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A novel Er¥*/Yb3* co-doped titanate glass sphere with diameter of 3.5mm has been successfully fabri-
cated by levitation method. Its thermal stability, mechanical property and upconversion behavior were
investigated. The glass transition temperature Tg, onset crystallization temperature T¢, and peak crystal-
lization temperature Ty, are as high as 820, 895 and 902 °C, respectively. Its Vickers hardness is found to be
up to 7.85 GPa. Intense green and red upconversion emissions were obtained in this glassy sample upon
980 nm excitation. The results illustrate good potential of this class of material for practical application
in frequency upconversion device. In addition, it is found that heating treatment above T, can reduce
the efficiency of upconversion fluorescence as well as deteriorate the mechanical property, due to the
occurrence of LagTigO,4 crystals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, rare earth doped glasses are very attractive in effi-
cient conversion of infrared radiation to visible light [1-4], because
of several inherent advantages over their crystalline contenders.
Among the glassy materials, halide (fluoride, etc.) glasses are
notable due to their lower phonon energy, which can reduce the
nonradiative loss caused by multiphonon relaxation and thus real-
ize strong upconversion luminescence [5-7].

Unfortunately, halide glasses usually perform low mechanical
property and low thermal stability. Therefore they are limited for
practical utility. Oxide glasses, on the other hand, might be better
for practical application because of their higher thermal stability,
chemical durability and mechanical property. But in conventional
oxide glasses like silicates, borates, phosphates etc. upconversion
emissions are usually weak because they typically have phonon
energy exceeding 1000 cm~!, which can suppress the excited state
lifetime of rare earth ions [8]. Therefore, it is necessary to explore
new robust oxide glasses with low phonon energy as the host. Some
recent attempt has been focused on the development of rare earth
doped low phonon oxide glasses (like antimonite, bismuthate and
germinate glasses) [9-12].
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Titanium dioxide can be a good candidate for upconversion gen-
eration due to its low cutoff phonons of energy (~600-700cm!)
[13]. However, titanate melt is difficult to form bulk glass by tradi-
tional method. Upconversion luminescence has been reported only
in TiO, powder [14] or titanate thin films [15,16]. In the past sev-
eral years, some efforts were made for fabrication of bulk titanate
glasses through levitation method [17-19]. And their dielectric and
refractive behavior have been investigated [20-22]. But to the best
of our knowledge, there is still no report on upconversion property
of bulk titanate glass.

In this article, TiO,-La;03-Zr0O, (TLZ) bulk glass incorporated
with Er3* and Yb3* ions has been prepared by aerodynamic levita-
tion method. This titanate glass is characterized by high mechanical
property and good thermal stability. Specially, strong upconversion
luminescence has been observed.

2. Experimental

The host composition (mol%) of the titanate glass is 78TiO,-18La;03-4Zr0,.
Erbium and ytterbium ions in the form of Er,03; and Yb,03; were added in. The
concentrations of Er** and Yb3* ions were fixed to be 0.4mol% and 0.2 mol%,
respectively. Raw materials with stoichiometric compositions were mixed and
compressed into small rod. The rod was heated and melted by laser irradiation in an
aerodynamic levitation furnace. After quenching at a cooling rate of about 300°C/s,
sphere sample with diameter of ~3.5mm was obtained. The detail of levitation
experiment has been reported in Ref. [20]. Then the sphere glass was polished
to be a 2mm thick wafer for further measurement and analysis. The structure of
the sample was analyzed by X-ray diffraction (XRD). Differential thermal analysis
(DTA) was carried out to characterize its thermal stability. Its mechanical property
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was estimated by Vickers hardness testing which was performed on an Akashi
(AVK-A) hardness tester with an applied load of 1 kg for 10s.

Upconversion luminescence spectra were recorded by a spectrofluorometer
(Fluorolog-3, Jobin Yvon, France) equipped with Hamamatsu R928 photomultiplier
tube. A 980 nm continuous wave diode laser was used as the excitation source.

3. Results and discussion
3.1. Structure and thermal stability

The Er3*/Yb3* co-doped TLZ sample prepared by levitation
method is a sphere with diameter of about 3.5 mm. The upper curve
in Fig. 1 shows the X-ray diffraction pattern of the as-prepared TLZ
glass sample. Weak and broad diffraction bands are observed in this
pattern. That means there are no crystals formed in the sample. The
inset in Fig. 1 is a photo of the TLZ wafer with both surfaces being
well polished. Obviously, the TLZ glass performs high transparency
in the region of visible light.

DTA thermograms were recorded to investigate the thermal
stability of Er3*/Yb3* co-doped TLZ glass. Fig. 2 shows the DTA
curve at a heating rate of 10°C/min. This curve has a single glass
transition and a single crystallization peak. The value of glass tran-
sition temperature Tg, onset crystallization temperature T¢, and
peak crystallization temperature Tp, are about 820, 895 and 902 °C,
respectively. Noted that the T, of present TLZ glass is much higher
than that of fluoride or oxy-fluoride glass, which is usually lower
than 400 °C [23,24]. This hints that the TLZ glass has a better ther-
mal stability against high temperature. Therefore, the upconversion
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Fig. 1. X-ray patterns for the Er3*/Yb3* co-doped TLZ and HTLZ samples. Inset shows
the photo of the polished TLZ glass wafer.

Exo.

Endo. —— DTA

700 800 900 1000
T(C)

Fig. 2. DTA traces of TLZ glass sample with heating rate of 10 °C/min.

devices based on this TLZ glass might be used for technological
application more widely. Furthermore, the value of AT=T. —Tg,
which is often an important parameter to characterize the glass
forming ability [25] has also be calculated. The calculated AT of
present TLZ glass is 75°C. This value is much lower than those
of most traditional oxide glasses such as silicate or borate glass
systems [26,27], and even lower than those of some heavy metal
oxide glasses [28,29]. The result indicates a comparatively poor
glass forming ability of the TLZ glass. This makes it difficult to obtain
bulk titanate glass by traditional melt-quenching method. And it is
the reason why levitation method must be introduced for titanate
glass fabrication in present experiment.

3.2. Mechanical property

Vickers hardness was measured to evaluate the mechanical
property of the Er3*/Yb3* co-doped TLZ glass. The Vickers hard-
ness was determined by using a micro-hardness tester equipped
with a Vickers indenter. The indentation was examined by an opti-
cal microscopy. The surface morphology of the polished sample
can also been observed by this microscopy. In order to estimate
the mechanical property upon high temperature more deeply, the
hardness of the heat-treated TLZ sample (HTLZ) was also investi-
gated. The TLZ glass was heated in air for 10s at 950°C, which is
higher than Tp, and then HTLZ glass—ceramic is obtained.

Fig. 3(a) and (b) shows the typical microscopic images of the
Vickers indentations for TLZ glass and HTLZ glass—ceramic, respec-
tively. The shapes of the two indentations are similar and there are
no significant shear bands observed for both TLZ and HTLZ samples.
However, significant micro-cracks emanating from all the corners
of the indentations can be noticed in both cases. It is obvious that
the length of the crack in HTLZ sample is longer than that in the
TLZ sample, indicating a deterioration of mechanical property due
to heat treatment.

Quantitative value of Vickers hardness was averaged from three
data points by the following standard formula: Hy = 1.854P/d? [30].
Here, Hy is the Vickers hardness, P is the applied load, and d is the
mean length of the two diagonal lines of the indentation. The mea-
sured value of Vickers hardness is 7.85 GPa for the TLZ glass, which
is much higher than that of ordinary fluoride glass (~2.0 GPa) [31].
This suggests a potential application for industrial device prepara-
tion based on present Er3*/Yb3* co-doped titanate glass. However,
the value of Vickers hardness for the HTLZ glass—ceramic has a little
drop, which is about 7.56 GPa.

Furthermore, information of microstructure of the samples can
also be obtained from Fig. 3. For the TLZ glass sample, there are no
grains observed (Fig. 3(a)). However, for the HTLZ glass—-ceramic
sample, numerous grains with size of several microns are obvious
(Fig. 3(b)). The X-ray diffraction pattern for the HTLZ sample is also
shown in Fig. 1 by the bottom curve. Analysis of this X-ray diffrac-
tion pattern suggests that the grains in the HTLZ glass—ceramic are
mainly crystallites of LasTigOo4.

3.3. Upconversion luminescence spectra

The upconversion emission spectrum (400-750nm) of
Er3*/Yb3* co-doped TLZ glass has been recorded using 980 nm
excitation as shown by the solid line in Fig. 4. There are totally three
intense light emission bands centered at 530, 546 and 672 nm
which are attributed to the Er3*: 2Hy 15 — 4157, 4532 — 4I15)2, and
4F9/2 — 4115/2 transitions, respectively. It is apparent that the green
emission at 546 nm has the highest peak intensity. The intensity of
red emission at 672 nm is much weaker than that of green emission
at 546 nm, but is almost the same as that of the green emission at
530 nm. It should be noted that the upconversion process in TLZ
glass is so efficient that the green emission can be seen by naked
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Fig. 3. Optical micrographs of Vickers indentations under 1kg load in TLZ glass (a) and HTLZ glass-ceramic (b).

eyes with pump power as low as a several milliwatts. The inserted
photo in Fig. 4 shows the fluorescent emission of the TLZ glass
with pump power of 10 mW.

To understand the upconversion mechanism in Er3*/Yb3* co-
doped TLZ glass, the pump laser power dependence of the
fluorescent radiation was investigated. In frequency upconversion
process, the upconversion emission intensity I increases with pump
power by the following relation: I P", where I is the fluorescent
intensity, P is the pump laser power, and n is the number of pump
photons absorbed per upconverted photon emitted. The plot of log I
versus log P yields a straight line with slope n at 980 nm excita-
tion. The inset curve in Fig. 4 shows such a plot for the 530, 546
and 672 nm emissions in Er3*/Yb3* co-doped TLZ glass. Values of
1.98, 1.88 and 1.77 are obtained for n corresponding to the 530,
546 and 672 nm emission bands, respectively. The results indicate
that two photons are involved for both green and red upconversion
processes in Er3*/Yb3* co-doped TLZ glass.

The upconversion emission spectrum of HTLZ glass—ceramic
is demonstrated by the dashed line in Fig. 4. Lower intensi-
ties are obtained for all upconversion emission bands in HTLZ
glass—ceramic than those in TLZ glass. This can be well interpreted
by taking into account of the effect of grain boundaries. The size of
LasTigOy4 crystals in present HTLZ sample is up to several microns
(Fig. 3(b)), which is large enough to induce dispersion in light trans-
mission due to the significant grain boundaries [32]. As a result, the
sample becomes opaque, and the upconversion emission intensity
is decreased.
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Fig. 4. Upconversion emission spectra of Er3*/Yb3* co-doped TLZ glass (solid line)
and HTLZ glass-ceramic (dashed line) upon excitation at 980 nm. Inserted photo:
fluorescence of TLZ glass under 10 mW pump power. Inset curve in the right shows
the dependence of upconversion fluorescence intensity on excitation power.

What is more interesting is the sharpening of upconverted emis-
sion peaks for green lights in HTLZ glass—-ceramic. It is clear that the
green emissions at 530 and 546 nm have significant shoulder peaks
at 524 and 554 nm, respectively, for the TLZ glass as shown by the
solid line in Fig. 4. They are possibly due to the energy level split-
ting of 2Hy1, and 453, levels, respectively [33]. However, these
shoulder peaks have been reduced in the HTLZ glass-ceramic. Con-
sequently, the corresponding emission bands become sharper as
indicated by the dashed line in Fig. 4.

4. Conclusions

In summary, Er3*/Yb3* co-doped TiO,-Lay03-ZrO, glass has
been prepared by levitation method. This titanate glass presents
high transparency, good thermal stability, and high mechanical
property. Intense emission bands centered at 530, 546 and 672 nm
are observed upon 980 nm excitation, corresponding to the Er3*
transitions 2H11/2 — 4115/2, 453/2 — 4115/2, and 4Fg/2 — 411 512 Tespec-
tively. Two-photon processes are found responsible for all these
upconversion emissions. When the glass is heated above its crys-
tallization temperature, both the upconversion efficiency and the
Vickers hardness are reduced.
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