Chapter 2
Linear and Nonlinear Optical Properties
of Some Tellurium Oxide Glasses

Cid B. de Araijo and Luciana R.P. Kassab

2.1 Introduction

A large number of heavy-metal oxide (HMO) glasses doped with rare-earth
(RE) ions has been studied by several decades and still attracting interest from
the basic point of view as well as for applications in lasers, amplifiers, displays,
modulators, switches, optical limiters, and sensors, among other applications.
Indeed, a variety of HMO glasses (e.g., tellurites [1], germanates [2, 3], and
antimony [2, 4]) still deserves numerous studies motivated by their large transmit-
tance from the visible to the near-infrared, small phonon energies, large chemical
stability, large acceptance of RE ions doping, and high nonlinear (NL) optical
response. These characteristics allowed the successful use of HMO glasses for
studies performed by many groups (see, e.g., refs. [1, 2, 5, 6]).

Among the HMO used for photonics, the tellurium oxide glasses (TOG) show
several advantages when compared with other glasses. Beside the facile methods of
fabrication of bulk TOG samples, these glasses are particularly important because
of their thermal, mechanical, and chemical properties that allow processing the
glass to fabricate films of good optical quality, synthesizing glass-ceramics, and
manufacturing optical fibers and rectangular waveguides. In general, TOG present
linear refractive indices of ~2, large transmittance window (360-1000 nm), low
cutoff phonon energy (=700/cm), large mechanical resistance, high chemical
durability, high vitreous stability, and high solubility of RE ions doping species.
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In this chapter, we review some of our previous results obtained with samples
having different TOG compositions. In Sect. 2.2, we will describe the methods used
for the sample’s fabrication and their basic characterization. In Sect. 2.3, we
describe studies related to the phenomena of Stokes and anti-Stokes
photoluminescence (PL) in TOG pure and doped with RE. Also samples containing
silver nanoparticles (Ag-NPs) or silicon nanocrystals (Si-NCs) were studied, and
some results are reviewed. In Sect. 2.4, we report NL optical experiments where the
NL refraction and NL absorption of TOG samples were measured aiming their
evaluation for application in all-optical devices. Finally, in Sect. 2.5, a summary of
the results and further comments on the potential of TOG for photonics are given.

2.2 Methods Used for Fabrication and Characterization
of the TeO,-Based Glasses

The samples used were prepared by the conventional melt-quenching technique.
All reagents and doping species were oxide powders obtained commercially. The
high pure reagents (~99.999%) were melted in platinum crucibles, at different
temperatures (750-800 °C) depending on the composition, during 20-120 min,
quenched in air, in a heated brass mold, annealed for 2 h at 270-360 °C to avoid
internal stress, and then cooled to room temperature inside the furnace. After
cooling, the glass samples were cut and polished for the optical experiments. For
the experiments with glasses having Ag-NPs, the samples with compositions
including AgNO; were submitted to additional heat treatment (HT), at the
annealing temperature, during different periods of time, to reduce the Ag™ ions to
Ag® and to nucleate Ag-NPs; samples without Ag-NPs were also produced to be
used for comparison with the samples having NPs. The samples doped with RE ions
containing Si-NCs were also prepared by the melt-quenching method, and more
details of their fabrication are given in Sect. 2.3.3. In all PL experiments, we
observed that the emitted intensities do not change after HT of the samples without
AgNOj; (or without Si-NCs), but they change as a function of the Ag-NPs (or -
Si-NCs) amount that was controlled by the HT duration in the samples containing
AgNO; (or Si-NCs).

To determine the size and shape of the Ag-NPs and Si-NCs, a high-resolution
transmission electron microscope (HR-TEM) operating at 300 kV was used. A
spectrophotometer that operates in the visible and near-infrared regions was used to
measure the absorption spectra of the samples from 300 to 1000 nm, and the linear
refractive index was measured using the M-line technique.

PL spectra were measured with different excitation sources, depending on the
doping species and the goals of each experiment. For continuous-wave (CW)
excitation in the visible range, a xenon lamp coupled to a 0.25 m monochromator
was used. For excitation in the infrared, the light sources used were CW diode lasers
operating either at 980 nm or 805 nm. The PL signals obtained with the CW sources
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were analyzed by a phase fluorometer equipped with a 0.25 m spectrometer coupled
to a CCD. For the experiments with pulsed lasers, two sources were used. An
optical parametric oscillator (400 kW, pulses of 5 ns, repetition rate of 20 Hz)
pumped by a Q-switched Nd:YAG laser was used for the PL studies with basis on
phonon-assisted transitions. In these experiments, the signals were recorded using
photomultipliers coupled to digital oscilloscopes and computers. For the NL optical
experiments, a Q-switched and mode-locked laser (1064 nm, 17 ps, 10 Hz) was
used. The experiments were based on the Z-scan technique integrated in a
4f-system, as described in [7, 8]. The image receiver at the output of the
4f-system is a 1000 x 1018 pixels cooled CCD camera (—30 °C) operating with
a fixed gain. The sample is moved in the focal region along the beam propagation
direction (Z axis). Open- and closed-aperture Z-scan normalized transmittances are
numerically processed from the acquired images by integrating over all the pixels in
the first case and over a circular numerical filter in the second one (corresponding to
a linear aperture transmittance S = 0.73 in order to optimize simultaneously the
sensitivity and the signal-to-noise ratio). The incident intensity was adjusted by a
polarizing system at the entry of the setup.

A Ti:sapphire laser (800 nm, 1.56 eV, 76 MHz, 150 fs) was used for measure-
ments based on the Kerr gate technique [9]. The laser beam was split in two beams:
probe and pump beams with intensities of 508 MW/cm? and 52 MW/cm?, respec-
tively. The sample was positioned between two crossed polarizers. The probe beam
propagates along the Z axis, and the pump beam propagates along a direction
forming a small angle (=1°) with the Z axis. The angle between the electric fields
of the pump and probe beams was set to 45°. When the pulses of the two beams
overlap spatially and temporally on the sample, the pump beam induces an NL
birefringence, and the polarization of the probe beam rotates while propagating
through the sample. Then, a fraction of the probe beam is transmitted through a
polarizer/analyzer, which is oriented perpendicularly to the electric field of the
incident probe beam. The signal, collected by a photodiode, is analyzed as a
function of the delay time between the pump and probe pulses.

Most of the experiments were performed at room temperature, but in the case of
Sect. 2.3.1, the sample’s temperature was varied from 100 to 540 K.

2.3 Stokes and Anti-Stokes Photoluminescence

The PL experiments were performed using samples with various compositions
having different trivalent RE ions. The main goal was the investigation of the
contribution of phonon transitions in a TOG sample (Sect. 2.3.1) and the contribu-
tion of the Ag-NPs (Sect. 2.3.2) and Si-NCs (Sect. 2.3.3) for the PL enhancement.
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2.3.1 Frequency Upconversion Assisted by Phonon
Annihilation

Frequency upconversion (UC) is a phenomenon in which PL with wavelength
smaller than the excitation wavelength is emitted by a physical system. The UC
process is also referred as anti-Stokes PL, while the emission with wavelength
longer than the excitation wavelength is called Stokes PL. The UC process finds
many applications, such as infrared-pumped compact lasers operating in the visible
range [10], infrared-to-visible converters and light harvesting, important for solar
cells [11], temperature sensors [12], and colored displays [13], among others.
Normally, UC is a NL process in which two or more photons from the excitation
beam are absorbed to generate one UC photon. Changing the sample’s temperature
is an interesting possibility for controlling the UC spectrum exploiting phonon-
assisted transitions in RE-doped materials. The experiment reviewed in this section
was performed to investigate a thermally activated UC emission in an Nd**-doped
TeO,-ZnO glass (labeled as TZO glass), prepared with 2.0 wt% of Nd,O3 according
to the procedure summarized in Sect. 2.2 and described in details in ref. [14]. The
sample was studied by resonant excitation of the Nd>" transition 419/2 — 4F5/2 at
805 nm. Figure 2.1a, b shows the room temperature PL spectrum from 340 to
800 nm. The UC emission centered at 754 nm, due to transition “F;, — I,
presented linear intensity dependence versus the laser intensity and exhibited
670-fold enhancement when the sample’s temperature changed from 200 K to
535 K; this is the largest value reported for thermally assisted one-photon-induced
UC emission. The other emissions, associated to other electronic transitions, show
NL dependence with the laser intensity. They were identified in comparison with
previous measurements in various Nd>"-doped glasses [14]. Figure 2.2a, b illus-
trates the behavior of the emission at 754 nm versus the laser intensity and
temperature. The slope in Fig. 2.2a indicates that only one laser photon at 805 nm
is involved in the generation of each 754 nm UC photon. Considering the excitation
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Fig. 2.1 Room temperature UC emission spectrum of Nd3+—doped TeO,-ZnO glass for pulsed
excitation at 850 nm [14]. The bands amplitudes were normalized to the bands at 415 nm (a) and
754 nm (b)
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Fig. 2.2 (a) Dependence of the UC intensity at 754 nm versus the laser intensity at room
temperature. (b) Comparison between the experimental data (circles) and the model results for
different temperatures (EPM = 700/cm, black solid line; EPM = 400/cm, green dashed line;
EPM = 850/cm, red dashed line; and EPM = 600/cm, blue dashed line) [14]
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Fig. 2.3 Simplified energy levels scheme of Na**+ representing the pathway to generate UC
emission at 754 nm by excitation at 805 nm. Solid (dashed lines) upward arrows represent laser
excitation from the fundamental (excited) level; dotted lines represent phonon-assisted tempera-
ture-dependent process, and the downward arrows represent radiative transitions. The fundamental
and excited states are represented by 10>, 11>, and 12>, respectively [14]

conditions and the linear behavior of the UC emission versus the laser intensity, we
may conclude that the signal is originated in a process which starts with the resonant
absorption “Io, — *Fs/, followed by annihilation of phonons with promotion of the
excited ions to the thermally coupled 4F7/2 level from where the PL at 754 nm
originates. This UC pathway was verified measuring the temperature dependence of
the PL intensity. Figure 2.2b shows the 670-fold PL enhancement related to the
temperature change from 200 K to 535 K. A rate-equation model for Nd*"
population densities based on the levels scheme of Fig. 2.3, including tempera-
ture-dependent absorption cross sections and nonradiative transition rates,
describes the thermal behavior of the UC process. The temperature dependence
of the one-photon-excited UC emission is well described considering the so-called
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effective phonon mode (EPM) [15], with energy of 700/cm, illustrated in Fig. 2.3b
by the black solid line that shows a good match with the experimental data. The
numerical results considering other different EPM values, 400/cm (green dashed
lines), 850/cm (red dashed lines), and 600/cm (blue dashed lines), are also shown.

From the results shown in Fig. 2.2b, we concluded that it is not the matrix cutoff
phonon mode the one dominating the phonon-assisted UC transition but the EPM,
which represents a statistical average that takes into account the phonon’s energies
and their occupation phonon number [15]. We recall that the observation of the
phonon-assisted UC phenomenon in a fluoroindate glass [16] revealed a large
sensitivity to the sample’s conditions such as humidity and mechanical resistance.
Normally, TOG, either in bulk or as optical fibers, are much more stable than
fluoroindate glasses; for the TZO glass, the reproducibility of the results is less
affected by the external conditions than fluoroindate glasses. Another important
point to be considered is the fact that the UC process reported for TZO requires only
one EPM and then it is more efficient than the previously reported cases that require
participation of multiphonon transitions.

2.3.2 Enhanced Frequency Upconversion and Energy
Transfer in the Presence of Metallic Nanoparticles

PL enhancement in rare-earth (RE)-doped HMO glasses containing metallic NPs
has been investigated by many authors after the pioneer paper by Malta et al.
[17]. The influence of the NPs on the PL efficiency of the RE ions is larger when
the incident light and/or the PL. wavelengths are near resonant with the resonance
frequency of the localized surface plasmons (LSP), the quanta of coherent free-
electron oscillations in the NPs. The NPs’ dielectric function, their shape and size
distribution, the host environment, and the relative distances between the ions and
the NPs are important parameters that influence the PL efficiency. PL quenching
due to ET from the RE ion to the NP is dominant when the distance NP-RE ion is
small [18].

The influence of metal NPs on the PL of glasses with various compositions was
also studied by various groups (see, e.g., [19-25]).

One successful way to grow silver or gold NPs inside HMO glasses is based on
the melt-quenching method. The appropriate concentration of NPs and their aver-
age size and shapes depend on the glass viscosity, and the growth process is
controlled by the diffusion of the metal atoms and ions in the melt that also depends
on the procedure used for the heat treatment. Therefore, one important step to
obtain large PL enhancement is the efficient nucleation of the metallic NPs through
controlled HT of the samples. The selection of materials with appropriate param-
eters is a hard task when one is performing experiments with NPs ensembles such as
the ones performed with glasses. Also, the selection of glasses with large transpar-
ency window and small cutoff phonon energy is very important to reduce the
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probability of nonradiative relaxation of the RE ions. As mentioned in the previous
sections, TGO glasses are excellent materials for PL experiments because they
present chemical and physical characteristics that contribute for the fabrication of
good samples. In all cases studied by us, the presence of NPs contributed for the PL
efficiency either due to the influence of the large local field on the RE ions
positioned in the vicinity of the NPs or due to the energy transfer (ET) from the
NPs to the RE ions. PL quenching was observed when the NPs concentration was
above certain values because the proximity between the RE ions and the NPs
increases the probability of ET from the excited RE ions to the NPs.

We demonstrated the nucleation of metallic NPs in various TOG compositions
[21, 26-35] containing Ag-NPs and Au-NPs. The presence of Pb>" clusters in
TeO,-PbO-GeO, glasses with Ag-NPs led to enhanced PL in the visible range [28],
whereas for Pr”-doped TeO,-PbO-GeO, glass, enhanced Stokes and anti-Stokes
emission were successfully observed and analyzed [21, 29]. Further experiments
with TeO,-PbO-GeO, glass doped with Eu®" and containing Au-NPs [30] and Tb**
-doped TeO,-ZnO-Na,O-PbO glass with Ag-NPs [31] were also reported. In all
cases, large increase in the samples’ luminescence was observed. The role of ET
processes was also exploited in TOG containing metallic NPs and co-doped with
two different RE species.

Some selected examples of our work with tellurium oxide-based glasses are
described below:

2.3.2.1 Tb*"/Eu’"-Co-Doped TZNP Glasses with Ag-NPs

The first PL study on the influence of Ag-NPs in Tb>/Eu’"-co-doped TeO,-ZnO-
Na,O-PbO glasses (labeled as TZNP glasses) was reported in [32]. The samples
were prepared with 2.0 wt% of Tb,07, 1.0 wt% of Eu,03, and 4.0 wt% of AgNOs.
In the experiments, the samples were excited using light with frequency larger than
the frequency bandgap of the glass, at 355 nm, which is possibly in resonance with
Tb** and Eu’" transitions originating from the ground state. However, absorption
by Ag-NPs may also occur. Luminescence bands from 480 to 700 nm were
observed due to radiative transitions associated to Eu*" and Tb>*. The contribution
of ET processes and the intensified local field due to the Ag-NPs allowed obtaining
enhanced PL in the orange-red spectral region.

Figure 2.4 shows the absorption spectra of the samples from 350 to 700 nm.
Transitions originating from the ion ground state are observed at 480 nm (Tb>": 7
Fe — D.), 465 nm (Eu’": 'Fy — °D,), and 395 nm (Eu’": 'F, — ° Lg). The
broadband centered at ~490 nm, observed in the samples heat-treated for times
longer than 2 h, is attributed to LSP resonances. The absorption band presents an
inhomogeneous broadening due to the various shapes and sizes of Ag-NPs as well
as aggregates in the samples. The band amplitude increases for longer HT times due
to the increase of the Ag-NPs’ volume fraction.

PL measurements were performed using a 15 W xenon lamp (pulses of 3 ps at
80 Hz), followed by a 0.2 m monochromator to select the wavelength at 355 nm.
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The luminescence spectra in Fig. 2.5 exhibit bands due to 4f-4f transitions associ-
ated to Tb>" and Eu”". The results for different HT times show that the PL intensity
in the orange-red region is enhanced while increasing the volume fraction occupied
by the NPs. No PL signal in this spectral range was detected when the samples
containing only Eu*" were excited under the same conditions. So the simultaneous
presence of Tb>" and Eu’" is essential to observe the strong PL signal in the
orange-red region; the emissions originating from the Eu®" levels grow with the
increase of the HT time reaching an enhancement of ~100%. As can be observed
comparing Figs. 2.4 and 2.5, the LSP band overlaps with the >Dy level, and then an
increase in the Eu® " luminescence is expected due to the enhanced local field in the
proximity of the NPs. As the excitation wavelength is not in resonance with the LSP
absorption band, ET from excited Ag-NPs to the RE may occur, but it is not the
dominant process. The spectra of Fig. 2.5 can be understood by analyzing the Tb**/
Eu’" energy level scheme shown in Fig. 2.6.
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Fig. 2.6 Energy levels scheme of Tb>" and Eu®". The solid lines represent radiative transitions,
and dotted lines represent phonon relaxation process. Dashed lines represent CR and ET processes
[32]

One possible UC pathway is due to ET from the D5 (Tb ") level to the energy
level °Lg (Eu®"); from this level, after nonradiative relaxation, the Eu" excitation
reaches level °D, from where radiative transitions to Eu*" levels 7Fj (J = 0-4) may
occur. Another energy pathway starts with nonradiative relaxation from level °D;,
(Tb**) to °Dy (Tb* ") providing radiative relaxations from D, (Tb> ") to the Tb**
levels 7Fj (J = 0-6) related to emissions in the blue-red spectral region. Also quasi-
resonant cross-relaxation (CR) to Eu®" levels 5Dj (J =0, 1, 2) may occur, as
indicated in Fig. 2.6. Efficient CR processes are very probable considering the
large concentration of RE ions. Following the CR, radiative decay corresponding to
Eu’™ transitions ° Dy — 7FJ (J = 0-4) takes place. We note that the Tb>" emissions
at 485 and 545 nm are weak because of the ET to Eu®".

Figure 2.7 summarizes the relative increase of the luminescence bands at
590 and 614 nm as a function of the HT time. The results indicate that a large
number of Eu®" are properly located nearby the Ag-NPs. There is always an ideal
distance that favors enhancement of the PL, and if some ions are not in adequate
positions, this may be the cause for not obtaining a large PL enhancement. In the
present case, the contribution of ET processes and the intensified local field due to
the Ag-NPs allowed obtaining enhanced PL in the orange-red spectral region, but
unfortunately the method of sample fabrication does not allow control of the
relative RE-NP distance.
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Fig. 2.8 TEM image of the
Tm>-doped TZO glass
containing Ag-NPs, heat-
treated during 48 h [33]
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2.3.22 Tm’"-Doped TZO Glass with Ag-NPs

Infrared-to-visible and infrared-to-infrared UC processes in Tm>"-doped TZO
glass containing Ag-NPs were studied in another TGO glass with large potential
for photonic applications [33]. The choice of Tm>" was motivated by the large
infrared-to-visible UC efficiency reported for other TGO glassy hosts and due to the
several applications already demonstrated for Tm>"-doped glasses. In the present
case, the doping species were 0.5 Tm,0O5; and 2.0 AgNO;5 (in wt%). One TEM
image of the samples studied is shown in Fig. 2.8 for the sample heat-treated during



2 Linear and Nonlinear Optical Properties of Some Tellurium Oxide Glasses 25

48 h at 325 °C. Isolated Ag-NPs with diameters from ~10 nm to ~50 nm and
aggregates with various shapes can be seen. Figures 2.9 and 2.10, obtained with
excitation at 1050 nm, show that the PL bands centered in =477 nm, ~650 nm, and
~800 nm, corresponding to the transitions 'G, — *Hs, 'G, — °F4, and *H, — *Hs,
respectively, change their amplitude for different HT times. Notice that all PL
bands increase with the HT up to 48 h. One order of magnitude enhancement is
observed for the whole PL spectra that is a remarkable result in comparison with our
previous reports for other RE ions [21, 29-32]. The spectra corresponding to HT
during 72 h show a partial quenching of the PL intensity. Again the results can be
understood recalling that heat treating the samples for very long time leads to large
Ag-NPs concentration and the relative distances between the Tm>" and the NPs
become very small. Then the excited Tm> " transfer the energy absorbed from the
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laser beam to the NPs which dissipate the energy by heat. The dependence of the
UC signals with the laser intensity was analyzed to identify the possible routes
corresponding to each UC emission. Log-log plots of the UC intensities versus the
laser intensity for the transitions 2G4 — 3H6, 'G, — 3F4, and 3H4 — 3H6 present
slopes of ~2.7, ~2.8, and ~1.8, respectively, indicating that the PL bands at
477 nm and 650 nm are due to the absorption of three laser photons, while the
transition *Hy — “Hg is due to the absorption of two photons. The UC processes
occur because of the intermediate phonon-assisted steps. Even the excited state
absorption *F, — 3F2,3 which is resonant is followed by emission of phonons due to
the decay from level 3F2,3 to the level 3H4.

The present results demonstrate the large influence of Ag-NPs in the infrared-to-
visible and infrared-to-infrared UC luminescence of Tm®"-doped TZO glasses.
Enhancement of the UC emission in the heat-treated samples is attributed to the
increase of the local field on the Tm*" located in the vicinity of the NPs as the
frequency of the incident light beam is not close to the LSP resonance frequency of
the Ag-NPs. The tenfold enhancement observed for the whole PL spectrum is an
important result that illustrates the potential of using metal-dielectric composites to
improve the performance of luminescent materials containing RE ions.

2.3.2.3 Tm’'/Yb’>"-Doped TZO with Ag-NPs

For several years, Tm>"-doped TGO glasses have attracted PL studies because
there are metastable levels of Tm> " suitable for UC luminescence in the blue and
green spectral region. Addition of Yb®>" enhances the efficiency of infrared-to-
visible conversion due to the large ET rate from excited Yb>* to Tm**. However,
although efficient infrared-to-visible conversion was obtained for Yb3+/T m>*-co-



2 Linear and Nonlinear Optical Properties of Some Tellurium Oxide Glasses 27

doped materials [37, 38], obtaining larger UC enhancement is still of great interest.
The results presented in this section show the possibility of finding new approaches
to reach larger UC enhancement by nucleation of Ag-NPs inside of a Yb>™/Tm**
TGO nanocomposite prepared with 0.5 wt% of Tm,053, 3.0 wt% of Yb,O3, and
4.0 wt% of AgNO;. The HT procedure described in Sect. 2.2 was used for the
Ag-NPs nucleation during various time intervals. PL bands corresponding to Tm>"
transitions were observed at 480 nm, 650 nm, and 800 nm due to the ET from Yb3+
to Tm>™, by excitation with a diode laser operating at 980 nm, in resonance with the
Yb>" transition 2F7/2 — 2F5/2. UC emissions centered at 480 nm, 650 nm, and
800 nm, due to the Tm>™ transitions (‘G4 — *Hg, 'G4 — *F4, and *H, — *Hy), were
measured, and large enhancement (2300%) for the UC luminescence was observed
in the heat-treated samples in comparison with samples without Ag-NPs as shown
in Fig. 2.10. As in the cases presented before, the growth of the PL bands correlates
with the increase of the volume fraction occupied by the Ag-NPs. TEM images
obtained for the samples heat-treated during 24 and 72 h are shown in Fig. 2.11.
Particles with average diameters varying from 30 nm (for the sample heat-treated
during 24 h) to 10 nm (sample heat-treated during 72 h) were observed together

Fig. 2.11 TEM image of
the Tm**/Yb**-doped TZO
glass containing Ag-NPs,
for HT during 24 h (a) and
72 h (b) [26]
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Fig. 2.12 Normalized
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with aggregates of NPs with dimensions of ~80 nm nm that can also be seen. This
result shows that longer HT produces fragmentation of the large particles and
aggregates formed during the initial 24 h period; the growth of the PL bands
correlates with the increase of the Ag-NPs concentration. The integrated intensity
of the each PL band shown in Fig. 2.12 grows considerably for increasing HT times,
and the bands at 480 and 650 nm, having wavelengths near the LSP resonances of
the isolated NPs, present larger derivative as a function of the HT time. The PL
band at 800 nm is also enhanced due to the presence of aggregates. The large PL
enhancement of the Tm”" transitions is attributed to the resonance of the laser
wavelength with the Yb>" transition that is more intense than the 4f-4f transitions
of Tm>" and the Yb*" concentration that is six times larger than the Tm>"
concentration. The quadratic dependence of the PL band centered at 800 nm,
corresponding to the transition “H, — °Hg, with the laser power shown in
Fig. 2.13, indicates that two excited Yb”" participate in the generation process
transferring their energies to one Tm>". The transitions 'G, — *Hg (480 nm) and '
G4 — >F4 (650 nm) present slopes equal to ~3 indicating that three excited Yb>"
are participating in the UC process. The PL growth due to the HT of the samples
demonstrates that Ag-NPs play an essential role in the UC processes that involve
triads and quartets of the RE ions. The radiative transitions corresponding to visible
light, close to resonance with the LSP, are more influenced by the isolated NPs. A
comparison between the present results and the results for Yb®>"/Tm>"-doped
germanate glasses [39] shows larger UC enhancement for the TZO glass even for
a three-time smaller amount of silver in the starting glass composition but with a
more appropriate concentration ratio between Tm* " and Yb*".

These results represented the first report showing the PL enhancement in the
presence of silver nanostructures involving triads and quartets of RE ions in a TGO
nanocomposite.
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Fig. 2.13 UC intensity as a
function of the laser power
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2.3.2.4 Er*"-Doped TWB Glasses with Ag-NPs

Experiments performed with Er’ *_.doped TeO,-WO;-Bi,O; glasses (labeled as
TWB glasses) illustrate well the contribution of Ag-NPs to increase the PL effi-
ciency of TGO glasses doped with RE ions [34]. The effect of the NPs on the Er* "
luminescence was controlled by appropriate HT of the samples prepared with
1.0 wt% of Er,O3 and 2.0 wt% of AgNO;. Enhancement up to 700% was obtained
for the upconverted emissions at 527 nm, 550 nm, and 660 nm, when the sample
excitation is made at 980 nm. Since the laser frequency is far from the NPs” LSP
resonance frequency, the PL enhancement was attributed to the local field increase
in the proximity of the NPs and not to ET from the NPs to the emitters. This was the
first time that the effect was investigated for tellurite-tungstate-bismutate glasses,
and the enhancement observed is the largest reported for a TGO glass. Figure 2.14
shows a TEM image of a sample heat-treated during 24 h, with Ag-NPs having an
average size of 35 nm; the electron diffraction pattern in the inset of Fig. 2.14 shows
the crystalline structure of the NPs. The LSP absorption band is not clearly
observed in the spectra of Fig. 2.15 because of the small amount of Ag-NPs and
the strong absorption of the TWB glasses in the blue region and because large NPs
present broadband resonances with small amplitudes. However, the spectra reveal
the contribution of the LSP absorption band as a tail in the blue-green region. The
LSP resonance wavelength is estimated to be between 420 and 500 nm considering
the dielectric function of silver [40] and the glass refractive index (~2), in agree-
ment with the tail observed in Fig. 2.15.

Figure 2.16 shows the UC spectra of the samples. The PL bands centered at
527 nm, 550 nm, and 660 nm correspond to the 2H] 12— 4115/2, 4S3/2 — 4115/2, and *
Fop — s > transitions of Er’", respectively. Notice that the largest enhancement
of the emission at 550 nm was obtained for HT during 24 h, whereas for 48 h and
72 h, the UC signal is reduced, probably because the concentration of Ag-NPs
became large and then the average distance NP-RE ion became smaller than the
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Fig. 2.14 Transmission
electron microscope image
of Er*"-doped TWB glass
with Ag-NPs heat-treated
during 24 h [34]
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optimum distance for PL enhancement. Again, since the 980 nm excitation wave-
length is far from the LSP resonance wavelength, the probability of direct excitation
of the LSP band is small, and ET from the NPs to the Er’" is negligible. So the
intensity enhancement observed is attributed to the increased local field in the
vicinities of the Ag-NPs. The quadratic dependence of the UC intensities versus
the laser intensity, shown in Fig. 2.17, indicates that two laser photons are contrib-
uting to generate each UC photon. The excitation pathway is the same identified in
previous experiments with lead germanate glasses corresponding to two steps of
one-photon absorption, according to s n— 113 5 — 4F7,2 [41]. The same intensity
behavior was observed for the other samples.



2 Linear and Nonlinear Optical Properties of Some Tellurium Oxide Glasses 31

Fig. 2.16 UC
luminescence spectra of Er
3*_doped TZO glasses heat-
treated during various time
intervals; the spectrum of
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2.3.3 Rare-Earth Photoluminescence in the Presence
of Silicon Nanocrystals

Another way to obtain PL enhancement of RE ions has been demonstrated using
semiconductor nanocrystals (NCs) [36, 42—51]. The absorption cross sections of the
NCs are usually larger than the RE cross sections, and then ET from the NCs to the
RE ions may be an efficient mechanism to achieve growth of the RE luminescence.
In this case, the size of the NCs may be adjusted to match their energy gap and the
energy of the desired RE emitting states.
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In this section, we review recent results of the enhanced PL in TZO glass doped
with Er* " and containing Si-NCs. This was the first study of a TGO glass in which
the nucleation of Si-NCs was obtained using the melting-quenching technique. The
previous reports of enhanced Er'" luminescence were based on silicate glass
containing Si-NCs prepared by more complex techniques such as ion implantation,
lithography, or chemical vapor deposition [43, 48—53]. For TZO glasses doped with
Er’* and containing different concentration of Si-NCs, the PL increase was attrib-
uted to ET from excited Si-NCs to the Er’ " located in the vicinity of the NCs. In this
case the samples were prepared with 1.0% of Er,O; and different concentrations of
silicon powder (0.01, 0.1, and 0.4 wt%). Enhancement of ~300% was observed in
the visible and in the near-infrared regions. In particular, the fourfold enhancement
observed for the broad emission centered at ~1530 nm, corresponding to the Er’"
transition “I;, — “I;55, indicates large potential of the composite material for
interface with existing telecommunication devices. Figure 2.18a—d shows TEM
images of Si-NCs with average sizes of 20 nm and 50 nm, obtained with melting
temperatures of 800 °C and 900 °C, respectively. Figure 2.19a, b shows the PL
spectra of the samples melted at 800 °C, while Fig. 2.19¢, d shows the results for the
samples melted at 900 °C (PL spectra for samples without Si-NCs are also shown
for comparison). The bands observed correspond to the transitions H,, n— 4115/2
(%525 nm), 4S3/2 — 4115/2 (%545 nm), 4F9/2 — 4115/2 (%680 nm), and 4113/2 d 4115/2
(~1530 nm). The signals at 545 nm and 1530 nm are enhanced by ~200% for the

Fig. 2.18 Electron
microscope images of
Si-NCs in Er**-doped TZO
glasses. (a) and (b), 0.1 wt%
and 0.4 wt% Si samples
melted at 800 °C; (¢) and
(d), 0.4 wt% Si sample
melted at 900 °C [35]
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Fig. 2.19 Infrared-to-visible frequency UC and downconversion in Er*"-doped TZO glass with
Si-NCs (excitation wavelength: 980 nm). (a) and (b), samples melted at 800 °C; (c) and (d),
samples melted at 900 °C [35]

samples melted at 800 °C, in comparison with the samples without Si-NCs. In the
samples prepared with 0.4 wt% of Si powder and melted at 900 °C, PL quenching of
the visible emission and large enhancement of ~300% for the 1530 nm emission
are observed. These results show that the Si-NCs play an important role on the PL
behavior of the samples. The PL quenching in the visible range, attributed to the
process of back ET from excited Er’ " to the Si-NCs, is larger in the samples with
higher Si concentration as well as in the samples with the larger Si-NCs sizes. This
result together with the larger enhancement observed in the sample melted at
900 °C is due to the higher absorption cross section of the larger Si-NCs and also
indicates that more Er’" are located in the vicinities of the Si-NCs than in the
samples melted at 800 °C.

A study of the PL intensity versus the laser intensity for the signals at 545 nm
and 1530 nm, emitted by the samples melted at 800 °C and 900 °C, was performed
and showed quadratic (linear) dependence of the PL intensity at 545 nm
(at 1530 nm) versus the laser intensity indicating that two laser photons generate
one photon in the visible range, while only one laser photon is involved in the
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generation of each photon at 1530 nm. These processes are similar to the ones
observed in [54] for germanate glasses. Because the large Si-NCs have indirect
bandgap, the electron-hole recombination rate is small, and then the ET process
from the Si-NCs to Er’ " is favored. The PL enhancement in the green range is
attributed to the interaction between two excited Si-NCs and one Er3+, while the
enhancement of the emission at 1530 nm is due to ET from one excited Si-NC to
one Er’*. The simple technique described here to embbed Si-NCs inside TGO
glasses opens new routes for further studies. While in the case of metal NPs, large
losses may occur due to the heating produced by the electron oscillations, in the
case of Si-NCs this process is not relevant. However, the studies of PL enhancement
of RE ions in TGO glasses are starting, and a deeper knowledge of all the processes
involved in the samples preparation and control of the Si-NCs sizes and shapes are
still necessary in order to explore this new route for obtaining more efficient PL
enhancement.

2.4 Third-Order Nonlinear Optical Properties

Beside the large applicability of TOG for UC, these glasses are promising materials
for infrared technologies, laser devices, and NL photonics. Their NL properties
were studied by various authors who reported NL refractive index 7,~10""> cm*/W
and NL absorption coefficient a>~10"! cm/GW in the near-infrared [55-61]. The
large nonlinearity of TOG is due to the high polarizability of the Te-O bonds and
the electron lone pair of the Te*" ion [62, 63]. The NL susceptibility of TOG may
be enhanced by including in the glass composition compounds containing ions with
lone pairs such as Bi*" and Pb>* or ions with unoccupied d orbitals such as W™ or
Nb>*. From the results reported in the literature, it is clear that addition of Bi,O5 or
Nb,Os5 contributes to increase the value of n,. However, in many cases, an increase
of a, is also observed because of the optical bandgap reduction and/or introduction
of new localized states inside the bandgap due to the non-bridging oxygen ion
content. The increase in the a, value makes the glass composition not attractive for
all-optical switching.

In this section, we review the third-order NL properties of a multicomponent
TOG with composition in mol %, (80—x) TeO,-15Ge0,-5K,0-xBi,03 for x = 5
(sample TGKBS), x = 10 (sample TGKB10), and x = 15 (sample TGKBI15), at
800 nm and 1064 nm. The different amounts of TeO, and Bi,O3; were used to
investigate their relative contribution for the nonlinearity. The samples were pre-
pared by melting the raw materials, tellurium oxide (TeO,), germanium oxide
(GeO,), bismuth oxide (Bi,03), and potassium carbonate (K,COs3), previously
stoichiometrically weighted in order to obtain 7 g of bulk glass. The starting
powdered materials were mixed and loaded in a gold crucible. Then, the batch
was melted at 760 °C for 1 h to ensure the complete elimination of CO, from the
decomposition of the carbonate and a good homogenization and fining. Finally, the
melt was cooled inside a stainless mold preheated at 20 °C below the glass
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transition temperature, T, , annealed at this temperature for 2 h and slowly cooled
down to room temperature to minimize residual internal stress. The values of T, and
the crystallization temperature, T, for the three samples are given in [64].

The glass compositions investigated were previously used to fabricate
microstructured optical fibers as well as co-doped optical fibers for white light
generation and IR emission [65, 66].

Table 2.1 presents the linear refractive index, ng, and linear absorption coeffi-
cient, o, of the samples studied. The values of ng, @, and the optical bandgap, Eg,
do not change much when the relative concentration of TeO, and Bi,0O; is changed.
The large value of 719 ~ 2 is due to the contribution of the electron lone pairs of Te*"
and Bi*" and to their large polarizability.

As mentioned in Sect. 2.2, the NL refractive indices were measured using the
Z-scan integrated in a 4f-system technique [7, 8]. Figure 2.20 shows the Z-scan
profiles for the closed-aperture experiments indicating positive n, values for the
three samples. The open-aperture Z-scan experiment exhibited a small NL absorp-
tion signal only for the TGB5 sample. For the other samples, the signal was smaller
than the minimum value that our setup could detect (0.003 cm/GW).

The results obtained for n,, summarized in Table 2.2 for the three samples, do
not differ much because the hyperpolarizabilities of TeO, and Bi,O5 have the same
order of magnitude. The large hyperpolarizability of TeO, is due to the empty 5d
orbitals and to the electron lone pair of the Te?* ion; Bi,O5 also contributes for the
NL susceptibility by analogous reasons.

Table 2.1 Index of refraction, 7, absorption coefficient, ap, and optical bandgap, E,

no ag (cmfl)
Sample 800 nm 1064 nm 1550 nm 800 nm 1064 nm E, (eV)
TGKB5 2.10 2.08 2.02 0.11 0.13 3.16
TGKB10 2.12 2.10 2.03 0.12 0.11 3.08
TGKBI15 2.14 2.11 2.04 0.11 0.14 3.06

Fig. 2.20 Closed-aperture
Z-scan profiles for

excitation at 1064 nm. Laser

intensity: 7 GW/cm?

(sample TGKBS), 3 GW/cm

2 (sample TGKB10), 2.9

GW/cm? (sample TGKB15)

[64]

Normalized Transmittance

z(mm)
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Table 22 Nf)nlinear na(x 10716cm2/W)
refractive indices of the Sample 800 nm 1064 nm
samples
TGKBS 6.5+ 0.7 465+ 11.2
TGKB10 8.0+ 0.8 56.3 £9.0
TGKB15 7.1 +£0.7 48.8 + 8.8
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The NL response at 800 nm is illustrated by Fig. 2.21 which shows the behavior
of the Kerr gate signal as a function of the delay time between the pump and probe
pulses. The setup for this experiment is described in Sect. 2.2.

The symmetrical signals of Fig. 2.21 indicate that the NL response of the
samples is faster than 150 fs, the laser pulse duration. From these measurements,
we determined 6.5 x 107'° < n, < 8.0 x 107'® cm*/W. As for 1064 nm, the NL
absorption coefficients of the samples were smaller than the minimum value that
our apparatus could measure (0.003 cm/GW). The results are summarized in
Table 2.2.

It is important to note that the values of a, for both wavelengths are at least one
order of magnitude smaller than the results reported for other TeO,-based glasses.
Then, with basis on the present measurements, we calculated the figures of merit for
all-optical switching, F = n,/Aa,, and we obtained F > 1 for all samples that
indicate the possibility of using the materials for all-optical switching [67].

2.5 Conclusion

In this chapter, the frequency upconversion PL properties and the NL optical
response of some tellurium oxide glasses were reviewed. Enhancement of the PL
properties due to the contribution of phonon-assisted transitions in neodymium-
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doped glasses or due to the presence of silver or silicon NPs in samples singly- and
co-doped with different rare-earth ions (terbium, thulium, erbium, europium, and
ytterbium) was described, for light excitation in the visible and in the near-infrared.
Energy transfer from excited silver NPs to the rare-earth ions and growth of the
local electromagnetic field due to difference between the dielectric function of the
NPs and the host material are the mechanisms contributing for PL enhancements
that in some cases reach more than one order of magnitude. In the samples with
silicon NPs, the mechanism contributing for the increase in the PL efficiency is the
energy transfer from excited silicon NPs to the ions that are promoted from the
ground state to excited states from where they emit light in the visible and in
the infrared. Measurements of the NL refractive index and NL absorption coeffi-
cients for tellurium oxide glasses containing bismuth oxide in their compositions
were also reviewed. The experiments discussed demonstrate that the NL parameters
in the near-infrared are equally influenced by the TeO, and Bi,O; components
present in the samples. The glasses studied exhibit large NL refractive indices, but
small NL absorption coefficients and their values indicate the possibility of using
the samples for all-optical switching devices at the near-infrared in the
sub-picosecond regime.

In conclusion, the works reviewed here demonstrated the large potential of new
tellurium oxide glass compositions for luminescent devices and ultrafast all-optical
switching.
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