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ABSTRACT 

A series of nano-composites silica-phosphate thin films SiO2-P2O5 and silica-phosphate doped with different concentra-
tions of Er3+ ions have been synthesized using tetraesoxysilane TEOS, triethylphosphate TEP and erbium nitrate as 
precursor sources of silica, phosphorus and erbium oxides. The structural properties of the prepared samples were stud-
ied, using x-ray diffraction (XRD) and Fourier Transform Infrared (FTIR). The morphology of silica-phosphate was 
characterized by Scanning electron microscope (SEM).  
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1. Introduction 

There has been increasing interest in rare earth (REEs) 
doped semiconductors for long time, due to their poten-
tial applications in optical devices such as lasers, sensors, 
telecommunication, display devices, and photonics in the 
visible and near infrared spectral region. Besides the ap-
plication aspect, the rare earth impurities are of great 
interest from a scientific point of view, due to the uni- 
queness of optical and electrical properties of rare earth 
impurities in semiconductor hosts. Recently semicon-
ductors and high temperature glass technologies have 
dominated the industry for these kinds of products. Sol 
gel process can produce high quality thin films at room 
temperature without the need of expensive vacuum sys-
tems and standard pressure [1]. It involves mixing of 
liquid chemicals, allowing a reaction to happen where 
molecules form a new material that is suspended within 
the liquid system. The formation of a network matrix 
from these molecules attaching to each other is the basis 
of the new solid material and thin films. Utilizing this 
technology, silica-phosphate was formed at room tem-
perature from liquid precursors [2-9].  

Tung et al. [10] prepared previously the silica-phos- 
phate (SiO2-P2O5) glass by the accelerated sol-gel proc-
ess. The developed process not only reduces the extent of 
gel/glass cracking but also shortens the gelation time 
from 1 to 6 months to 3 days. There are more molecular 
water and hydroxyl groups bonding to the cross-link 
structure of the synthesized glass membrane in the de-

veloped process with water/vapor management compared 
to without water/vapor manage process. The gelation re- 
actions in the sol-gel process for the synthesis of SiO2- 
P2O5 glass electrolytes were investigated by in situ FTIR 
spectroscopy. Types of water involving free/hydrogen 
bonded/strong hydrogen bonded water and hydroxyl 
group in the synthesized SiO2-P2O5 glass electrolytes 
were determined by TGA and in situ FTIR.  

The aim of the present work is to develop sol-gel 
process that can be used for the preparation of silica- 
phosphate thin film glass in nano-scale and it will be 
successfully used in this work for the preparation of sil-
ica-phosphate doped with different concentrations of Er3+ 
ions. The structural studies and the functional groups of 
the prepared nano-composite thin films will be elucidate 
by using XRD and FTIR, while the SEM will be used for 
morphology study.  

2. Experimental 

Silica-phosphate (SiO2-P2O5) glasses pure and co-doped 
with 3 mol% of Al2O3 as a host material and different 
concentrations of Er2O3 (0.5, 1.2, 1.7 and 3 mol%), giv-
ing the following composition [SiO2: 11P2O5: 3Al2O3 
(0.5 - 3) Er3+] sintered for three hours at different tem-
perature 100˚C, 200˚C, 300˚C, 500˚C, 600˚C and 700˚C 
were synthesized by a spin coating sol-gel process. Sil-
ica-phosphate doped with Er3+ ions were obtained by 
hydrolysis and poly-condensation of tetra-ethoxysilane 
(CH3CH2OH)4Si (TEOS), (99.999%, Sigma-Aldrich) as 
SiO2 precursor and Triethyphosphate (C2 H5O)3P(O) as *Corresponding author. 
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P2O5 precursor in ethanol solution were hydrolyzed un-
der vigorous stirring with distilled H2O containing HCl 
used as a catalyst. Then the Er3+ ions were introduced in 
the process, by dissolving Er(NO3)3-H2O solutions in 
distilled H2O to the preceding precursors with molar ra-
tios 0.5, 1.2, 1.7 and 3 mol% of Er3+ ions, respectively to 
get the desired concentrations [1-5]. These solutions were 
filtered followed by stirring for one hour at room tem-
perature. The resultant homogeneous solutions of the 
prepared samples were aged for one day in room tem-
perature (RT) before dispersed on the glass and/or silica 
substrate, as represented in the flow chart (Figure 1). 
Then it dispersed on the surface of the substrate and spun 
at 3500 rev/min for 30 seconds in a clean room. At least 
two successive coatings were required to provide suitable 
effective film thickness. The films were dried for 30 min 
and then sintered at temperature ranging from 100˚C up 
to 700˚C [1-3]. 

X-ray diffraction (XRD) patterns of the prepared 
samples were recorded with X-ray diffractometer using 
mono-chromatized CuK1 radiation of wavelength = 
1.54056 Å. Crystallite sizes G were determined from the 
Scherer’s equation (G = K/D cos), where K is the 
Scherer constant (0.9),  is the wavelength and D is the 
full width (in radians) of the peak at half maximum 
(FWHM) intensity.  

Fourier Transforms Infrared, were used to determine 
the individual frequencies and their intensities. The mo- 
dern Fourier Transform infrared instruments are becom-
ing more commonplace. The advantage gained by using 
all of the energy of the source and passing through circu-
lar holes rather than slits.  

3. Results and Discussion 

3.1. X-Ray Diffraction XRD 

Figures 2(a)-(c) show XRD patterns of thin film silica 
gel doped with 11 mol% of phosphate dried at 60˚C for 
30 minutes and then, sintered for three hours at 100˚C (a), 
300˚C (b) 500˚C (c) and 700˚C (d). The hump at 2 be-
tween 17˚ and 28˚ attributed to amorphous silica- phos-
phate gel appeared at 100˚C as in Figure 2(a), where this 
sintering temperature can’t be enough to increase the ki- 
netics of condensations process. By increasing the tem-
perature up to 300˚C the crystallization of the film ap-
peared and the peak intensities of the XRD patterns in-
creased rapidly due to the loss of the surface molecules 
such as OH and OR groups which was present at low 
temperature resulting in an increase in the surface density. 
The diffraction peaks were assigned to (hexagonal silica- 
phosphate) Si3(PO4)4, (rhom-bohedra silica-phosphate) Si5- 
P6O25 and (monoclinic silica-phosphate) SiP2O7 phases, 
according to JCPDS cards no. (22 - 1380), (81 - 1593) and 
(71 - 2073), respectively, Figure 2(b). At higher tem-

perature 500˚C and 700˚C an increase in the peak intensi-
ties was observed due to the increase in crystalline 
structure of the film and the disappearance of (hex-
agonal silica- phosphate) Si3(PO4)4 phase was achieved 
as shown in Figures 2(c) and (d).  

Figures 3(a)-(c) show the XRD patterns of thin film 
silica-phosphate co-doped with 3 mol% Al3+ and 1.2 
mol% of Er3+ ions, sintered for three hours at 100˚C (a), 
200˚C (b) and 700˚C (c). The same trend of the host (sil-
ica-phosphate) samples discussed in Figure 2 before was 
observed. The intensity of the XRD peaks increases by 
increasing the sintering temperature. The patterns show 
beginning of crystallization phases superimposed on the 
amorphous hump, at lower sintering temperature 100˚C 
and 200˚C. Above 200˚C the crystallization in silica- 
phosphate gel glasses greatly increases with separation of 
the phases. According to the diffraction peaks and the 
re-crystallization of the samples, the (hexagonal silica- 

 

TEP + ETOH +HClTEOS + ETOH +H2O

Silica-phosphate (SiO2-P2O5)(solution)

Er(NO3)3-5H2O, 
(Solution)

Al(NO3)3-9H2O, 
(Solution)

SiO2-P2O5 – Er2O3- Al2O3, (Solution) 

Aging for 24 h 

Spin-coating

Heat treatment of thin film

 

Figure 1. Flow chart for the preparation of thin film Er3+ 
ions doped silica-phosphate. 
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Figure 2. XRD patterns of thin film silica gel doped with 11 
mol% of phosphate (SiO2:P2O3), as sintered for three hours 
at 100˚C (a), 300˚C (b), 500˚C (c) and 700˚C (d). 
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Figure 3. XRD patterns of thin film of Silica-Phosphate 
co-doped with Er3+ ions, (SiO2:11P2O5:3Al:1.2Er), as sin-
tered for three hours at 100˚C (a), 200˚C (b) and 700˚C (c). 
 
phosphate) Si3(PO4)4 phase was eliminated by increasing 
the temperature, while the (rhombohedra silica phosphate) 
Si5P6O25 and (silica phosphate) SiP2O7 phases were in-
creased. Erbium oxide and related compounds are indeed 
in so small quantities that they may not appear with their 
corresponding x-ray diffraction patterns [11-13].  

The crystallite sizes for thin film silica gel doped with 
11 mol% phosphate sintered for three hours at 300˚C and 
500˚C give the following values 14 and 25 nm, respec-
tively. The crystallite sizes of the 1.2 mol% of the triva-
lent erbium ions dispersed in silica-phosphate gel sin-
tered for three hours at 500˚C were found to be higher 
than host sample (89 SiO2·11P2O5) prepared at the same 
temperature, giving the following crystallite size 32 nm. 
XRD Figure of sintered doped sample with 1.2% at 
500˚C was not shown here. The general behavior ob-
served from the values of the crystallite size is its in-
crease trend by doping with 1.2 mol% concentration of 
Er3+ ions, this may be due to the co-doped with Al3+ ions, 
which enhance the solubility of erbium inside the host 
matrix. The obtained data were confirmed by using the 
Win-fit program. 

3.2. Fourier Transform Infrared FTIR  

Figures 4-6 shows the FTIR absorption spectra of silica 
phosphate glass thin films of [SiO2: (a) 8 and (b) 11 
mol% P2O5], sintered for three hours at 100˚C, (SiO2: 11 
mol% P2O5), sintered for three hours at 200˚C (a) and  
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Figure 4. FTIR absorbance spectra in wide spectral region 
(400 - 4000 cm–1) of Silica-Phosphate thin film doped with 
different mol% concentrations of P2O5 as sintered for three 
hours at 100˚C [SiO2: (a) 8% and (b) 11% P2O5]. 
 
300˚C (b), and (SiO2: 11 mol% P2O5: 3 Al2O3) doped 
with different concentrations of Er+3 (a) 0.5, (b) 1.2 and 
(c) 1.7 mol%, sintered for three hours at 300˚C, respec-
tively. All figures were measured in wide spectral region 
(400 - 4000 cm–1). 

The broad band around 3437 cm–1 and the small one at 
3728 cm–1 were due to the symmetric stretching of O-H 
groups υs(H-O-H). The signal at around 1649 cm–1 was 
due to the deformation modes of O-H groups and ab-
sorbed water molecules δ(H-O-H). It is attributed to the 
bending vibration of crystalline water, which could ad-
sorb molecular water in the pores of the film or from the 
KBr in the pellets, it decreased by increasing the tem-
perature up to 300˚C Figure 5 where this lower tem-
perature is not enough to remove the molecular water 
from the pores and it was eliminated by increasing the 
temperature. It was slightly shifted to lower wave num-
ber by increasing both the sintering temperature, Figure 
5 and the Er3+ ion concentrations, Figure 6 [16-19]. The 
weak Si-OH band at 2928 cm–1 in the following samples 
[SiO2: (a) 8 and (b) 11 mol% P2O5], sintered for three 

 

 

Figure 5. FTIR absorbance spectra in wide spectral region 
(400 - 4000 cm–1) of Silica-Phosphate thin film (SiO2: 11 
mol% P2O5), as sintered for three hours at 200˚C (a) and 

300˚C (b). 
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Figure 6. FTIR absorbance spectra in wide spectral region 
(400 - 4000 cm–1) of silica-Phosphate thin film doped with 
different mol% concentrations of Er+3 ions, [SiO2:11P2O5: 
Al; (a) 0.5 (b) 1.2 and (c) 1.7 mol%], as sintered for three 
hours at 300˚C.  
 
hours at 100˚C was formed in case of the hydrolysis re-
action of the alkoxy groups of either TEOS or TEP 
slightly shifted to lower wave-number by inceasing both 
sintered temperature and Er3+ concentrations. In addition, 
it become weaker by increasing the concentration of the 
Er3+ ions, as shown in Figure 6 and disappeared by in- 
creasing Er3+ ions concentration at 300˚C, Figure 5. The 
disappearance specially in case of doping with different 
concentrations of Er3+ ions and the decrease in intensities 
of the preceding mentioned bands at 300˚C explained by 
the condensation of first Si-OH and P-OH groups (lead- 
ing to Si-O-Si and P-O-P links) and the inorganic part 
becomes sufficiently rigid to form a real trap for the re- 
maining OH groups. In fact, Hydroxyl groups generally 
exist as silanols and phosphanols covering the surface of 
the silica-phosphate skeleton of the prepared samples, 
where some of the silanols and phosphanols are hydro-
gen-bonded (H-bonded) to molecular water remaining in 
the micro-pores either as a single molecule or in clusters. 

A new band appeared at 1513 cm–1 which, shifted to 
1585 cm–1 at higher temperature, assigned to -CH3 asy- 
mmetric bending and/or -CH2 groups. The band at 1322 
cm–1 attributed to P-O stretch is in the fingerprint region 
(1320 - 1250 cm–1), they cannot be used without some 
other indication that P is present, because C-O and O-H 
groups can also absorb strongly in these region. A 
shoulder at ∼1208 and 1180 cm–1, Figures 4 and 5 in 
silica-phosphate glass changed in shape and position and 
shifted to higher wave number at 1195 cm–1 in case sil-
ica-phosphate doped with erbium and aluminum ions at 
300˚C. This was attributed to the vibrations of Al-O-P 
bridges, similarly as in the AlPO4 structure or due to 
O-P-O symmetric stretching vibration, Figure 6 [20-22]. 

The signal at around 1974 cm–1 for the (SiO2: 11P2O5), 
sintered at different temperature (a) 200˚C and (b) 300˚C, 
Figure 5 was attributed to stretching vibration of Si-H 
groups decreases with increasing temperature. The bands 

observed at about 1097 and 1064 cm–1 υ as (Si-O-Si) 
were assigned to the asymmetric stretching of the bridg-
ing oxygen atoms of silica and shifted to lower wave 
number by increasing both phosphorus and erbium con-
centration, Figures 4-6. In the pure silica phosphate 
samples the vibrations at 802 and 875 cm–1 may be of 
terminal groups (P-O-) and (Si-H), respectively. The 
band υ as (P-O-P) observed at about 715, 798 and 795 
cm–1 were assigned to the asymmetric stretching of the 
bridging oxygen atoms bonded to a phosphorus atom in a 
Q2 phosphate tetrahedron and decreases with increasing 
both temperature and erbium ion concentration. The ab-
sorption band at around 458, 447 and 439 cm–1 due to 
(Si-O-Si) bending vibration was decreased with increas-
ing both temperature and erbium ion concentration in 
pure silica phosphate and doped samples, Figures 4 and 
5 [23].  

One can conclude that by doping with the phosphorus 
concentration at 11 mol% the silica (SiO2) might be re-
placed by phosphorus groups (P2O5). The doped mate-
rials show similarity to those of the silica-phosphate 
glasses. Since there are no corresponding bands in the 
infrared spectra of silica-phosphate glasses in this region, 
indicated that silica phosphate (Si-O-P) bonded are re-
placed with (Si-O-Al) or with (Si-O-P) upon Al or P 
doping, breaking up (RE-O-RE) regions and forming 
(Si-O-Al-O-RE) or (Si-O-P-O-RE) bonds [24].  

3.3. Scanning Electron Microscopy (SEM)  
Investigation for Some Thin Film Samples 

Figure 7 Shows the scanning electron microscopy (SEM) 
images of SiO2: 11 mol% P2O5 doped with 0.5 mol% of 
Er3+ ions, as sintered for three hours at 500˚C. The sur-
face of the films shows good uniformity and cracks free, 
indicating good adhesion and regularity among the two  
 

 

Figure 7. SEM micrographs of SiO2: 11 mol% P2O5 doped 
with 0.5 mol% of Er3+ ions, as sintered for three hours at 
500˚C with magnification at × = 23000. 
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layers of the prepared film at this higher temperature 
500˚C.  

4. Conclusions 

Nano-structure silica-phosphate host materials SiO2 doped 
with 3, 8 and 11 mol% of P2O5 and nano-composites 
SiO2: P2O5 doped with Er3+ ions giving the following 
composition [SiO2:11P2O5:3Al2O3:(0.5 up to 1.2 mol% 
Er3+)] were successfully prepared using spin coating sol 
gel technique. In this contribution we have investigated 
the structure of Er3+ ions in silica-phosphate glass. The 
evolution of the XRD patterns of silica-phosphate thin 
films as a function of the temperature was revealed that 
all the silica-phosphate based samples were amorphous 
from room temperature up to 100˚C. The crystallite sizes 
for the host silica-phosphate and doped with 1.2 mol% of 
Er3+ ions both sintered at 500˚C, give the following val-
ues 25 and 32 nm, respectively. 

The addition of Er3+ and Al3+ ions into the glass sys-
tem leads to the change in the structural properties of the 
host sample. All the characteristic bands for silica-pho- 
sphate and doped with erbium ions were appeared in the 
FTIR of the prepared thin films. 
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