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In this work, the combination of three different thermal lens spectroscopic methodologies was used to
better determine the fluorescence quantum yield and to observe the concentration quenching in Yb3*-
doped binary tellurite glasses (in mol%, 80TeO, — 20Li;O and 80TeO; — 20WO3). The samples were
synthesized by the conventional melt-quenching method and then studied using optical spectroscopy
and thermal lens spectroscopy (TLS). These characterizations enabled investigation of the radiative and
nonradiative processes involved in the ytterbium doped systems. High fluorescence quantum yield was
obtained for low Yb>* doping (>90%), and in both glasses the Yb>* presented concentration quenching
mainly caused by impurities, host-ion interaction and OH™ vibrations. The observations suggested that
there is a possibility of doping the glasses with higher Yb concentration (>1.6 x 10! ions/cm?) with low
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reduction of the quantum yield.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The energy transfer from a sensitizer ion (rare-earth or transi-
tion metal) to an activator has been investigated aiming minimizing
losses and the increase in efficiency of energy conversion in solar
cells [1]. The high energy photons (UV—Vis) absorbed by the
sensitizer are converted to photons of low energy by means of the
downconversion (DC) mechanism. In this process the absorbed
visible photon by the activator can generate two photons in the
infrared spectral region. After the first publication of DC with Yb>*
as activator [2], this phenomenon has been extensively investigated
due to its radiative 2F5/2 — 2F7/2 transition that overlap with the
energy band gap of silicon semiconductors. Depending on the
structural characteristics of the host, the Yb>* spectroscopic
properties can change significantly, which turns important inves-
tigating it before proposing the use as activator [3].

Yb>* ion can exhibit high fluorescence quantum yield () when
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inserted in hosts with reduced impurity levels (structural defects,
OH™, etc) [4], so that the precise determination of 7 is very
important for application in solar cell. Recently our group has
investigated the optical and thermo-optical properties of different
rare-earth doped tellurite glasses in order to consider them as host
for activator and sensitizer ions [5—8]. Compared to other glasses,
this kind of matrix presents advantageous on optical properties
such as high linear and nonlinear refractive indices, low phonon
energy, wide optical window transparency range, and higher rare
earth solubility [9]. These glasses show good thermal and chemical
stability, as well as a low melting point temperature [10]. These
characteristics suggest tellurite system to be used in solar cell for
matching the solar emission spectrum to the semiconductor cell. In
fact, its high refractive index can contribute to minimize the energy
loss due to the light reflection in the glass-solar cell interface. Other
marks are that it is not hygroscopic, it is easy to synthesize, and
depending on the sample composition, the phonon energy can be
reduced significantly without changing much its refractive index.
For practical application, tellurite glasses are promising because
they exhibit some facilities to be deposited as film in
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semiconductor cell [11].

The fluorescence quantum yield is one of the most important
optical parameter of the luminescent ions, which measures the
conversion of absorbed photons into emitted photons. Owing to its
relevance, independently of the optical device, it has been deter-
mined by different methods, as integrating sphere [12], laser-
induced optoacoustic spectroscopy [13], calorimetry [14], photo-
acoustic [15], thermal lens spectroscopy [16] and others. Each
method has its own restriction for better determination of 7, so that
an absolute value with minimum error is often difficult.

In some Yb>*-doped systems, n has been determined by the
relation between the experimental and radiative lifetimes. In this
case the main difficulty is the measurement of a correct Yb>* life-
time due to the energy trapping effect [17]. This situation, for
example, can be avoided by using Photothermal methods, where
the sample is excited with a laser beam and, after absorption of the
photon energy, measurement of the dynamic process of the fraction
of absorbed energy converted into heat (¢) in the sample is per-
formed. In other words, the non-radiative transitions are measured
and related to the radiative ones. The evaluation of the fraction of
radiative and nonradiative processes in fluorescent materials has
shown to be an advantageous alternative route to determine 7.

Among the photothermal methods, the thermal lens spectros-
copy (TLS) is an effective technique that has been used for 7
determination in rare-earth doped materials as described by Baesso
et al. in 1998 [16]. In this work, the concentration quenching of
Nd3*+-doped low silica calcium aluminosilicate glass was measured
and compared to theoretical 5 calculation. After that, Lima et al. [ 18]
applied TLS in Nd3*-doped ZBLAN glass by using multiwavelengths
for excitation of the samples, so that no reference sample (undo-
ped) is required, as firstly proposed by Baesso et al. Lastly, Jacinto
et al. [19] combined the TLS with experimental lifetime data in
order to also determine n for Nd>*-doped phosphate, fluo-
rozirconate and fluoroindate glasses. This methodology proved to
be very simple and does not require comparison with a reference
sample or the use of multiple excitation wavelengths.

In this work, two sets of Yb>"-doped tellurite glasses were
synthetized and optically characterized. The Yb3* fluorescence
quantum efficiency was measured by using the TLS in different
experimental configurations: with a reference sample, by using the
multiwavelength form and the normalized lifetime thermal lens
methodology. With this systematic study, a correct value for 7 is
found, turning opportune a discussion on the Yb** concentration
quenching in binary tellurite glasses.

2. Materials and methods
Binary tellurite glasses doped with ytterbium were prepared by

the conventional melt-quenching method in the composition listed
in Table 1. The reagents (Li;CO3 99% purity VETEC; TeO, > 99% and

Table 1

Yb,03 99.99% purity, Sigma-Aldrich) were weighed out, mixed in
an agate mortar, and melted for 30 min in air in a platinum crucible
at 850 °C for TL and 880 °C for TW glasses. The melt was poured
into a stainless steel mold pre-heated near the glass transition
temperature (Tg). Subsequently, after thermal relaxation, the mold
containing the glass was placed in a furnace for annealing in order
to reduce the mechanical stress caused by thermal shock. The
annealing was continued for 5 h at the same temperature (~Tg),
after that the glass was slowly cooled to room temperature. Finally,
the produced glasses were cut and polished to different thicknesses
in according to the demands of each experiment.

The sample densities (p) were determined at room temperature
by Archimedes' method, using distilled water as the immersion
liquid. The energy dispersive spectroscopy (EDS) was realized using
a scanning electron microscope (SEM), Carl Zeiss EVO LS-15,
equipped with an Oxford Inca X-act detector (Oxford In-
struments, Abingdon, Oxfordshire, UK). From p values, the calcu-
lated nominal ionic concentrations (Ncgjcylated) cOuld be determined
with an uncertainty < 5%.

Ground state absorption spectra were obtained in the range of
300—1100 nm using a Cary 50 UV—Vis—NIR spectrophotometer.
The near infrared emission intensities were measured by exciting at
920 nm with a Ti:sapphire laser pumped with a Verdi laser at
532 nm. The fluorescence signal was transmitted through an optical
fiber to a spectrometer (Model MAYA 2000 Pro, Ocean Optics),
which was previously calibrated in terms of its spectral response.
Measurements of the 2F5/2 level luminescence lifetime were per-
formed using a pulsed OPO laser (Surelite, Continuum SLI-10). In
addition, Raman spectra were obtained by confocal microscopy
BX51-Voyage, with 150 mW of laser excitation at 785 nm and
resolution of 3.0 cm™ .

The mode-mismatched dual-beam TLS configuration was used
to measure 7 of the Yb*>*-doped tellurite glasses. In this setup, a
tunable Ti:sapphire laser was used as the excitation source, and a
HeNe laser at A, = 632.8 nm was used as probe beam. Further de-
tails of the TLS experimental setup have been described previously
[15,17,18].

3. Results and discussion

Fig. 1 shows the absorption coefficient («) spectra in the
UV—visible—NIR regions and the ytterbium emission spectra, with
excitation at 920 nm, obtained for the 4.0 mol % of Yb>*-doped TL
and TW glasses. The inset shows the linear dependence of « at
950 nm in function of the Yb amount determined by EDS technique
(values listed as Niegsured in Table 1). This linear behavior indicates a
satisfactory incorporation of the ion into the glass, with Yb con-
centration higher into the TW matrix than TL one. Our assumption
is that Yb,03 act as glass network modifiers more effectively in TW
than TL host, creating a variety of dopant sites together with the

Nominal sample composition and Ytterbium concentration in mol%, volumetric density (p), calculated and measured Yb concentration (N), luminescence quantum efficiency
determined by conventional (7)), multiwavelength (7;u14) and normalized lifetime (7,0rm) thermal lens methods. The uncertainty in p, Negicutated and Nieasurea are 0.1%, 0.1%

and 1%, respectively.

Sample Yb,03 p Nealculated Nrmeasured Nref Nmulti MNnorm
(mol%) (mol%) (g/cm?) (10%° jons/cm?) (10%° jons/cm?) (%) (%) (%)
80%Te0,:20%Li,0 0.5 498 2.2 1.8 98 +9 93+9 90 +9
(TL) 1.0 5.01 4.4 3.6 94 +9 81+8 89+9
2.0 5.06 8.8 7.4 88 +9 78 £ 8 81+8
4.0 5.18 173 14.6 76 + 8 66 +7 67 £7
80%Te0,:20%WO0s3 0.5 5.97 2.1 2.6 85+9 96 +9 92+9
(TW) 1.0 5.99 4.1 4.5 80+ 8 87 +9 89+9
2.0 6.03 8.1 8.6 68 +7 76 £ 8 81+8
4.0 6.29 16.6 15.7 61+6 74+7 68 +7
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Fig. 1. Absorption coefficient and emission spectra for the 4.0 mol% Yb**-doped TL and
TW glasses. The inset shows the Yb concentration dependence of the absorption co-
efficient at 950 nm for both TL and TW glasses.

glass formers. This is facilitated due the chemical proximity among
Yb and W (atomic mass, electronegativity, etc). In this case, it can be
expected that Yb can exhibit different electronic configuration in
TW, so that in the total of ion concentration, the Nyegsureq by EDS is
higher in TW than TL host. Another important feature noted is that
the Yb absorption and emission exhibit transitions between four
stark manifolds of the 2F;, and three of 2Fs states, which
depending on the glass host are not easy to be defined at room
temperature.

A last interesting feature in Fig. 1 is the red shift noted to the
fundamental absorption band in the UV region when TW is
compared to TL glass. The observed reduction in the transparence
window for TW glass is due to the influence of W atom into the
crystalline field of the host, which is also responsible to an increase
in the phonon energy of the host. Both the obtained Raman spectra
for TW and TL glasses are plotted in Fig. 2. The W—0~ and W=0
bonds of WO4 and WOg units are observed around 920 cm™,
defining the phonon energy of TW glass [5], while for TL glass the
phonon energy is around 750 cm™, corresponding to the stretching
vibrational mode of Te—O in the trigonal-pyramid units [20]. From
the spectra it can be noted that the ratio of the intensities of ab-
sorptions associated to the TeO4 trigonal bipyramid units (at
~670 cm™!) and TeOs_13 trigonal pyramid units (at ~750 cm™!) is

v (Te-O-Te) and v (O-Te-0O)
v (Te-O-Te) and v (O-Te-0) (trigonal-pyramid)
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Fig. 2. Raman spectra for the TL and TW glasses.

higher in TW than TL glass, what is also related to the observed red
shift in the fundamental absorption band.

By the emission spectra in Fig. 1, the average emission wave-
length (Aem) = 1003 and 1004 nm were determined for TL and TW
glasses, respectively. As it will be discussed later, this parameter is
very important to calculate the fluorescence quantum yield (n) by
the TLS methodology. The emission spectra were also calculated by
the reciprocity method [21,22] and a difference in the total emis-
sion area lower than 3% could be determined when compared to
the experimental spectra. As expected for Yb ion, there is an overlap
among the absorption and the emission spectra around the zero
phonon line, which contributes to the Yb re-absorption mechanism
(effect of radiation trapping). This fact turns difficulty to measure
with precision the emission spectrum and to determine the Yb3*
lifetime.

In order to determine a precise 7 value for the Yb-doped tellurite
sample sets, TLS was performed in different procedures: firstly, n
was determined by using the conventional method in which a
reference sample (undoped sample) is used to normalize the signal
between the doped and undoped samples [16]; secondly, the TLS
was applied in the multiwavelength form, in which no reference
sample is required, and only the doped one is excited at different
wavelengths in the ion absorption region [18]; after that, the TLS
was combined with lifetime measurements to use the called
normalized lifetime method [19]. The TLS methodology is based on
a laser-induced thermal lensing effect in a partially transparent
medium when the excitation laser beam passes through the sample
and the absorbed energy is converted into heat, changing the op-
tical path length, s, and producing a lens-like optical element in the
sample. The propagation of the probe beam laser through the
heated region will result in either a spreading (ds/dT < 0) or a
focusing (ds/dT > 0) of the beam, depending mainly on the tem-
perature coefficients of the thermal expansion and electronic
polarizability of the sample. The theory described by Shen et al. 23]
and that has been used in our study treats the thermal lens effect
through the calculation of the temporal evolution of the sample
temperature profile AT(r, t), caused by a Gaussian intensity distri-
bution of the excitation beam.

To turn clearer the discussion, firstly it will be shown the results
obtained using a reference sample. In this procedure, both undoped
and Yb-doped tellurite sample sets were excited at 950 nm and the
thermal lens signal was probed with a HeNe laser at 632.8 nm.
Some values to the thermal lens signal, §, were obtained for
different excitation powers, P, in order to find a better value to the
ratio 4/P for each sample. In the same sample position, the relation
between the incident (P,) and transmitted (P) power was measured
to determine the absorption coefficient («) with the well-known
Beer's law relation: P = Po(1 — R)?exp(—al), in which L is the
sample thickness, R = [(n — 1)/(n + 1)]? is the reflectance and n the
refractive index at the excitation wavelength, A.x.. With these
experimental data, the parameters @ = f/PaL.gwere determined to
the undoped (Oundoped) and Yb-doped (®gopeq) samples. Here,
Lefr = [1 — exp(—al)]/a needs to be used for high values of a. By
dividing Ogoped by Oundoped the fraction of the absorbed energy
converted into heat (¢) is determined, which is related to n by:
@dopedl@undoped = ¢ =1 — n(Aexc/{Aem)), With (Aem) being the average
emission wavelength. Although it was possible to measure 6/P for
both undoped TL and TW samples, their absorption coefficient
values could not be determined because the very low value at
950 nm. The experimental error is higher than the obtained value.
To solve this problem we can use a thick sample to determine a
more precise value to the relation P/P,, or the TLS can be performed
with excitation in a region where the absorption is higher, as in the
visible region, since the sample must not present luminescence.
The latter was recently used to determine @ values for the undoped
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TL[24] and TW [7] glasses. By exciting them at 514 nm the obtained
values were @Zﬁdoped = (26x1) W™! and @andaped = (37x4) WL
With these values it is possible to estimate the absorption coeffi-
cient at 950 nm, which are 0.056 and 0.061 cm™~! for the TL and TW,
respectively. In fact, these low values are very difficult to be
measured. This is the main difficulty in using the conventional TLS
with a reference sample to measure the fluorescence quantum ef-
ficiency. By using our previous data for the reference undoped
samples, the 7 values were determined and are listed in Table 1 as
Nref- A discussion on the concentration quenching and the obtained
Nref values will be done latter, after all the results are shown.
Following, the multiwavelength TLS was performed in the Yb-
doped samples. In this procedure, the samples were excited at
different energies between 928 and 970 nm, and the Ogopeq = 0/
Paleg values were obtained in function of the excitation wave-
length. As mentioned before, § values were obtained for different
excitation powers in order to find a better value to the ratio §/P. The
product aLey was measured for each excitation wavelength, by
following the Beer's Law methodology described above. The @gqped
data for the doped Yb3>*-doped TW glasses are shown in Fig. 3,
which are similar to those obtained for the Yb>*-doped TL glass
(not shown). The observed linear decrease in ®gopeq With the
excitation wavelength is expected since the fraction of the absorbed
energy converted into heat also decrease. From a linear fit of the
experimental data was possible to find the linear and angular co-
efficients, so that, by relation Ogoped(Aexc) = Oundopedll — N(Aexc/
(%em))], m can be determined for the doped glasses. The linear co-
efficient is used to characterize the thermo-optical parameters of
the undoped sample. The linear coefficient is in fact ®ypgoped = (1/
ApK) ds/dT, in which A, is the probe wavelength, K is the thermal
conductivity and ds/dT the temperature coefficient of the optical
path length. From linear fit, the average values of the linear coef-
ficient of TL and TW glasses were determined, providing
Oundoped = (36 + 6) and (55 £ 9) W1, respectively. These values are
higher than those ones determined before by measuring the
undoped samples. Our hypothesis to this discrepancy is that the
angular coefficient in Fig. 3 is a very little parameter. Besides, as the
linear coefficient is defined at Aoy = 0, it is far from the excitation
region, which can be considered very short. The consequence is
that a small increase in @ggpeq can be observed from Aexc = 970 to
928 nm, independently of the Yb concentration. This increase is

Linear fit TW:x mol% Yb'*
20 x= 7

SRS .

doped

930 940 950 960 970
Excitation wavelength, 2 (nm)

Fig. 3. Normalized thermal lens signal in function of the excitation wavelength for
different Yb** concentrations in TW glass.
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Fig. 4. Normalized thermal lens signal in function of the normalized lifetime for both
TL and TW glasses.

related to the Yb>* quantum defect that is proportional to the heat
created in the sample by the pump laser This is an inconvenience to
use this procedure in Yb-doped system. Anyway, in order to
determine the absolute value for 7, the angular coefficients ob-
tained by the linear fit in Fig. 3 were divided by the linear one and
multiplied by the average emission wavelengths obtained by the
emission spectra in Fig. 1. The obtained 7 values for each Yb>*
doped samples by using the multiwavelength TLS are also listed in
Table 1 as Mmuii. Although Oyugopeq is different among the two
methods described before, it can be noted that the obtained 7,rand
Nmuli Values are equal if consider the experimental error. A com-
plete discussion on the absolute value will be given latter.

Finally, the normalized lifetime TLS was used in our samples for
determination of the fluorescence quantum yield, nporm. For this
purpose, the experimental luminescence lifetime, 7, was firstly
measured for each Yb-doped sample by exciting them at 920 nm.
An exponential time dependence of the luminescence decay was
observed for all of them, independent to the Yb concentration, and
for both sample sets there are concentration quenching effect. So,
the fluorescence quantum yield of the samples can be rewritten as
(N = n'T(Np), with T(N) = 7/r being the experimental

1.0 T T T T T T T T T T T T T T T T
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Fig. 5. Average fluorescence quantum yield for TL and TW glasses in function of the Yb
concentration.
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normalized lifetime, 7’ is the quantum yield of some sample of the
set with lifetime 7. As reported by the authors who developed the
present method, the experimental lifetime can be normalized by
any sample from the set [19]. With this considerations, the
following equation can be rewritten: Ogoped(I") = Oundoped-
[1 = T (Rexc/{Aem))]- It also has a linear behavior, with angular and
linear coefficients related to the fluorescence quantum yield and
the thermo-optical parameters of the sample, respectively. It is
important to mention that in this method, Trad, @undoped and {(Aem)
are constant independent of the ion concentration [19]. The @y,.
ped(I") results are the same used before with the reference sample,
i.e., those obtained with excitation wavelength at 950 nm. Fig. 4
shows the linear dependence of Oggpeq vs I' for TL and TW
glasses, with the red solid lines representing a theoretical linear fit.
By the fit, Oundoped = (23 + 3) and (55 + 2) W! for TL and TW
glasses were obtained, respectively. These values are comparable to
those discussed previously and with those reported in the litera-
ture. By the obtained angular coefficient it is also possible to
determine 4, and consequently, 7. The obtained values are also
listed in Table 1 as nporm. There is a good agreement among the
Nnorm» NMref aNd Nyt values.

In order to discuss the results, in Fig. 5 are plotted the average
values (among Nnorm, Mref and Nmuii values) of n for TL and TW
glasses in function of the Yb concentration. As noted, the values are
higher than 90% for the lowest Yb concentration, independent of
the host glass, and a concentration quenching can be observed
considering the Yb range. The value found for concentrations
<2 x 10%% ions/cm? in TL glass is relatively higher than the values

found by Kassab et al. using the same TLS in other Yb>*-doped
tellurite glasses [25]. This slightly difference, probably, is due to our
glass system has lower phonon energy than the binary, ternary and
quaternary systems reported by the authors.

It is interesting to register that the most usual method for 7
determination is by the relation 7 = Texp/Trad, in Which Teyp is the
experimental lifetime and 7,4¢ is the radiative lifetime. Using this
method, X. Feng et al. investigated the Yb>* fluorescence quantum
yield in different tungsten-tellurite glasses compositions and the
results indicate that 7 depends on the host and can assume values
from 74 to 124%, for the same ion concentration [17]. In this work,
the authors used the reciprocity method [22] to find 5, and they
mention that is difficult to determine 7,44 and also the emission
line-shape for these samples, mainly due to the known effects that
are intrinsic in Yb-doped systems, such as: indirect non-radiative
decay, quenching by OH™ impurities, migration-enhanced decay
and radiation trapping [26]. In this case, the TLS has advantage on
the investigation based on the lifetime, once 7 is determined by the
fraction of the absorbed energy converted into heat in the sample,
which is related to all non-radiative undesirable effects reported
before.

It is known that the Yb3* concentration quenching observed in 7
can be understood mainly by the following channels: i) energy
transfer between ions (including impurities); ii) ion-host interac-
tion; iii) energy trap by defects, such as OH™ [27]. As impurity ions
in Yby03, the manufacturer describes the Er,03 as probable, which
has absorption level that overlaps with the Yb one, contributing to
the energy transfer process. Considering this, Fig. 6(a) was prepared
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to represent the partial energy diagram of Yb>*, Er>* and TL and
TW hosts for our discussion. By the figure it is possible to note that
when Er** is present into the host as impurity, there is a possibility
of energy transfer between Yb>* and Er>*, so that the higher energy
level of Er** can be promoted. In order to check whether Er** is an
impurity in the system, 4.0 mol% of Yb>* doped TL and TW glasses
were excited to observe the Er’* visible emission. In Fig. 6(b) the
visible emission spectrum is plotted (solid line) for TL glass for
excitation at 489 nm, which is characteristic of the Er>* ion. When
the TL glass was excited at 930 nm, similar visible emission
(upconversion effect) was also observed (dot-dash line), indicating
the energy transfer mechanism between Yb>*-Er3*. Similar spectra
were also obtained for TW glass, but the visible emission intensities
are considerably lower (not shown). The reasons for this is that the
ion-host interaction is more pronounced in TW than TL host, due to
the overlap among the Er** emission levels and the TW host (see
Fig. 6(a)). Finally, as hundreds of ppm of OH™ impurities are present
in both glasses, as shown in Fig. 6(c), they can also contribute to the
observed concentration quenching.

As mentioned, ®yndopeqd is related to the host intrinsic parame-
ters, with K dependent on the thermal diffusivity (D) of the sample
by K = pCD, in which p is the volumetric density (see Table 1) and C
is the specific heat of the sample [28]. Once D can also be deter-
mined during the TLS procedure, we investigated the obtained
values for TW and TL glasses, which were (2.1 + 0.1) and
(2.6 + 0.2) x 1073 cm?s, respectively, independent of the Yb con-
centration and the used TLS methodology. The thermal diffusivity
for TL glass agrees to the literature reported value [8]. This
considerable difference (~19%) among D values for the two sample
sets, are from the same order of the difference obtained in the
densities (~17%), so that is reasonable to suppose that K is practi-
cally the same for all studied sample (see densities values in
Table 1). With these considerations and using an average value for
(B mioped) = 49 W1, ds/dT ~2.0 x 107> K" was estimated for TW
glass, which is practically twice higher than the value for TL glass
[24].

4. Conclusions

Within the experimental limitation of each TLS procedure, it is
possible to affirm that the fluorescence quantum yield for low ion
concentration in both Yb>*-doped tellurite hosts are high (>90%).
The obtained values are higher than those reported for other tel-
lurite glasses (~80%). Although the studied Yb>*-doped samples
exhibit concentration quenching due to impurities, OH™ and ion-
host interaction, its effect on the fluorescence quantum yield is
not so strong, indicating that TL and TW tellurite glasses can be
synthetized with Yb3>* concentration >1.6 x 10?! ions/cm>. This is
interesting for the use of the Yb®* ion as activator in a co-doped
tellurite system for application as spectral matching in Silicon so-
lar cells.
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