tical excitation via higher level; e.g. 980 nm is a suitable
pump wavelength, and one at which laser diode sources
are available at reasonably high power. For these rea-
sons, erbium doped fiber amplifiers have become crucial
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components in long distance, high data-rate communica-
tion links. However, fiber amplifiers are bulky and ex-
pensive, and may these disadvantages can be reduced
by planar integration. Homogeneity loss in these levels
must be reduced, for keeping scattering losses low and to
limit Er ion—ion interactions, which reduce gain such as
co-operative up-conversion [4]. However, the solubility
of erbium in silica alone is low for that we solved this
problem in our work by doping the silica with phosphor
ions which enhance the solubility of rare earth in the
nanocomposite phosphosilicate monolith SPM.

Light source producing the optical signal is an impor-
tant optical integrated circuit (OIC) component, optical
waveguide systems transmit and can process this optical
signal, then detector will convert the optical signal back
to the electric domain giving rise to ease and low-cost
production techniques. Then the light propagation pro-
cessing can transmit the light from one point to another
using optical waveguide systems [5-9].

The development of nanocomposite phosphosilicate
doped with Er3* ions and sintered at different tempera-
ture to study the thermal treatment influence on it were
present in this work, aiming to prepare the system to can
be used successfully in the near future for wave guide ap-
plication. The nanocomposite samples structure, optical,
co-operative—up-conversion and morphology will be elu-
cidating.

2. Experimental

Phosphosilicates nanocomposite containing 20 mol.%
phosphate; (Si02—20 mol.% P205) S20P were prepared
in monolithic and thin film forms symbolic S20PM and
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S20PT at different sintering temperature 60, 500, 700,
and 900°C. Constant Er®>* ions molar percent was em-
bedded in the prepared S20P and S20PT sample at
2.5 mol.% symbolic as [S20P2.5ErM] and [S20P2.5ErT],
respectively. Hydrolysis and poly condensation reaction
of tetra~ethoxysilane (CH3 CH2OH)4-Si (TEOS), (TEOS,
99.999%, Sigma—Aldrich) as SiOs precursor and triethyl-
phosphate as P20Oj5 precursor in ethanol (CH3CHyOH)
solutions were carried out. A pre-hydrolysis reaction of
(Si02:20 mol.% P505) solution was allowed under vigor-
ous stirring at room temperature for long time using dis-
tilled water (H20), however ethanol and HCI were used as
solvent and catalyst, respectively. These solutions were
then filtered before performed as thin film and mono-
lith. The final used mixture solutions were homogeneous,
transparent and no precipitates appeared.

2.1. Monolith samples preparation

After mixing the starting precursor materials
monomers first undergo hydrolysis reactions to give
(Si-OH), (Si—O-Si),(P-OH) and/or (P—O-Si) functional
groups in the first step. The silica gel modification can
be achieved via the particular molecule reaction with
either the siloxane (nucleophilic substitution at the Si)
or silanol (direct reaction with the hydroxyl group)
functions [10, 11]. Doping the silica gel with 20 mol.%
phosphate consisting of these new functional groups
(Si-O-Si), (P-O-P) and (P-O-Si) which are formed by
condensation reactions between Si—-OH, Si—-OR, P-OR
and P-OH groups. The Er3* ions were introduced in
the process, by dissolving Er (NO3)5—H2O, solution in
the preceding precursors with different molar ratios,
respectively.

The resultant solutions were kept in closed glass vials
and/or square plastic boxes during the gelation process
which starts at the moment giving the hydrolyzed species
in the mixture. All samples were aged for 21 days at
60°C, where the samples were in the transition states
from low viscosity (liquid) to the intermediate viscosity
(gel) by evaporating the solvent molecules before drying.

2.2. Thin film samples preparation

The same homogeneous resultant solutions were used
for thin film preparation. The prepared nanocompos-
ite solutions were dropped and dispersed on quartz sil-
ica substrates and glass substrates. The solutions then,
allowed to spun at 3500 rev./min for 30 s by using a
homemade spin coater. At least two successive coatings
were required to provide suitable effective film thickness.
The film samples were dried for 30 min and then heated
at different temperature at 500, 700, 800 and 900 °C for
3 h, giving cracks free, homogeneous, clear and transpar-
ent thin films suitable for photonic application such as
planar optical waveguide system (PWGS).

2.3. Characterization

The prepared samples X-ray diffraction (XRD) pat-
terns were recorded with an X-ray diffractometer us-
ing monochromatized Cu K, radiation of wavelength
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= 1.54056 A. Crystallite sizes G were determined from
the Scherrer equation

G = K\/D cos?,

where K is the Scherrer constant (0.9), X is the wave-
length, and D is the full width (in radians) of the peak
at half maximum intensity (FWHM). The value of G was
confirmed by using the U-fit program. Figure 1 shows
the XRD patterns of the S20P2.5M (A) dried at 60°C
for three weeks and (B) sintered for three hours at two
different temperature 500 and 900°C. The results indi-
cate that sample remained amorphous at 60 °C, where as
previously reported by our team work that the condensa-
tions process kinetics cannot be increased at this sintering
temperature [12, 13]. The crystallinity began at 500°C
due to the phosphor ions presence and it increases with
the annealing temperature increase from 14 up to 22 nm
at 500 and 900 °C, respectively. This increase might be
due to the surface densification as a result of the OH and
the OR groups removal from the surface.
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Fig. 1. XRD diffraction of SP2.5ErM at (A) 60°C

and (B) at two different temperatures (a) 500°C and
(b) 900 °C, respectively.

The peak at 20 equal to 47° corresponding to mono-
clinic silica phosphate SiP>;O7 phase was detected. These
results are compatible with the previously reported [4-7]
that the P2O5 presence into the silicate network leads to
the host materials crystallization enhancement. However
the P2Oj5 presence improves the solubility of RE such as
Er3t ions doped sol-gel process, thereby improving its
dispersion and reduce the ion—ion interactions possibility
in Er3*-rich phase which tends to form in phosphosilicate
systems [14, 15].

This finding was reported by our team work previ-
ously [12, 13] where we suggested that when the (Er3*
and Yb?") ions are embedded in the silica-phosphate and
then subjected to thermal treatment for densification, the
structure of the prepared materials changes due to most
properties change of the gel in the host skeleton which is
attributed to the Si—-O and P—O bonds cross-linking de-
velopment due to dehydration poly- condensation of the
system.

Rare earth oxides and related compounds are in so
small quantities that they might not appear with their
corresponding X-ray diffraction patterns.

FTIR spectra were recorded on JASCO, FTIR, 6100,
made in Japan by using KBr pellets. Nearly nor-
mal transmittance and reflectance spectra were done
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by Jasco V-570 spectrophotometer, in wavelength range
(0.2-2.5 pm). The refractive indexes n for all investigated
samples are calculated.

The high resolution transmission electron microscope
(HRTEM) analysis has been made using a high resolution
JEOL JEM-2100 equipment operating at 120 kV with
attached CCD camera.

The coarse and fine microstructures and the morphol-
ogy of the prepared samples were depicted by using high
resolution field emission gun quanta FEG 250 scanning
electron microscope (HRSEM). The FESEM gives infor-
mation on the surface morphology of the sample, which
can helps us check whether the growth has taken place
or not. The film thickness was measure from FESEM.

The spectrophotometer Model V-570 UV/VIS/NIR
was used to measure the transmittance and the absorp-
tion spectrum. The instrument specified by resolution
0.1 nm and wavelength accuracy +0.3 nm (at a spectral
bandwidth of 0.5 nm) in the UV /VIS region. The refrac-
tive index can be expressed in terms of n according to
the Fresnel equation

1+ R 4R

_ ~ K2,
"SR\ G-Rrp?

The photoluminescence spectra were obtained using
Jasco FP-777 or 6500 Japan spectrofluorometer. The
light source is xenon arc lamp 150 W.

The photoluminescence spectra are obtained using
Jasco FP-6500 Japan spectrofluorometer. The light
source is xenon arc lamp 150 W, the step was 0.5 nm,
the excitation slit bandwidth was 5 nm and the emission
slit bandwidth was 5 nm.

3. Results and discussion

Figure 2a—c shows the S20P2.5ErM surface morphol-
ogy using the HRSEM micrographs, sintered at different
temperatures: (a) 60, (b) 500 and (c) 900°C, respec-
tively. It is noted that the monolithic prepared samples
exhibited nearly the same arrangement structure with
long-range ordered structures. The increase in temper-
ature from 60 up to 900°C has no influence on these
ordered structures. While for comparison between the
three temperatures at constant magnification during the
densification process increase, the system rearrangements
appeared indicated more agglomeration appearance at
higher temperature as a result of increase of the samples
densification at higher temperature specially at 900 °C.
The obtained results might be attributed to the large in-
terstitial voids appearance and large particles distributed
over the monolithic gel at lower temperature, while by in-
creasing its temperature more agglomeration occurred.

For thin film samples S20P2.5ErT sintered at 2 dif-
ferent temperatures 500 and 900°C shown in Fig. 3,
nearly the same homogeneous surface was observed even
at lower temperature 500°C, very small agglomeration
degree can be detected. At higher temperature 900°C
the film surface appeared more homogeneous, denser film

Fig. 2. SP2.5ErM FESEM sintered at
(b) 500°C, (c) at 900 °C, respectively.

(a) 60°C,
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Fig. 3. SP2.5ErT FESEM sintered at different temper-

atures: (a) 500 °C and (b) 900 °C, respectively.
with good uniformity was obtained. This may be at-
tributed to densification as OH and OR groups’ removal
result from the surface at higher temperature as reported
in XRD and FTIR parts in this work.

From the comparison between the two form samples
monolith S20P2.5ErM and thin film S20P2.5ErT sintered
at 500 and 900°C, it is clearly seen that the roughness
and coarse scale are lower in thin film than monolith
one. The films have smaller pores, which imply that it is
denser. Moreover the films seem to be more homogeneous
than monolith prepared samples.

The FTIR spectra for the pure phosphosilicate samples
S20PM sintered at (a) 500 and (b) 900 °C for 3 h is shown
in Fig. 4, while the monolithic sample SP2.5ErM dried
at (a) 60°C for 3 weeks and then sintered at different
temperature (b) 500°C, (c¢) 700°C and (d) 900°C for 3 h
is shown in Fig. 5.

Three main bands, characteristic of the phosphosilicate
glasses, are observed in Fig. 4, the band near 1336 cm ™!
sintered at 500 °C for 3 h is mainly due to the phosphate
network asymmetric stretching of P = O bonds [10, 16].
The mentioned peak was very small and broad at lower
temperature, while it appeared well at 900°C for pure
S20PM and S20P2.5ErM with small shift to lower wave
number after the addition of erbium ions. The strong
peak at about 1083 cm ™! was assigned to the silica and
phosphor bridging oxygen atoms. The mentioned peak
at about 1083 cm™! shifted to higher wave number near
1100 cm ™! at higher temperature in pure S20PM and be-
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Fig. 4. S20PM FTIR spectra sintered at two different
temperatures: (a) 500°C and (b) 900 °C, respectively.
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Fig. 5. SP2.5ErM FTIR spectra SP2.5ErM sintered at
different temperatures: (a) 60 °C, (b) 500 °C, (c) 700°C
and (d) 900°C, respectively.

come broader and decreased in intensity, Fig. 4. More-
over, 1083 cm~! peak increases in intensity and shifted to
higher wave number at higher temperature as an effect of
doping with Er3* ions as shown in Fig. 5, due to the rear-
rangement of the S20PM structure after the Er3* ions ad-
dition. The shoulder near 970 cm ™! is due to P-O tetra-
hedral with one P = O bond (11). In fact the more com-
plete densification of samples after increase of the tem-
perature up to 900 °C causes the decrease in this shoul-
der intensity while it disappears at 900 °C for S20PM and
S20PxErM at 900°C, Figs. 6 and 7, due to the groups
attached to the P atom total electron negativity. The
host pure phosphosilicate contain POgs-tetrahedral units
series connected by three oxygen bridging. The Si—-O-Si
symmetric stretching is observed around 800 cm~! for
all samples pure and doped with Er3*t ions, which in-
creases in intensity and shifted to lower wave number by
increasing the temperature up to 900 °C.

The S20PM host material can be explained in Q™ dis-
tribution terms, where n is the bridging oxygen num-
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Fig. 6. SP2.5ErM FETEM SP2.5ErM sintered at
(a) 60°C, (b) 900°C, respectively, both at constant
magnification 200 nm, while (c¢) 500 °C at magnification
100 nm to prove the crystallite size (CS) values.

d=0.395nm

Fig. 7. SP2.5ErM FETEM diffraction pattern.

bers. @ is equal to isolated tetrahedra (orthophosphate
groups), Q! corresponds to the end groups (pyrophos-
phate), Q? is due to middle groups (metaphosphate) and
Q? to branching groups (ultraphosphate). By adding
the P50O5, homogeneous disruption in silica gel occurs
and the modifier oxide cations occupy interstitial posi-
tions. Generally, the phosphate asymmetric and symmet-
ric stretching vibrations presented in SP demonstrated on
Q' and Q? groups [17].

The 465 cm ™! absorption band attributed to Si-O-
Si bending oxygen atoms vibration perpendicular to the
Si—-O-Si plane and the tetrahedral SiO4 ring structure,
shifted to 468 cm ™! higher wave number as an OH groups
elimination result from the silica gel due the temperature
increase up to 900 °C [18-20].

The hygroscopic character of the phosphate glasses is
confirmed by the absorptions bands due to O-H groups
observed in the range 4000-1500 cm~!'. The wide band
starting from 3750 to 3250 cm~! is due to the § (O-
H) groups symmetric stretching and 6 (H-O-H). The ¢
(O-H) groups deformation modes and absorbed water
molecules, § (H-O-H) were found at 1630 cm™!, which
can interact through hydrogen bonds with silanol groups
resulting in a lower intensity for the monolith sample sin-
tered at 900°C. Both bands located between 3750 and
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3250 cm ™! and at 1638 cm™! decreased in intensity by
increase of the temperature and become wider, but they
still appear even at such higher temperature 900°C [21].
At 900°C the OH bands intensities have considerably di-
minished [22]. Tt is well known that the higher porosity
in the sol-gel glasses which allows accommodating water
molecules caused the formation of clusters aggregation
during the sol-gel growth process. The silanol groups
are formed on the surface by two main processes [20].
First they are formed in the course of silica synthesis,
e.g. during the condensation polymerization of Si(OH),.
Secondly, surface OH groups can be formed as a result of
de-hydroxylated silica rehydroxylation when it is treated
with water or aqueous solutions. While the silanol groups
is responsible of a surface hydrophilic at a sufficient con-
centration [20].

It has to be noted that C-H groups stretching is
present at 2900 cm™' in the prepared samples. It is
attributed to the v (P-OH) groups stretching vibration
and ethyl molecules, it shifted to higher wave number at
about 2937 em™! by increase of the temperature up to
900°C [23, 24]. Moreover its intensity decreases by in-
creasing the temperature, where the first v (Si-OH) and
v (P-OH) condensation groups leads to v as (P-O-P
links) and v as (Si-O-Si).

As shown in Fig. 5 for S20P2.5ErM sintered at 900 °C
the mentioned peak at 2900 cm ™! increases in intensity as
a function of temperature at 500 °C and then it decreases
at higher temperature 700 and 900 °C.

The increasing temperature effects from 60 up to
900°C on the S20PE2.5M particle sizes and shape are
investigated by using the high resolution transmission
electron microscopy (HRTEM) as shown in Fig. 6a—c
for different temperature 60, 500, and 900°C. The syn-
thesized samples particle shapes are irregular and rel-
atively aggregated molecules at 500 and 900°C, while
amorphous phases appeared at lower temperature 60 °C.
It displayed nanostructure scale at 900 °C, the particles
became uniform with spherical shape, homogeneous and
well-dispersed erbium ions in prepared host nanocompos-
ites at these two temperature. Some agglomerations de-
gree was present in the clusters, which increase at 900 °C.

The calculated average particle size from FETEM was
found to be equal to about 21 and 22 nm at 500 and
900°C, respectively for S20PE2.5M prepared sample.
The obtained crystallite sizes from FETEM are nearly
compatible with the obtained XRD results at 500 and
900°C, respectively. An important effect on the densi-
fication processes was achieved by well particle size dis-
tribution. Nanostructure phase and a narrow size dis-
tribution aid in obtaining dense and homogeneous mate-
rials [25, 26], these results are compatible with the ob-
served FTIR data.

The particle size measured from HRTEM micrographs
is somewhat different from the value obtained from XRD
data, which is quite common in other materials [27]. Fig-
ure 7 shows the HRTEM selected-area electron diffraction
(SAED) pattern of SP2.5ErM sintered in air for 3 h at
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900°C. An observable and strong SAED patterns give
information about the nanoscale composition in the sam-
ples structure and that the d spacing is equal to 0.395 nm
at 900 °C.

The refractive index linearly increased as shown in
Fig. 8 with increasing silica-phosphate glass density as
that revealed in normal multi-component glasses [28, 29].
The silicate network combination with phosphate as a
dopant changes fundamentally the silicate glass proper-
ties, where the depolymerization of the phosphate cation
occurs, thus diminishing the silicate glass network cross-
linking to create a more open structure [29]. The higher
phosphate content at 20 mol.% gives greater disorder in
the silicate network and this displays an enhancement
in the refractive index values especially with increase
of the temperature. The silica-phosphate glass refrac-
tive index values decreased at higher hydroxyl impurity
content occurred at 500°C. The phosphate ions concen-
tration increases the contribution in the silica-phosphate
system depolymerization which enhances the increase in
the concentration of bonding defects and NBOs in the sil-
icate network [28-30]. The refractive indexes n values for
SP2.5ErM are given at constant wavelength = 1400 nm
was found to be equal to 1.6 and 1.74 at 500 and 900 °C,
respectively. The obtained result implying that an in-
crease in n values is associated with the material den-
sification and condensation. The obtained data allow
the low loss coupling systems planar waveguide prepa-
ration [31].

1.95

1.90

1.85

A 1.80
L)
115 (111\
1.70 A e pea
s dhede Aade
1.65 (a)
900 1000 1100 1200 1300 1400 1500

A (nm)

Fig. 8. Optical refractive index n for SP2.5ErT sin-
tered at (a) 500 °C and (b) 900 °C, respectively.

The exciting source effect on the monolithic SP2.5ErM
and thin film SP2.5ErT samples using the laser diodes
with excitation at 850 nm is presented in Fig. 9a-d.
The figures show the room temperature co-operative up-
conversion spectra for the two sample forms sintered at
two different temperatures 500 and 900°C. The emis-
sion bands observed at 511 and 525 nm are attributed
to the intra-4f transitions 2H11/2 —4 I 5/ while the
group emission bands in the range between 530 and
600 nm are attributed to another green intra-4f transi-
tions 4515/2 —4 I15/2. It is clearly seen that the thin film
intensities are lower than the monolith, this may be due
to the big difference in thickness and structure between
them. Increase of the thermal treatment causes a de-
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Fig. 9. SP2.5ErT transmission spectrum sintered at
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Fig. 10. RT co-operative—up-conversion emission spec-
tra for SP2.5ErM (a,b) and SP2.5ErT (c,d), both sin-
tered at 500 °C (a,c) and 900°C (b,d), respectively.

fects concentration to decrease followed by decrease of the
bands intensity. However at 900 °C for both sample forms
a quenching process appears. The emission is induced by
defects, where the pores disappear, hydroxyl content de-
creases and the nanocomposite density increases affecting
the co-operative-up-conversion emission spectra [26, 32].

The UV-Vis SP2.5ErT transmission spectrum pre-
pared sample sintered at 500 °C in the wavelength rang-
ing from 360 up to 600 nm is shown in Fig. 10. The
obtained transmission spectrum confirmed good trans-
parency for SP2.5ErT that was higher than 98.6%. The
obtained spectrum is erbium ions energy level 4115/2
(ground state) to the erbium ions excited states *G's /25
2}.{9/27 4F5/2, 4F7/2, 4H11/2 and 453/2 to 4[15/2. In ad-
dition by focusing on the green region we can observe
the erbium ions energy level *Hyq /o and 4S50 —* I15)o
which confirm the cooperative -up-conversion-emission
presence seen in Fig. 9 [33].
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4. Summary and conclusion

Nanocomposite sol-gel pure phosphosilicate S20PM
and doped with 2.5 mol.% of Er®*t ions in monolith and
thin film forms SP2.5ErM and SP2.5ErT, respectively
with good adherence to quartz substrate using alkoxides
as precursor were successfully prepared. FTIR analyses
indicated the chemical bonds in the monolith samples.
The increase in temperature causes an increase in the
crystallite sizes, the peak intensities and new phases ap-
peared. Using the Scherrer formula confirmed with the
win fit program we obtained the following crystallite sizes
values; 14 and 22 nm for the S20P2.5 ErM sample sin-
tered at 500 and 900 °C, respectively implying the nano-
structure phase consisting the nanocomposites prepared
samples. The data were confirmed using HRTEM nearly
the same crystallite sizes obtained from XRD patterns
were obtained from HRTEM giving rise to the following
values 21 and 22 nm for the samples sintered at 500 and
900 °C, respectively. From FESEM it is clearly seen that
the roughness and coarse scale are lower in thin film than
monolith samples. The films have smaller pores, which
imply its denser nature. The films seem to be more ho-
mogeneous than monolith prepared samples. By study-
ing the co-operative-up-conversion for the SP2.5ErM and
SP2.5ErT sample forms green emission bands observed at
511 and 525 nm are attributed to the intra-4 f transitions
*Hyy /2 =" I15/2 while the group green emission bands in
the range between 530 and 600 nm are attributed to an-
other green intra-4f transitions 4515/2 4 Iis /-

After succeeding in controlling more the prepara-
tion conditions and the nanocomposite prepared sam-
ples properties, new work will be done in the near future
now to optimize the preparation condition to be ready
for planer wave guide applications materials. Moreover
more analyses such as the Raman and photoluminescence
in wider wavelength region will be contributed.
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