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Unique Photoluminescence in SiO,:Sm Prepared by Sol-Gel Process
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Abstract: Si0,:Sm powders prepared by the sol-gel process were structurally characterized by thermogravimetric-
differential scanning calorimetry (TG-DSC), Fourier transform infrared (FTIR) spectraoscopy and ®Si magic angle

spinning nuclear magnetic resonance (MAS-NMR). The peaks near 960 ¢cm™

in FTIR results are assigned to the
deformation vibration of Si-O-Sm linkages, and the samarium ion has been incorporated into the framework of SiO, as
validated by ¥Si MAS-NMR. Blue-green and red photoluminescence (PL) emission in structural disordered Si0,:Sm
powders was observed at room temperature with excitation at 380 nm. Study on the luminescence spectra of SiO,:Sm
powders with different doping concentrations of Sm* indicates that the generation of the special PL band is related

to the formation of Si-O-Sm linkages.
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Lanthanide complexes are attractive materials for
optical applications like display and illumination
owing to their excellent luminescence catalytic,
electric and magnetic properties, which are attributed
to the electronic transitions between the 4f energy
levels!" . However, sometimes these applications are
limited due to their poor thermal stabilities and low
mechanical strength®”. These drawbacks can be overco-
me by incorporating these complexes into solid matric-

es. Many lanthanide complexes have been incorporated
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into silica either by simple doping method (no strong
bonding between the phases) or by covalent bond
grafting technique using low-temperature soft-chemistry

BBl such as

processes to circumvent these shortcomings
sol-gel derived hybrid materials. Compared to the pure
lanthanide complexes, the obtained hybrid materials
show stronger luminescent intensities and higher
quantum efficiencies""". As an example, Eu-MCM-41
system was prepared by incipient wetness method. The

Eu-MCM-41seems to be a promising luminescent
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material for high resolution devices and technologies of
selective optical sensors!,

In the other way, more attention has been focused
on visible photoluminescence at room temperature in
disordered materials these years because of their pote-
ntial technological applications on the development of
new luminescent materials such as flat-screen full-
color displays and compact laser devices operating in
the blue region to develop new generation of DVD
record”®. The high PL emission requires some degree
of structural order together with a certain amount of
structural disorder in these materials. Blue-green and
red photoluminescence has been detected due to the
interaction of TiOs-TiO4 in CaTiOs:Sm'". Blue-light PL
emission at room temperature has also been observed
in SrTiO5(STO) ascribed to the oxygen deficiency™. It
can be concluded that a more intense PL emission is
obtained for a certain order-disordered structure.

In this work, a blue-green and red luminescence of
Si0,:Sm compound is reported. Rare earth ions(Sm’*)
are used to substitute Si** and incorporate into the Si-O

framework. FTIR spectroscopy and ®Si MAS-NMR are

used to characterize the introduction of samarium ions

into the Si-O framework. The results are structural
characters for a better understanding of the PL emission
processes in terms of the local structure around silicon

atoms.

1 Experimental

1.1 Synthesis

Samarium nitrate was obtained by dissolving
Sm,03(99.9%) in concentrated nitric acid. All the other
reagents were analytical pure. A typical procedure for
the preparation of SiO,:Sm powders doped with different
concentrations of samarium ions is illustrated in Fig.1.
Firstly, precursor solution was prepared by magnetic
stirring tetraethoxysilane (TEOS), H,0, and ethanol
(TEOS:H,0:ethanol=1:10:4) at room temperature for 30
min. The pH value was adjusted to ca. 2~3 by dripping
1 mol - L™ nitric acid. Secondly, Sm(NO,); and organic
additives were added into the precursor solution to get
different doping concentrations of Sm* from 2.5mol% to
20mol% with the pH value being controlled at ca. 2~3,
and the ultimate solution was dispersed by ultrasonic at
60 °C for 30 min. Finally, xeorgel was thermal treated at
700 °C for one hour to get Si0,:Sm powders.

TEOS Ethanol H,0

Catalyst

Magnetic stirring for 30 min

Hydrolysis and polycondenstion

Sm(NOs); and organic additives

Ultrasonic for 30 min

Hydrolysis and

polycondenstion

Heat treatment

Si0,:Sm powders

Fig.1  Sol-gel preparation

1.2 Characterization

In order to get appropriate temperature of thermal

scheme for Si0,:Sm powders

treatment the TG-DSC analyses were performed on
STA449C synthetical thermo-analysis instrument from
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the thermal balance at 20 to 760 °C with a temperature
1

ramp of 10 °C -min~" in static air atmosphere. Infrared
spectra were recorded in 4 000 ~400 cm ™ region by
FTIR-360 Fourier transform infrared spectrometry from
Nicolet, USA. SiO, :Sm powders were tested by *Si
MAS-NMR. The NMR measurements were conducted at
300 K with a frequency of 79.49 MHz on a Bruker AV-
400D spectrometer using acetone as solvent. The
reference material for the chemical shift was
tetramethylsilane(TMS). The photoluminescence spectra
were measured at room temperature with a
spectrophotometer(Jobin Yvon Fluorolog3-221) using a
Xe lamp (450 W) as excitation source, and focused by
off-axis mirror for maximum efficiency at all wav

elengths.
2 Results and discussion

2.1 TG-DSC

There are two stages of weight loss in the TG
curve, as shown in Fig.2. Firstly, from room temperature
to 240 °C, 33.04% weight loss is due to the evaporation
of the water and solvent, and Si-OH aggregation of SiO,
microstructure. Secondly, from 240 to 750 “C, about
20.28% weight loss is due to the evaporation of the
remnant solvent and the pyrolysis of organic
compounds. DSC thermogram of SiO,:Sm xerogel shows
a strong endothermic peak around 136.4 “C, which is
assigned to the evaporation of absorbed water and
ethanol in the holes of the gel and aggregation of Si-OH.
The exothermic peak at 599.3 °C can be attributed to
the decomposition of organic additives. The thermal

temperature in this experiment was set at 700 “C based

on TG-DSC results.
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Fig.2 TG-DSC curves of SiO»Sm xerogel

2.2 FTIR spectra

The FTIR spectra of SiO, :Sm xerogels with
different doping concentrations of Sm** are shown in
Fig.3. The broad bands around 3 450 ¢cm™ may be
attributed to the surface silanols and adsorbed water
molecules, while the deformational vibration of -OH
causes the absorption bands at 1650 cm™. The bands at
950 ¢cm ™ and 571 em™ correspond to the stretching
and bending vibrations of the Si-OH groups™3. The
strongest absorption bands relative to the silica
structure, appearing in the range between 1 000 and
1300 cm™, are due to the Si-O-Si groups asymmetric
stretching vibration mode, whereas the peaks near 8§00
and 446 cm™ originate from the symmetric stretching
Si-0-Si

It can be seen that absorption bands

and bending vibrations of the groups,

respectively .
around 1 064 c¢m ™' are splited with the increasing
samarium content, which are ascribed to the Si-O-Si
groups asymmetric stretching vibration mode. At the
same time, the Si-O-Si groups symmelric stretching
mode near 800 cm™ also blue shifts from 792 to 815 cm™
when the doping concentration of Sm** is increased.

These phenomena illuminate that the doping of Sm* has

Transmittance (a.u.)

4000 3 60032002 8002 4002 0001 600 1200 800 400
Wavenumber / cm™

Transmittance (a.u.)

1400 1300 1200 1100 1000 900 800
Wavenumber / cm
(a) Si0y; (b) 2.5 mol%; (c) 5 mol%; (d) 10 mol%;
(e) 15mol% (B is a part enlarged area of A)
Fig.3 FTIR spectra of Si0,:Sm xerogels with different

doping concentrations of Sm*
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influenced the [SiO,] framework. Maybe it is due to the
introduction of samarium ions into the framework and
Si-O-Sm linkages formation.

Fig.4 shows the FTIR spectra of samples with
different doping concentrations of Sm’* thermal treated
at 700 C . The O-H stretching and O-H bending
vibration modes located at 3 450 ecm™ and 1 650 cm™
are still evident in the FTIR spectra. The vibrations of
the Si-OH groups at 950 ¢m ™' and 571 c¢m ™ are
disappeared after thermal treatment. Its the evidence
that high temperature urges the combine of Si-OH. It
can be found that the Si-O-Si groups asymmetric
stretching vibration mode near 1 100 cm ™ red shifts
from 1 103 to 1 070 cm™ with the increasing doping
concentrations of Sm**. Furthermore, spectra changes

1

near 960 em ™' are observed by increasing samarium

content. The new vibration peak located at 960 cm™ is
assigned to the metals incorporation into the framework
of silica materials?**%\. These effectively substantiate
the formation of Si-O-Sm linkages.

2.3 *Si MAS-NMR

Transmittance (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber / cm™!

(a) Si0y; (b) 2.5mol%; (c) Smol%; (d) 10mol%; (e) 15mol%
Fig.4 FTIR spectra of samples thermal treated at 700 C

with different doping concentrations of Sm*

The *Si MAS-NMR spectra of xerogels, reported in
Fig.5, are due to the convolution of three peaks. The
first peak, Q7 centers at around —84 ppm, is due to the
contribution of silicon atoms bearing two hydroxyl
groups (Si-0),-Si-(OH),

peak, Q°, at around —94 ppm, is due to the silicon atoms

(geminal silanols), the second

bearing one hydroxyl group and the third peak, Q°, at

around —104 ppm, is due to the silicon atoms without

hydroxyl groups®?.,
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Chemical shift / ppm
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(a) SiOy; (b) ng +/ngo,=15%. Peaks deconvolution

(fit results: dashed line; single Gaussian: dotted lines)

Fig.5 #Si-MAS NMR spectra of xerogels

Assuming that Q% Q° and Q% chemical shift
positions do not change, a comparison between the
relative contribution of the three different silicon atoms
is possible. To evaluate the area of the three peaks
deconvolution has been performed by means of three
Gaussians keeping fixed the chemical shifts values to
-84, —94,-104 ppm and varying the full-width-at-half-
maximum (FWHM) plus with the peak intensity.
Significant changes are observed by increasing doping
samarium content, as shown in Table 1. It is worth
noting that Q? area does not change significantly, while
Q* and Q? area increases and decreases, respectively. It
is probably due to the conversion of (Si-0);-Si-OH
groups to (Si-0);-Si-0O-Sm groups according to the shift

Table 1 Peak areas obtained by deconvolution

of the *Si MAS-NMR spectra(a) SiO,,
(b) n, Inge=15%

Samples Q*/ % Q' % Q' %
a 16.15 59.11 24.74
b 17.77 52.45 29.78
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of Si-O-Si groups stretching mode in FTIR spectra
analysis.

Fig.6 shows *Si MAS-NMR spectra of samples
thermal treated at 700 °C. It can be seen that the SiO,
sample has no visible peaks. The small peak near
—100 ppm is attributed to sympathetic vibration. Thus,
the structure of this sample may be incompact layer
frame, as shown in Fig.7a. However, there is a strong
peak at —109 ppm relative to SiO,:Sm sample with
15mol% doping concentration of Sm*. The reason could
be attributed to the fact that samarium ions incorpor-
ation into the Si-O framework attracts the electron cloud
of oxygen, and it is beneficial for the formation of Si-O

framework. Fig.7b shows the framework of Si0,:Sm.

,—/u

r T T T T 1
-60 -80 -100 -120 -140 -160
Chemical shift / ppm

(a) SiOy; (b) ng +/ngo,=15%

Sm
Fig.6 ¥Si-MAS NMR spectra of samples thermal
treated at 700 C

(a) Si0y; (b) ng v/ngo =15%

Fig.7 Frameworks of samples thermal treated at 700 °C

2.4 Photoluminescence

The PL emissions with excitation at 380 nm for
Si0,:Sm are shown in Fig.8. The PL spectra cover a
large part of the visible spectra, from 420 to 700 nm.
We think that the PL curves are composed of three PL
components, i.e. component blue (maximum smaller

than 500 nm), component green(maximum smaller than

Intensity (a.u.)

450 46I0 S(I)O 5‘I10 58I0 62IO 66IO 7(I)0
Wavelength / nm
(a) Si0y; (b) 2.5mol%; (c) Smol%:; (d) 10mol%;
(e) 15mol%; (f) 20mol%

Fig.8 Photoluminescence spectra of samples
with different doping concentrations of

Sm* excitation at 380 nm

590 nm), and component red (maximum smaller than
700 nm) in allusion to the region where the maxima of
component appears. SiO, sample only has an emission
peak at 435 nm, compared to the samples doped with
different concentrations of Sm* showing higher PL int-
ensity near 450 nm and 500 nm. The blue-green light
emission for the PL curves is enhanced with the
increasing samarium content, while the red component
of PL decreases at the same time.

The PL spectra at 560, 600 and 650 nm are the
typical samarium emissions due to ‘Gs,—Hsp, ‘Gsp—
Hy, and *Gs,—°Hy, transitions in the visible region,
respectively ™. On the other hand, the PL process is
of Si-O

framework. The silicon tends ideally to bond with four

associated with the specific structure
oxygen atoms. However, by doping with samarium ion,
the structure becomes a mixture of SiO, clusters(x=3 or
4 mostly) intercalated with interstitials Sm. The
increasing doping concentration of Sm** provokes an
increase in the concentration of Si0s-SiO, clusters, and
yields higher PL intensity. So the powders have certain
amount of disorder that gives the ideal condition to
appear as the intense blue-green PL. Finally, it can be
proposed that the PL intensity due to Sm** ion and the
broad band can be used as a probe of the disorder
gradient in the short- and long-range environments of Si.

The increasing doping concentration of Sm** cau-

ses more formation of Si-0-Sm linkages accompanied by
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the creation of electron-captured oxygen vacancies, Vy,
as [Si03-V(-SiO4] complex. This means that most of the
electrons around oxygen vacancies are released, and
such oxygen vacancy sites are relatively positive
charged. Consequently, the oxygen vacancies tend to
trap photo-generated electrons. In the complex, the Si-O
without introduction of samarium ion acts as hole traps,
while the vacancy V, tends to trap electrons. It is well
known that electrons determine the transport properties
like the electrical conductivity, while no phenomena
related to holes have been observed. This indicates that
holes are almost all trapped around defects. Therefore,
Si-O-Sm  linkage is the key factor to influence

photoluminescence.
3 Conclusion

A composite material Si0,:Sm was obtained by the
sol-gel process. The FTIR peaks near 960 c¢cm ™ are
assigned to the deformation vibration of Si-O-Sm
linkages. The samarium ion has been incorporated into
the framework of SiO, to form Si-O-Sm linkages as
evidenced by Si MAS-NMR analysis. The introduction
of samarium ion into the SiO, allows special blue-green
and red PL emission of the SiO,:Sm compound could be
observed due to the formation of Si-O-Sm linkages
accompanied by the creation of electron-captured

oxygen vacancies.
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