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Er3+-doped TiO2-SiO2 powders are prepared by the sol-gel method, and they are characterized by high resolution
transmission electron microscopy (HR-TEM), X-ray diffraction (XRD) spectra, and Raman spectra of the samples. It
is shown that the TiO2 nanocrystals are surrounded by an SiOg glass matrix. The photoluminescence (PL) spectra are

recorded at room temperature. A strong green luminescence and less intense red emission are observed in the samples

when they are excited at 325 nm. The intensity of the emission, which is related to the defect states, is strongest at

the annealing temperature of 800 °C. The PL intensity of Er3T ions increases with increasing Ti/Si ratio due to energy

transfer between nano-TiO2 particles and Er37 ions.
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1. Introduction

In recent years, there has been a renaissance in the
study of rare-earth-doped materials for their possible
applications in photoelectric devices, colour displays,
and optical communication fields (i.e., flat panel dis-
plays, solid state lasers, high energy radiation detec-
tors, optical data storage, etc.).! =% For these appli-
cations, inorganic oxide materials exhibit superior ad-
vantages in terms of their good chemical, thermal, and
mechanical properties.[0=8! In this sense, glasses have
proved to be useful as host materials for rare-earth
elements because of their high transparency, composi-
tional variety, and easy mass production. Nanoparti-
cles embedded in glassy matrixes show promising ap-
plications in optical devices.!

Rare-earth erbium (Er) ions have been used
widely because of their unique spectral properties,
which include multiple emissions in the visible and
When embedded in a solid ma-
trix, erbium is generally assumed to be in the triva-

infrared regions.

lent Er3* state, which has an electronic configuration
[Xe]4fN. Spin-spin and spin—orbit couplings in the
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incompletely filled 4f shell give rise to a number of en-
ergy levels. Each degenerate level is Stark-split into a
manifold of levels, due to an interaction between the
ions and the host material.l*]

Titanium oxide (TiO2) is an important oxide
semiconductor that can be applied in the fields
of photocatalytics, solar energy cells, self-cleaning,
ete.11=14] TiO, possesses a high refractive index, and
physical and chemical stability. Therefore it is a good
candidate to be used as a host material for other ox-
ides. The interest in the sol-gel technique is due to
several advantages, i.e., good homogeneity, control in
sample composition, low processing temperature, and
low equipment costs. The sol-gel method is believed
to be a very effective and controllable route to future
nanoparticle preparation. Binary mixed oxides TiOs—
SiO4 have been synthesized through the sol-gel tech-
nique and investigated for various optical applications,
such as anti-reflective coatings, planar optical waveg-
uides, optical filters, and optical sensors.!>~18] How-
ever, rare-earth ion doped mixed oxide TiO2—SiO2 has
rarely been reported. It is thus of significance to study
the optical properties and local structures of the Er3+
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ions in the TiO3-SiO9 mixed material.

In this work, we investigate the structures and
photoluminescence (PL) properties of 2 mol% Er3*-
doped 5TiO2—SiO, powders at different annealing
temperatures and 2 mol% Er®t-doped TiO5-SiO,
with different Ti/Si ratios annealed at 900 °C. The
mechanism of visible PL is also discussed.

2. Experiment

2.1. Sample preparation

The samples were prepared by the sol-gel pro-
cess using tetraethoxysilane (TEOS), ethanol, deion-
ized water, tetra-n-butyl titanate (Ti(OC4Hg)4), NS
Er(NOg3)s-5H20 as the starting materials. All the raw
materials are analytical reagents. A small amount of
concentrated hydrochloric acid was added as a cata-
lyst. Since the hydrolysis rate of the Ti(OC4Hg), is
greater than that of TEOS, first the TEOS was hy-
drolyzed with a mixed solution of ethanol and deion-
ized water, followed by stirring for 1 h at about 60 °C.
In another container, Ti(OC4Hg)s was mixed with
the ethanol, deionized water, and hydrochloric acid,
then it was added slowly to the TEOS solution and
stirred for 3 h at 60 °C. When the solution was cooled
down to room temperature, Er(NOj3)3-5H2O dissolved
in ethanol was added to this solution and stirred for
1 h. The solution was aged for 1 day and dried at
70 °C for 60 h. The Er3* amount relative to the total
cation concentration (Ti+Si) is 2% for all the samples.
Two groups of samples were prepared. The first was
annealed at 600, 700, 800, 900, and 1000 °C, sepa-
rately, for 1 h in air; the second group had different
Ti/Si ratios of 10/1, 5/1, 2/1, 1/1, and 1/10 annealed
at 900 °C for 1 h in air. The powders were obtained
by grinding using an agate mortar.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the sam-
ples were obtained by X-ray diffractometry (Rigaku
D/Max-ITIC) using Cu Ka radiation. Raman spec-
tra were measured by microspectrascopy (JY-HR800)
using a 532-nm Art ion laser as the exciting light
source. The microstructures of the synthesized prod-
ucts were analysed using high resolution transmission
electron microscopy (HR-TEM) (JEOL JEM 2010F).
PL spectra were measured with a JohnYvon HR800
spectrometer at 325 nm. All measurements for the

samples were carried out at room temperature.

3. Results and discussion

Figure 1(a) shows the TEM image of 2 mol%
Erdt-doped 5TiO5-SiOs powders annealed at 900 °C
for 1 h. A crystalline area diffracts incident electrons,
causing it to be darker in the image than in an amor-
phous powder. In addition, if two particles are over-
lapping, the overlapped area will be darker than that
of the single particle. The TEM results indicate that
the growth and the agglomeration of titania nanopar-
ticles were restrained because of the presence of sil-
ica. The soft- and the hard-nanoparticle agglomer-
ates can be produced in the sol-gel process. The soft
agglomerates are usually considered as particles held
together by weak physical van der Waals forces, while
the hard agglomerates are held by stronger chemi-
cal sintering bonds.!'®! To prevent the agglomerated
nanoparticles from forming, we can add a very small
number of surfactants. The average size of the spher-
ical TiO9 particles was about 9 nm in diameter. The
crystal structure was identified to be anatase phase
using X-ray diffraction. The composite particles con-
sisted of spherical anatase TiOy particles surrounded
by amorphous SiOs, which was believed to contain Si—
O-Ti. Since the starting solutions were partially hy-
drolyzed, Si—-O-Ti bondings may have formed via the
distribution of Ti atoms in O-Si—O chains. A sim-
ilar observation was made by others.[??) Figure 1(b)
shows TiOs nanocrystallites homogeneously dispersed
in the amorphous SiOs matrix. The lattice fringe of
~0.35 nm was also observed, which corresponds to the
lattice spacing of the (101) plane in the anatase phase
of TiO3. The SEAD pattern shows high-grade crys-
tallinity for this sample (Fig. 1(c)).

Typical XRD patterns of 2 mol% Er3T-doped
5Ti05—Si02 powders appearing at different annealing
temperatures (600 °C-1000 °C) are shown in Fig. 2(a).
It can clearly be seen that the major phases of all the
mixtures were an anatase structure TiO, and a weak
rutile peak of TiOs, as well as an amorphous phase of
silica-based network identified by a broad peak cen-
tred at 22°. No peaks from erbium compound and no
shift of the anatase and rutile peaks are detected after
doping Er37 ions, indicating that the incorporation of
Er®t ions does not change the structures of all the
mixed powders. The crystalline sizes are estimated
by using Scherrer’s equation and the sizes each as the
function of annealed temperature are listed in Table
1. This reveals that the crystallite sizes increase from
6.9 nm to 20.7 nm with annealing temperature in-

creasing. The sizes of the samples annealed at 900 °C
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are in agreement with the values determined by HR-
TEM analysis. This result indicates that the addition
of SiOs to titania particles decreases the crystallite
size and crstallinity by inhibiting the growth of the
titania particles. It is well known that the anneal-
ing improves the crystallinity of the particles, and the
amorphous TiO5 changes into anatase phase and the
anatase phase changes into rutile phase with increas-
ing annealing temperature.?! The inhibition of SiOy
from phase transformation causes the nucleation rate

to slow down.

Fig. 1. (a) TEM, (b) HR-TEM, and (c) SEAD images
of 2 mol% Er3*-doped 5Ti0O2-SiO2 powders annealed at
900 °C for 1 h.

Table 1. Grain sizes each as a function of annealed
temperature from X-ray diffraction data.

Annealing Average grain sizes
temperature/°C /nm (A(101))
600 6.9
700 7.3
800 8.5
900 9.1
1000 20.7

Figure 2(b) shows XRD patterns of the samples
with different Ti/Si ratios, annealed at 900 °C for 1 h.
For the sample of 2 mol% Er®t-doped TiO5-10Si04
powders, a broad peak around 20 = 22° corresponds
to the (100) plane of the amorphous phase of silica.
This is the amorphous form of the silica phase (JCPDS
39-1425), which exists as a crystallized form above
1600 °C. Thus the sample is a typical amorphous
phase.l?2! Tt is known that TiO, is formed as a stable
tetragonal anatase under heat treatment at 700 °C,

and a tetragonal rutile structure above 700 °C.[23!
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Fig. 2. (a) The XRD patterns of 2 mol% Er3*-doped
5T102-Si02 prepared at different annealing temperatures
(600 °C-1000 °C) for 1 h. (b) The XRD patterns of
2 mol% Er3*-doped different ratios of Ti/Si annealed at
900 °C for 1 h.

In the present paper, despite the relatively high heat
treatment temperature of 900 °C, the mixed form
of the rutile and anatase structures is observed at a
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higher Ti ratio. We can surmise that the TiOy ru-
tile structure is prevented from forming due to the
presence of SiO2, and thus the phase transition tem-
perature is shifted to a higher temperature region.
This result suggests that the formation of anatase
phase would be extended to higher temperatures in
TiO5/Si0y composite powders. The sizes each as a
function of Ti/Si ratios are listed in Table 2. The av-
erage particle size of TiOg increases from 7.1 nm to
13.2 nm with increasing Ti/Si ratio as determined by
Scherrer’s equation.

Table 2. Grain sizes each as a function of the Ti/Si
ratio from X-ray diffraction data.

Ti/Si ratio Average grain

/at. % sizes/nm (A(101))
1/1 7.1
2/1 7.7
5/1 9.1
10/1 13.2

Figure 3(a) shows the Raman spectra of 2 mol%
Er3*-doped 5TiO5-SiO5 prepared at different anneal-
ing temperatures (600 °C-1000 °C). It can be see that
the formation of an anatase phase is evident from the
characteristic anatase Raman modes at 136 cm ™! (E,),
392 cm™! (Byy), 512 cm ™! (Byg), and 630 cm ™! (Eg).
Of these, the intensity of the band at 136 cm™! is
extremely strong and the presence of this band is an
indication of the formation of anantase.**l The band
at 610 cm™! (Eg), characteristic of the rutile phase, is
also observed on all the spectra.

The Raman spectroscopy of amorphous silica usu-
ally presents a large band at 440 cm~! and weaker
bands located at 492 cm™! and 605 cm™!. The band
at 440 cm™! has been assigned to the combination
of the Si—-O-Si and O-Si—O bond bending vibrations.
The bands at 488 cm~! and 605 cm~! have been at-
tributed to defects in the network.[25=271 So the broad
band at 550 cm ™! is due to superposition of the crys-
tallization TiO9 and amorphous SiO5. From these var-
ious data, it can be concluded that the nanocomposite
nature of the prepared samples consists of amorphous
silica and crystallization TiOs.

Figure 3(b) shows the Raman spectra of 2 mol%
Er3*-doped samples with different ratios of Ti/Si, an-
nealed at 900 °C. There is no Raman peak for the
2 mol % Er?*-doped Ti03-10Si0; powders. This re-
sult is in agreement with the XRD (see Fig. 2(b)).
The intensity of the Raman peak at 136 cm ™! associ-
ated with the anatase phase increases with increasing

Ti/Si ratio. The result shows that the introduction of
SiOs inhibits the crystallization of TiOs and elevates
the phase transition temperature. The Raman peak of
the E; mode of TiO shifts toward a lower wavenum-
ber with increasing Ti/Si ratio.?®] The strain is caused
by the surface coating, which may be responsible for
the Raman shift.
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Fig. 3. (a) Raman spectra of 2 mol% Er3*-doped

5T102-Si0O2 prepared at different annealing temperatures
(600 °C-1000 °C) for 1 h. (b) Raman spectra of 2 mol%
Er3t-doped different ratios of Ti/Si, annealed at 900 °C
for 1 h.

Figure 4(a) shows the PL spectra of 2 mol% Er3+*-
doped 5TiO2—SiOs prepared at different annealing
temperatures (600 °C-1000 °C) for 1 h under the ex-
citation of 325 nm He—Cd laser, the pumping laser
power is 5 mW. There are two main emission bands in
Fig. 4(a), which correspond to green emission (523 nm,
545 nm) and red emission (660 nm) regions, due to
the intra-4f transitions of 2H11/2/483/2 —>4115/2 and
*Fg /5 —*15/2, respectively. The energy level diagram
of Er3T ions in the visible region is given in Fig. 5. The
UV energy absorbed by samples will transfer through
the defect states of TiO, to Er®* ions, resulting in
visible emission. The fluorescence at 800 nm was not
found, because excited Er®* ions in the I/ level
decayed to the 4111/2 state rapidly through the non-
radiative transition by emission of phonons.[??! When
the annealing temperature increases from 600 °C to
800 °C, the intensity of the visible emission increases
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in Fig. 4(a). This is due to the fact that the resid-
ual organics are decomposed and the defects decrease.
The intensity of the emission is the strongest at the
annealing temperature of 800 °C because the TiO9
nanoparticles are better crystallized, and the influence
of quenching is reduced. When the annealing temper-
ature is higher than 800 °C, the intensity of the lumi-
nescence is decreasing accompanying an emission with
a broad emission band at around 530 nm. We can ex-
plain it as follows. With the rutile phase increasing,
the defect states increase. This can be ascribed to the
defect states, which reduces the luminescence of Er3+
ions due to lower efficiency of energy transfers from
the defect states to Er3* ions.

(a)

e

=

=

°o

—

3

T~

2

wl

=

g

=
600

400 500 600 700 800
Wavelength/nm
(b)

w

h=

g

=

el

=

L 101

2

= 5/1

5 211

g

= 11
1110

400 500 600 700 800
Wavelength/nm

Fig. 4. (a) PL spectra of 2 mol% Er3*-doped 5TiO2-SiOx
prepared at different annealing temperatures (600 °C—
1000 °C) for 1 h. (b) PL spectra of 2 mol% Er3*-doped
different ratios of Ti/Si, annealed at 900 °C for 1 h.

Figure 4(b) shows the PL spectra of the samples
with different ratios of Ti/Si, annealed at 900 °C for
1 h. The spectra show that the intensity of the Er3*
ion visible emission increases with increasing Ti/Si ra-
tio. The weakest luminescence intensity corresponds
to the lowest TiO5 content, and as TiO5 increases, the
Er?t concentration quenching effect of PL vanishes,
leading to enhanced luminescence intensity. This be-
haviour can be explained in terms of the affinity of
Er3t ions introduced into the TiO- lattice. Thus with
an increase in TiOs content, the ions of Er3* become

more separated and the interactions among the Er3*
ions are less feasible. On the other hand, the enhance-
ment of PL intensity can be ascribed to the effec-
tive energy transfer from TiOs nanoparticles to the
rare-earth ions due to the strong interaction between
photo-generated electrons in TiOs nanoparticles and
nearby Er3* ions. With Ti/Si ratio increasing, the
number of TiOs nanoparticles increases, which is more
favourable for energy transfer from the excited TiOq
nanoparticles to the nearby Er3t ions. Meanwhile,
more TiO2 nanoparticles mean that the exciting light
is absorbed more effectively and more electrons trans-
fer nonradiatively to the luminescent centres (Er®*
ions).
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Fig. 5. Energy level diagram of Er3* ions in the visible
region.

4. Conclusion

In this paper, Er3*-doped TiO,-SiO, powders
with nano-crystalline TiOy are obtained by the sol—-
gel method. The Ti/Si ratios change from 1/10 to
10/1 with the samples annealed at 900 °C for 1 h,
and the 2 mol% Er3*-doped 5TiO5-SiO5 powders are
annealed at different temperatures (600 °C-1000 °C).
The effects of annealing and Ti/Si ratio on the struc-
ture and PL properties of the powders are studied.
Visible PLs peaked at 523 nm, 545 nm, and 660 nm
are detected, which are ascribed to 2H11/2 —>4Il5/2,
4S5/5 —*15)2, and *Fg 5 —*Ly5/5 transitions of Er¥*™
ions, respectively. The obtained results reveal that
with the annealing temperature increasing, the in-
tensities of the visible emissions are first increasing
then decreasing. These are ascribed to the various
defect states. With Ti/Si ratio increasing, the num-
ber of TiOy nanoparticles increases, which is more
favourable for energy transfer from the excited TiOq
nanoparticles to the nearby Er3* ions.
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