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This work reports on the Yb®* ion addition effect on the near infrared emission and infrared-to-visible
up conversion from planar waveguides based on Er’*-Yb?* co-doped Nb,Os nanocrystals embedded in
SiO,-based nanocomposite prepared by a sol-gel process with controlled crystallization in situ. Planar
waveguides and xerogels containing Si/Nb molar ratio of 90:10 up to 50:50 were prepared. Spherical-like
orthorhombic or monoclinic Nb,Os nanocrystals were grown in the amorphous SiO,-based host
depending on the niobium content and annealing temperature, resulting in transparent glass ceramics.
Crystallization process was intensely affected by rare earth content increase. Enhancement and broad-
ening of the NIR emission has been achieved depending on the rare earth content, niobium content and
annealing temperature. Effective Yb>* - Er>* energy transfer and a high-intensity broad band emission
in the near infrared region assigned to the Er** ions *I13/—“l1s)> transition, and longer “Iy3, lifetimes
were observed for samples containing orthorhombic Nb,Os nanocrystals. Intense green and red emis-
sions were registered for all Er**-Yb>* co-doped waveguides under 980 nm excitation, assigned to
2Hy1j2 - *hsp2 (525 nm),*S3)2 - *11s2 (545nm) and *Foj, — *I1s2 (670 nm) transitions, respectively. Differ-
ent relative green and red intensities emissions were observed, depending upon niobium oxide content
and the laser power. Upconversion dynamics were determined by the photons number, evidencing that
ESA or ETU mechanisms are probably occurring. The 1931 CIE chromaticity diagrams indicated inter-
esting color tunability based on the waveguides composition and pump power. The nanocomposite
waveguides are promising materials for photonic applications as optical amplifiers and WDM devices
operating in the S, C, and L telecommunication bands; and as upconverter materials for visible upcon-
version lasers, biomedical applications, energy conversion for solar cells and others.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

number of areas as telecommunication, energy, medical and bio-
medical, environmental, optics, applications to quantum infor-

Concerning technological applications in photonics and bio-
photonics, lanthanide doped compounds represent today one of
the most important class of materials which can be used in a huge
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mation processing, among others [1-3]. Considering the lantha-
nide ions, Er>* ions are particularly interesting as near infrared
(NIR) emitter (around 1550 nm) [2,4,5], which are applied as main
active component in Erbium-Doped Fiber Amplifiers (EDFAs) and
Erbium-Doped Planar Waveguide Amplifiers (EDPWAs) for tele-
com. In the case of EDPWAs there is nowadays a considerable
effort in research of new materials, compositions and methods for
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the development of optical devices with broader emission to cover
not only the C-telecommunication band but also allow its opera-
tion in the S- and L- bands [6].

The sol-gel method has been employed for development of
lanthanide doped photonic materials, and, with respect to Er**
doped planar waveguides, SiO,-M,0, binary oxides (M=Ti, Zr, Hf,
Ta, and Nb) have been successfully described in literature. SiO, has
interesting properties concerning chemical durability, transpar-
ency at 1.5 pm, in addition to its well established use in photonic
applications as optical fibers and amplifiers. Besides, the addition
of transition metal oxides in SiO, enables control of many prop-
erties such as refractive index, mechanical and structural proper-
ties. As a consequence, the distribution of lanthanide ions in a
confined microenvironment, which exhibits lower phonon energy,
higher refractive index, higher solubility of lanthanide ions, gives
rise to particular interesting luminescent properties. In this sense,
the optical properties and their correlation with structural features
of SOl—gel 5102—T102 [7,8], 5102—Hf02 [9—]4], 5102—21'02 [15—18],
Si0,-Ta,0s5 [6,19] and SiO,-Nb,0s5 [20,21] have been reported in
the last years for NIR applications. In previous papers [20,21], we
have described in details the NIR luminescence properties of
Er**-doped Si0,-Nb,Os; nanocomposites and pointed out a
broadening of emission even though the Er>* ions are located in
Nb,Os nanoparticles. This unique and unusual broadening in a
specific glass ceramic material, has been explained owing to the
particular complex orthorhombic crystalline structure of the nio-
bium oxide [21]. Regarding lanthanide hosts, Nb,Os has important
characteristics, such as transparency over a wide range of wave-
lengths, low cut off energy (<900 cm™), high refractive index,
and the possibility of incorporating high concentrations of lan-
thanide ions. Nb,Os has also different polymorphic structures,
which can modify the materials properties, like luminescence
[22,23]. Moreover, the addition of Nb,Os can reduce the presence
of OH groups, which quenches the rare earth luminescence and
results in shorter excited state lifetime [24].

With respect to the broadband NIR emission of Er’*-doped
materials, most of the results concern tellurite glasses [25,26].
However, it is difficult to obtain low-loss planar waveguides with
these materials, especially when a soft chemistry synthetic route is
employed. Therefore, obtaining broadband emission in silica-
based glass ceramic represents an important advantage.

The addition of Yb3>* ions as sensitizers of Er’>* has been
extensively reported in literature [27]. Yb>* ions have a higher
cross-section at 980 nm and their 2F5/2—>2F7/2 transition and the
*I15/2— *l11)2 transition of Er** ions are nearly resonant, allowing
an efficient energy transfer, which can enhance the NIR lumines-
cence. Moreover, upconversion (UC) processes can take place
efficiently. The upconversion phenomena was firstly explained in
1960's [28], and although a huge number of works have been
devoted to UC processes [28,29], today many distinct applications
such as visible range lasers [30], energy converter for solar cells
[31-33], displays [34] and biological markers [35-37], among
others are very actively studied. Most of the works investigating
UC are related to halide crystals [29], glasses and glass ceramics,
particularly oxyfluorides, phosphates, germanates and tellurides
bulks and fibers [38-44]. Only a very few investigations are related
to films and planar waveguides [45-47]. Planar waveguides with
intense UC can be extremely interesting for obtaining a compact
laser using low cost diode lasers as a pump source, not to mention
its potential as solar concentrators [48]. As far as we know, there
are no other literature reports on UC emission on Er>*-doped and/
or Er3*+/Yb3*co-doped SiO,-Nb,Os materials. Beside of this, in
this work, it was demonstrated the possibility of multicolor tun-
ability based on the waveguides composition and pump power.
The luminescence combined with optical properties of the planar
waveguides make them potential materials for photonics.

One of the main concerns of this study is related to the effect of
the Yb3>* addition on structure and its correlation with lumines-
cent properties of Er’* doped Si0,-Nb,Os nanocomposites and
planar waveguides, which are prepared by the sol-gel method. As
the luminescence features are strictly dependent on the matter
structure, i.e., symmetry occupied by lanthanide (Ln®**) ions,
ligand/crystal field, refractive index, host phonon energy, and ion-
ion (Ln®>*) distance, enhancement and broadening of the NIR
emission has been achieved depending on the lanthanide and
niobium content and annealing temperature. The structural
change caused by lanthanide content increase, through Yb>*
addition, and its effect on the NIR luminescence of Er®* are
carefully discussed. Multicolor tunability of enhanced UC emission
has been evaluated as a function of the laser power source and
composition.

2. Experimental procedure

Er3*-Yb3* co-doped (1 —x)-SiO,-xNb,05 nanocomposites and
waveguides were prepared by the sol-gel method. The starting
precursors were Niobium ethoxide (Aldrich - 99.95%) and Tetra-
ethylorthosilicate, TEOS (Merck-98%). ErCls and YbCl; were used as
Er3* and Yb3* ions precursors, which were obtained from their
respective oxides by dissolution in 0.1 mol L~ HCl aqueous solu-
tion, followed by careful drying and addition of anhydrous ethanol,
resulting in a stock ethanolic solution. Solutions with a total
concentration of Si+Nb equal to 0.448 mol L~ were obtained at
Si:Nb molar ratios of 90:10, 80:20, 70:30, 60:40, and 50:50. The
Er’* and Yb>* ions concentrations were 0.3 mol% and 1.2 mol%
respectively (with respect to the total concentration of Si+Nb).

The Si precursor solution (solution 1) was prepared using TEOS,
anhydrous ethanol, and HCl at a 50:1 TEOS/HCI volume ratio.
Solution 2, containing the Nb precursor, was prepared from a
mixture of niobium ethoxide and 2-ethoxyethanol, at a 10:1
2-ethoxyethanol/niobium ethoxide volume ratio, and Er** and
Yb3* ions were also added. Afterwards, solutions 1 and 2 were
mixed and the final solution was kept under stirring at room
temperature for 30 min. Lastly, a 0.27 mol L~! HCl aqueous solu-
tion was added at room temperature, at a 1:0.007 TEOS/HCl molar
ratio. The final solution was filtered through a 0.2 um Millipore
filter and left to stand for 16 hrs. The waveguides were deposited
onto silica on silicon substrates (10 um SiO,-Si(100) p-type) by
dip-coating technique, at a dipping rate of 30 mm/min. After each
deposited layers, the waveguides were annealed for 60 s at 900 °C,
until 50 layers were achieved. The waveguides will be labeled as
W1-WS5 from now on for Si:Nb molar ratios of 90:10, 80:20, 70:30,
60:40, and 50:50, respectively.

After the waveguides deposition, the solutions were main-
tained at room temperature for about 60 days, for xerogel for-
mation. The resulting xerogels were then ground to powder and
annealed in an electrical furnace at 900, 1000 and 1100 °C for
10 hrs. The (1—x)SiO,-xNb,0s nanocomposites obtained will be
labeled as S1-S5 from now on for Si:Nb molar ratios of 90:10,
80:20, 70:30, 60:40, and 50:50, respectively.

The X-ray diffraction (XRD) analyzes were carried out on a
Siemens-Bruker D5005-AXS diffractqmeter, with CuKa radiation,

graphite monochromator, A=1.5418 /e\, at 0.02°/s, in the 5-80° 20
range. The photoluminescence (PL) spectra in the near infrared
region (NIR) were registered on a spectrofluorometer Fluorolog 3-
222 (FL3-222) Horiba Jobin Yvon equipped with a cooled Ge
detector (77K, liquid N;), and the excitation source was a 980 nm
diode laser with power of 800 mW and 2000 mW for the wave-
guides. Luminescence NIR decay curves were recorded using a
pulsed excitation at 980 nm provided by an OPO pumped by a
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tripled Nd:YAG laser (Ekspla) producing 10 ns pulses and by
recording the signal with a digital oscilloscope. The upconversion
emission spectra were recorded using a 980 nm diode laser for
excitation and a spectrometer (AVASpec-1024TEC). Signals were
collected using an integrating sphere and optical fiber, and the
setup, including the integrating sphere and spectrometer was
calibrated with a halogen tungsten lamp (10 W tungsten halogen
fan-cooled Avalight-HAL) [32]. All the measurements were per-
formed at room temperature.

3. Results and discussion
3.1. Nanocomposites

3.1.1. Structural properties

The structural study will be presented in detail because it is
fundamental to understand the luminescent properties. Even
though the structural features, i.e., the Nb,Os crystallization, are
very close to those already reported by some of us for the
(1-x)Si0,-xNb,0Os nanocomposites [20,21], the higher rare earth
content with the Yb>* ions addition promotes some crystallization
change, which will affect the luminescence. The X-ray diffracto-
grams of all the Er**/Yb®>* co-doped (1—x)SiO,-xNb,O5 nano-
composites (S1-S5) annealed at 900, 1000, or 1100 °C are shown in
Fig. 1(A)-(C), respectively. A large background between 15° and
40° in 20, with two maxima at 23° and 29°, was detected in the
diffractogram of sample S1 in Fig. 1A, which corresponds to the
amorphous silica-based host (JCPDS Card number 029-0085). In
addition, the two maxima overlapping this silica halo at 23° and
29°, indicates initial Nb,Os crystallization. Comparing with the
previous paper [21] where no diffraction peaks related to the
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crystalline Nb,O5 were detected for the analogous S1 sample, this
represents the first evidence that the amount of rare earth ion
participates in the crystallization process and glass ceramic for-
mation. This peak becomes more pronounced with increasing
Nb,Os content, as well as a decrease of the background intensity,
which can be directly associated with partial crystallization.
Finally, for samples S4 and S5, better-defined peaks were
observed, which can be attributed to orthorhombic Nb,0Os, known
as the T-phase (JCPDS 01-071-0336) or y-phase [21,22,49], similar
to the one observed on (1-x)SiO,-xNb,Os nanocomposites
(doped with lower RE content) [21]. The diffraction peaks of S4
and S5 nanocomposites annealed at 900 °C are comparable to that
of pure Nb,Os heated at 600 °C, which crystallizes in the orthor-
hombic T-phase, as observed before [21].

Fig. 1(B) depicts the XRD diffractograms of samples S1-S5
annealed at 1000 °C. T-phase formation can also be observed,
mainly for samples S3-S5, which display higher crystallinity and
well defined diffraction peaks. Compared with the S1-S5 samples
annealed at 900 °C, there is a decrease in the line width, indicating
larger crystallite size upon rising temperature.

For the samples annealed at 1100 °C shown in Fig. 1(C), an
Nb,Os crystalline phase transformation could be observed for
samples S2 to S5. The peaks can be attributed to monoclinic
Nb,Os, named M-phase and also known as [-phase (JCPDS 00-
019-0862) [21,22,49]. In the previous paper [21], practically com-
plete conversion of the T-phase into M-phase was observed for
Er*-doped nanocomposites. Nevertheless, in the present work,
additional intense diffraction peaks compared to the ones of M-
phase could be observed, which can be attributed to T-phase, and
are marked with an asterisk (*) symbol in Fig. 1(C). The sample S1
remained mainly amorphous, still showing a large background,
even for this annealing temperature.

w
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Intensity (arb.units)

10 20 30 40 50 60 70
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Fig. 1. X-ray diffractograms of 0.3 mol % Er*>*/1.2 mol% Yb®>* co-doped (1-x)SiO,-xNb,0s nanocomposites (A) S1, S2, S3, S4 and S5 annealed at 900 °C; (B) S1, S2, S3, S4 and
S5 annealed at 1000 °C; and (C) S1, S2, S3, S4 and S5 annealed at 1100 °C.
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Accordingly, it has been concluded that the higher amount of
Ln3* not only favor the T-phase crystallization at lower tem-
peratures (in the case of samples S1 and S2), but also a T-phase
stability at higher temperature (1100 °C), occurring only partial
phase transformation to the M-phase. This small but significant
structural change gives an indication of the Ln3* ions distribution
preferably in the niobium oxide host.

3.1.2. NIR photoluminescence spectroscopy

A broad NIR emission was observed for the nanocomposites
S2-S5. Luminescence spectra for the nanocomposites annealed at
900, 1000 and 1100 °C are depicted in Fig. 2(A)—(C), respectively.
The only exception is the sample S1 that showed a luminescence
quenching as a consequence of multiphonon relaxation due to the
presence of OH groups.

>
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The maximum peak around 1530 nm observed for all the
samples can be assigned to the 4113/2 —»4115/2 transition of Er®*
ions. The inhomogeneous broadening indicates the presence of
Er** ions in different sites of the nanocomposite structures com-
bined with Stark splitting. Analysis of the spectra reveals a clear
shape and bandwidth dependence on the niobium content and
annealing temperature. The full width at half-maximum (FWHM)
values are presented in Table 1. For sample S2, annealed at dif-
ferent temperatures, the FWHM values were similar, in agreement
with the XRD analysis, where practically only the orthorhombic
crystalline phase is formed (T-phase), even at 1100 °C, presenting
very few peaks that can be attributed to M-phase. So, the Er*+
ions are occupying sites of the same crystalline structure. For S3
sample, the FWHM values also corroborate with XRD analysis,
i.e., at 900 and 1000 °C, the T-phase crystallizes, with higher

B

1000°C

S3
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4
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Fig. 2. NIR photoluminescence spectra relative to the I3, —“l;s> transition of the Er** ions of 0.3 mol% Er**/1.2 mol% Yb>* co-doped (1-x)SiO,-xNb,0s nanocomposites
annealed at: (A)900 °C, (B) 1000 °C and (C) 1100 °C for 10 hrs upon excitation at 980 nm.

Table 1

FWHM and 4113/2 excited level lifetime values comparison for Er>*/Yb>* co-doped (1—x)Si0,-xNb,0s nanocomposites S2, S3, S4 and S5 annealed at 900 °C, 1000 °C and

1100 °C.

Samples (°C) Main emission peak

FWHM (nm) 4113,2 excited level lifetime (ms) (tye) +0.1 ms 4113,zexcited level lifetime (ms) (2nd order exponential)

(nm) + 0.1 ms
S2 - 900 1531 83 3.0 1.4/6.0
S2 - 1000 1532 80 2.6 1.1/5.0
S2 - 1100 1533 86 14 0.9/4.9
S3 - 900 1530 76 3.6 14/5.4
S3 - 1000 1532 86 24 1.2/5.2
S3 - 1100 1533 65 11 0.2/3.7
S4 - 900 1530 89 2.6 1.3/4.1
S4 - 1000 1534 89 1.5 1.1/4.2
S4 - 1100 1533 58 0.5 0.3/4.0
S5 - 900 1530 86 2.0 1.0/3.1
S5 - 1000 1534 63 0.4 0.2/3.3
S5 - 1100 1534 59 0.2 0.3/3.1
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crystallinity for the latter, and at 1100 °C, an admixture of T- and
M-phases occurs. Because of that, the FWHM values are much
higher for the samples annealed at 900 and 1000 °C and decrease
for 1100 °C. This behavior also can be clearly observed on Fig. 3
(A) where the spectra at 900 and 1000 °C shown similar shape,
while a different shape of spectra was observed for 1100 °C. For
samples S4 and S5 there was a decrease in the FWHM values even
for 1000 °C, which can indicate an admixture of phases being
already formed for this annealing temperature, although we did
not observe it by XRD analysis.

The behavior observed on the FWHM values indicates that Er**
ions are occupying Nb,Os-rich environment with different poly-
morphs, as it was well described in a previous paper [21]. As reported
in the literature, the orthorhombic T-phase presents niobium ions in
different pentagonal bipyramids and octahedral symmetry sites,
while in the monoclinic phase the metal ions occupy octahedral
symmetry sites, in a more ordered crystalline phase. The distribution
of Er** in orthorhombic Nb,Os nanocrystals, with substitutional or
interstitial doping host, explains the large FWHM values of about
84 nm observed for the samples containing the respective phase [21].
Accordingly, inhomogeneous broadening reduction for the Er’*
emission has been observed when the lanthanide ions are located in
monoclinic Nb,Os host [21].

Another contribution to the inhomogeneous broadening is the
distribution of Er** ions bonded to SiO™ terminal groups. In this
kind of nanocomposite, the addition of niobium to the silica net-
work can promote rupture, with formation of Si-O-Nb linkage and
terminal Si-O~ groups. Also, higher amount of rare earth ions can
promote some disruption, and consequently bonds between lan-
thanide ions and terminal oxygen (Si-O~) can also be established
in different microenvironments, contributing to broadening of the
emission spectra, which has already been reported for pure SiO,
[50]. Since the inhomogeneous broadening observed here is very
close to those of Er’* in pure Nb,Os, this effect can be
considered small.

The FWHM values of the present work were higher than those
previously obtained in our group in Er**-doped (1 —x)SiO>-xNb,0s
nanocomposites, which can be explained by the influence of Yb*+
ions on the orthorhombic crystallization and stability, as already dis-
cussed. The higher the bandwidth values, the higher the number of
WDM channels, resulting in a more flat-gain region in Er>*-doped
materials, making these materials suitable candidates for WDM and
EDPWA applications, since they can operate not only in the C, but also
in the S and L telecommunication bands.

The huge broadening observed in the emission spectra of Er>*
ion in orthorhombic Nb,Os (84 nm) [21], even in a glass ceramic
system, which is unusual, was higher than other Er’*doped
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SiO,-based host reported on literature, as SiO,-ZrO,, 24-28nm,
[15], and SiO,-HfO,, 20-21 nm [9].

The most important effect caused by Yb>* addition concerns
the enhancement of the Er** emission, which clearly demon-
strates an efficient energy transfer process from the Yb>* to the
Er** ions. Fig. 3(B) shows the comparison of sample S3 annealed
at 900 °C doped only with Er>* ions and co-doped with Er3* and
Yb*+ jons. An enhancement at 1.5 pm of almost one order of
magnitude was observed for the co-doped sample S3, which
contains orthorhombic Nb,Os. Besides, the NIR luminescence
intensity drastically decreases for the samples containing the
monoclinic phase, which has been seen more clearly by the life-
time measurements that will be discussed below.

Fig. 4(A)-(C) shows the photoluminescence (PL) decay curves
for the Er®*/Yb>* (1-—x)Si0,-xNb,Os nanocomposites for the
annealing temperatures of 900, 1000 and 1100 °C respectively, and
the 4[13,2 lifetime values are given in Table 1. A non-exponential
decay can be observed for all nanocomposites, consistent with the
previous discussion about the presence of distinct symmetry sites
occupied by Er** ions. The curves were fitted using a 2"¢ order
exponential. The 74, are also presented on the Table 1. The life-
times decrease as the Nb,Os content increases, in agreement with
what is observed in the photoluminescence spectra, i.e., the Er>*
ions are occupying an Nb,Os-rich environment. The experimental
lifetimes were lower than that exhibited for the Er®*-doped
(1—x)Si0,-xNb,05 nanocomposites [21], as well as the Er>*/Yb3+
co-doped SiO, lifetimes, 10.6 ms [51]; Er>* doped SiO,, 12 ms [52]
and comparable to Er>*/Yb** co-doped pure Nb,Os obtained in
our laboratory, 1.6 ms (not reported here).

Also, it could be observed that increasing the annealing tem-
perature resulted in shorter lifetimes, especially for samples S4
and S5. This observation can be explained by the Nb,Os crystalline
phase transformation, as observed by XRD and luminescence
spectra. At higher temperature, densification is more pronounced
and consequently can promote shorter distances between rare
earth ions, enhancing energy migration processes, and therefore
luminescence quenching, lowering the lifetime values.

3.1.3. Upconversion luminescence

Strong, visible with naked-eye UC luminescence was observed
for the nanocomposites S2-S5 as shown in Fig. 5. Three emission
bands were observed, with maxima at 525 nm, 545 nm (green
emission) and 670 nm (red emission), which can be attributed to
2H11/2 —>4[15/2, 453/244]15/2 and 4F9/2 —>4I15/2 transitions, respec-
tively. As discussed for the NIR emission in the present work and
previous studies [21], the different Nb,Os polymorphs with their
different symmetries also affected the upconversion spectra. An
inhomogeneous broadening was observed in all nanocomposites

900°C
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Fig. 3. (A) S3 spectra annealed at different temperatures (B) S3 NIR spectra comparison between 0.3 mol% Er>*-doped and 0.3 mol% Er**/1.2 mol% Yb>** co-doped

nanocomposites.
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Fig. 4. PL decay curves for the *l;3/; level of Er** ions of 0.3 mol% Er’>*/1.2 mol% Yb*>* co-doped (1-x)SiO,-xNb,Osnanocomposites annealed at (A) 900 °C, (B) 1000 °C and

(C) 1100 °C for 10 hrs.

containing the T phase, whereas, a lower FWHM values were
observed when M-phase crystallizes, as it can be seen in Table 2.

Fig. 5A depicts the S2 spectra for different annealing temperatures.
An increasing UC intensity was observed with increasing temperature
from 900 to 1000 °C, and a decrease in intensity at 1100 °C. As
observed in NIR emission, E>* luminescence from the ions occu-
pying the Nb,Os T-phase is much higher than that from the ions
distributed in the M-phase. Accordingly, the luminescence intensity
in the nanocomposite is directly related to the crystalline changes
evidenced by X ray diffraction, i.e., the formation of T-phase at 900
and 1000 °C, with higher crystallinity and well-defined diffractions
peaks at the latter temperature, and a mixture of T- and M-phases for
the nanocomposite annealed at 1100 °C.

For S3 sample (Fig. 5B) we have observed that the higher
intensity was obtained for the nanocomposite annealed at 900 °C
and the intensity reduces at 1000 and 1100 °C. Although not
observed in XRD analysis, this behavior could be explained by a T-
and M-phases mixture, which would begin to take place even at
1000 °C. The indication of RE cluster formation, as discussed
before, when Er>* jons are distributed in the M-phase, results in
energy migration between rare earth ions followed by lumines-
cence quenching. This effect is clearly observed in samples S4 and
S5 (Fig. 5C and D). More defined Stark's components of the mul-
tiplet are seen in the spectra for the nanocomposites annealed at
1000 and 1100 °C, which indicates that the Er>* ions are occu-
pying a lower number of distinct symmetry sites in the Nb,Os
crystalline phases, typical of Er>* ions in M-phase. The different
niobium content and annealing temperatures directly affect the
upconversion intensity.

In order to elucidate UC mechanisms, spectra upon excitation
at 980 nm with variable power between 35 and 170 mW were
obtained. Fig. 6A shows the S3 nanocomposite spectra annealed at

900 °C which is representative of the behavior observed in all
nanocomposites studied. Red emission was more intense than
green one for the nanocomposites S2-S5. Figs. 6B-E present the
emission intensity (I) as a function of pump power (P) (in a log-log
graph) for nanocomposites S2-S5 annealed at 900 °C. Table 3
shows the results for nanocomposites S2-S5 annealed at 900, 1000
and 1100 °C showing n values around 2 for the green emission.
With respect to the emission centered at 670 nm, a slope of
1.5 was observed in all samples.

A slope about 2 suggests two main possible mechanisms that
have been extensively described in literature [29] for both green
and red UC emissions: Excited State Absorption (ESA) and Energy
Transfer Upconversion (ETU), which are schematically represented
on Fig. 7A. In the framework of the ESA mechanism, the Er3* ions
are excited to the “Iy; 12 level by ground state absorption (GSA) of
the 980 nm pump, where a second photon of same energy is
absorbed to bring the excited ion to the 4F7,2 level, which then
decay non-radiatively to *Hy1j2 and “Ssp, and emit at 545 and
525nm, respectively, corresponding to the 2Hyijz—*hsp,
4S3/2— %152 transitions in the green. The excited ions in *Hy; 2 and
4S3/2 levels can also decay non-radiatively to 4F9/2 and emit in the
red (at 670 nm) through the “Fg; — “I;s> transition. The con-
tribution of this mechanism can be considered low since in the
samples containing only Er** ions (0.3 mol% Er*™*, not reported
here) there is no significant upconversion. In the ETU mechanism,
there are two possible situations. In the first one, two Er>* ions in
the excited state %I, 12 by GSA can exchange energy and while one
of them is excited to *F;; level, the other decays to ground state. In
the other situation one Yb** ion is excited to ?Fsj, and one Er**
ion is excited to “I11;, by GSA, then the Yb®* ion transfers energy
to the Er*™ ion which is excited to *F7j, level. In both cases, the
Er®* ions excited in the “F;; level decay non-radiatively to “Hy;
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Fig. 5. Upconversion emission spectra of the Er>* ions of 0.3 mol% Er**+/1.2 mol% Yb>* co-doped (1-x)SiO,-xNb,O5 nanocomposites annealed at 900 °C, 1000 °C and 1100 °C

for 10 hrs: (A) S2, (B) S3, (C) S4 and (D) S5 upon excitation at 980 nm.

Table 2

FWHM values at 675 and 670nm comparision for Er**/Yb>* co-doped
(1—x)Si0,-xNb,0s nanocomposites S2, S3, S4 and S5 annealed at 900 °C, 1000 °C
and 1100 °C.

Nanocomposites (°C) FWHM at 657 nm FWHM at 670 nm

(nm) (nm)
S2 - 900 12 15
S2 - 1000 12 15
S2 - 1100 12 15
$3 - 900 1 15
S3 - 1000 1 15
S3 - 1100 8 7
S4 - 900 10 16
S4 - 1000 1 9
S4 - 1100 8 9
S5 - 900 10 16
S5 - 1000 9 7
S5 - 1100 8 6

and “Ss, (with subsequent emission from this state in the green)
and further decay to “Fgj, and emit in the red. The Er** ion
excited to the *I;;; level by ground state absorption (GSA) can also
decay non-radiatively to *I;3/, followed by absorption of a second
photon bringing the excited ion to the “Fq; level, with subsequent
“Fojz to “Iisp, transition. As the Yb®* ions are essential for
obtaining high upconversion intensity, the latter mechanism has
been considered the most significant one in this work.

Regarding the emission centered at 670 nm, a slope parameter
n lower than two has already been observed in other Er** doped
glasses [46] and can be explained by another process involving
energy transfer and cross-relaxation (Fig. 7B). This possible
mechanism consists of three absorbed photons giving two emitted
photons (n of 1.5). First, one Er** ion is excited to the “F;, state

through ESA or ETU process (where two infrared photons popu-
lates the 4F7,2 state), and one photon is absorbed by another Er>*
ion, populating the 4111,2 excited state. After a cross-relaxation
process, both Er*™ ions relax to the excited *Fgj, state [46], with
subsequent red emission from this state to the ground state.

3.2. Planar waveguides

3.2.1. Optical characterization

Table 4 brings together the optical parameters of Er>* [Yb3* co-
doped planar waveguides W1-W5. Crack-free waveguides were
obtained for all Si/Nb ratios. An increase of the refractive index
values with increasing Nb content was observed and the values are
in agreement with that calculated by the Lorentz-Lorenz equation
[20], indicating that a full densification was achieved, except for
the sample W1, which still contains pores. The densification is
crucial to avoid porosity and consequently the presence of water
molecules and OH groups inside the pores. A complete elimination
of OH from the porous and host has been successfully achieved for
the samples W2-W5. Longer annealing at 900 °C has been used to
eliminate OH groups remaining in sample W1, which impact the
NIR luminescence as will be described in the following.

To ensure that all films have a homogeneous densification at
any depth, their refractive index profile has been analyzed, as
depicted in Fig. 8. The refractive index profile were reconstructed
from the effective indexes at 632.8 nm by an inverse Wentzel-
Kramers-Brillouin method [53]. The uniform distribution of the
refractive indexes across the thickness shows the high homo-
geneity of the waveguides and the small difference between TE
and TM modes indicates a low birefringence. The refractive index
value added to the homogeneous distribution attested the
achievement of full densification, avoiding the presence of OH
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Table 3

Photons number (n) calculated by the power law IaP" for the 0.3 mol% Er’+/1.2
mol% Yb** co-doped (1-x)SiO,-xNb,Osnanocomposites at different annealing
temperatures.

Samples (°C) n at 545 nm n at 670 nm

S2 - 900 1.9 1.6
S2 - 1000 20 1.5
S2 - 1100 21 1.5
S3 - 900 1.8 1.5
S3 - 1000 1.7 1.5
S3 - 1100 1.7 1.5
S4 - 900 2.0 1.6
S4 - 1000 20 1.6
S4 - 1100 1.8 14
S5 - 900 1.7 1.6
S5 -1000 1.9 1.6

S5 -1100 1.7 13

groups, which represents one of the most important contributions
to luminescence quenching in sol-gel derived materials, through
multiphonon relaxation.

3.2.2. NIR luminescence

The PL emission spectra of the Er®*/Yb>* co-doped wave-
guides W2-WS5 are outlined in Fig. 9A (without further annealing)
and 9B (annealed at 900°C for different times). A broad band
emission was observed for all waveguides with maxima at
1531 nm with a shoulder at 1560 nm, characteristic of *I;3/2 - *I1s2
transition of Er>* ions. The 1.5 um emission was observed for all
samples except W1, which probably still presented OH groups. The
number of Stark components augmented with increasing Nb
content demonstrating, as observed for the nanocomposites, that
Er3* and Yb>* ions are occupying Nb,Os-rich sites. After a long
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Table 4
Optical parameters for the 0.3 mol%/1.2 mol% Yb>* co-doped (1-x)Si0,-xNb,0s waveguides W1, W2, W3, W4, and W5.

Waveguides W1 w2 w3 w4 W5
Parameters (TE/TM) (TE/TM) (TE/TM) (TE/TM) (TE/TM)
Number of modes 2/2 3/3 4/4 6/6 6/6

at 632.8 nm
Refractive index at 1.5038/ 1.6046/ 1.6850/ 1.7764/ 1.8620/
632.8 nm 1.5021 1.6048 1.6882 1.7794 1.8604
Number of modes 11 17 2/2 2/2 2/2
at 1538 nm
Refractive index at 1.4865/ 1.5807/ 1.6545/ 1.7384/ 1.8090/
1538 nm 1.4869 1.5816 1.6569 1.7408 1.8126
Film thickness 1.50 1.54 1.64 170 1.70
(um)
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Fig. 8. Refractive index profiles of the 0.3 mol% Er**/1.2 mol% Yb®>* co-doped planar waveguides W2, W3, W4, and W5, reconstructed from modal measurements at
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Table 5

Full width at half-maximum (FWHM) and 4113/2 excited level lifetimes of the Er>+
ions for waveguides 0.3 mol% Er**/ 1.2 mol% Yb>** co-doped (1 —x)SiO5-xNb,0s
waveguides W1-W5. (A) without posterior annealing, (B) after long time of
annealing.

Waveguides Main emis- FWHM FWHM (nm) (B)/ 4113/2 excited

sion peak (nm) time of annealing level lifetime
(nm) (B) (A) (hours) (ms) 7 1e (A)
W1 1533 - 62/109
W2 1533 44 69/87 5.4
W3 1533 40 88/87 5.2
w4 1533 54 70/8.5 5.2
W5 1535 78 65/8.5 4.6
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Fig. 10. W3 NIR spectra comparison between 0.3 mol% Er>*-doped and 0.3 mol%
Er**/1.2 mol% Yb®* co-doped planar waveguides.

time of annealing the remnant OH groups were eliminated,
resulting in NIR emission for this waveguide, as shown in Fig. 9B.

The bandwidths, measured by the FWHM values, are shown in
Table 5. Large FWHM were obtained for all waveguides even without a
long time of annealing, with values which increased with increasing
Nb,Os content, from 44 to 78 nm. After a long time of annealing, it
could be observed an increase of the FWHM values for waveguides
W1-W3, achieving 88nm for the last one, and a decrease for W4 and
WS5, i.e, increasing the Nb content. This behavior could be explained
by the fact that after a long time of annealing for W4 and W5, which
have 40 and 50 mol% of Nb, Nb,Os crystalline phase transition could
take place, which can change the symmetry sites occupied by the rare
earth ions resulting in increasing FWHM values for W1-W3 wave-
guides (T-phase) and decreasing FWHM values for W4 and W5

Intensity (arb.units)

5 10 15
Time (ms)

Fig. 11. PL decay curves for the “I;3), level of Er** ions of 0.3 mol% Er**/1.2 mol%
Yb*+ co-doped waveguides W2-W5 without further annealing.

(T+M-phases) corroborating with the nanocomposites XRD analysis
discussed previously. The FWHM values obtained in the present work
are much larger than in other SiO,-based waveguides as discussed
before. Comparing with our previous work [21], Yb*>* ions promote
not only a broadening of luminescence but also an enhancement in
intensity, denoting an efficient energy transfer to the Er’* ions
(Fig. 10), particularly in the T-phase, making the W2 and W3 pro-
mising waveguides for photonic applications regarding optical
amplifiers in the S, C and L-telecommunication band. Fig. 11 shows the
PL decay curves for the planar waveguides without further annealing,
and the “ly3p, lifetime values are given in Table 5. The “l3p, lifetime
change from 5.4 to 4.6 ms as the niobium content increases.

3.2.3. Upconversion luminescence

Figs. 12A-D depicts the upconversion emission spectra for the
waveguides W2 to W5, respectively. Green (525 and 545 nm) and
red (670 nm) emissions were observed for the waveguides which
can be attributed to 2Hy1j2— 152, *S3j2— “lisj2 and *Fojp— sz
transitions, respectively. Although the measurements were per-
formed in the reflection configuration instead of the coupled mode
(waveguiding configuration), an intense and visible to the naked
eye UC emission of the planar waveguides was observed under
excitation at 980 nm. Normally to obtain high UC luminescence
from waveguides, the measurements should be performed exciting
the waveguiding TEo mode and detecting the scattered light from
the surface of the waveguides [46,47].

The green and red emission UC may take place via excited state
absorption (ESA), and energy transfer upconversion (ETU) mechan-
isms, as described before and summarized in the schematic diagram
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Fig. 12. Upconversion emission spectra of the Er>* ions of 0.3 mol% Er*>*/1.2 mol% Yb>* co-doped planar waveguides with excitation power from 1600 to 3900 mW (A) W2,

(B) W3, (C) W4, and (D) W5.

in Fig. 7. For the planar waveguides, as a high excitation power was
used, another mechanism that can take place is the two photon
absorption (TPA) [45,54], which can be achieved by the simultaneous
two photons absorption involving real or virtual levels. The latter
mechanism becomes more noticeable when high excitation power is
used. In this work, as Er>* ions are used, the TPA process after exci-
tation at 980 nm populates the “F;, efficiently (real level), resulting in
highly efficient green emission. This mechanism can explain the high
intensity in the green emission in the case of planar waveguides in
comparison with nanocomposites. In addition, it may be observed that
the green emission is more intense when the samples are excited
under higher power.

For the nanocomposites, a low power regime was considered,
and the UC emission intensity increased with distinct power
dependence for green and red emissions indicating that different
mechanisms may contribute to both UC emissions. As the rate
constants of the %S/, and “Fg, levels are not the same, the high
power limit is also not identical for both states. Consequently, in
an intermediate power regime (as in the case of planar wave-
guide), the populations of the *S;, and “*Fo, levels will show
different power dependences and hence the emission effective
color can be tuned with the laser power as demonstrated in Fig. 8.

The green and red intensity ratio also changes with the com-
position. As the niobium content increases, the contribution of
non-radiative processes diminishes. Consequently, the non-
radiative decay from “S3;, to “Foj; is reduced, and the green
emission is favored.

Fig. 13 shows the CIE chromaticity diagram, in which color
coordinates were calculated based on the UC emission spectra for
the respective waveguides. It can be observed that the color
depends on the excitation power and Nb content. Especially for
the waveguides W2 and W3, color can be tuned by the excitation
power used. The tunable upconversion observed for the wave-
guides W2 and W3 suggests that this materials have potential

applications as visible range lasers, energy converters and other
photonic applications.

4. Conclusions

The effect of Yb3>* addition on structural and its correlation
with luminescent properties of sol-gel Er>* doped SiO,-Nb,0s5
nanocomposites and planar waveguides have been reported. In
comparison with previous work [20], the higher amount of rare
earth in the samples favored the T-phase crystallization at lower
temperatures (900 °C), influencing the Nb,Os nucleation and
crystallization process, as well as stabilizing the T-phase at higher
temperatures, since only partial phase transformation to the M-
phase occurs at 1100 °C. The structural change, caused by Ln®+
ions concentration increase (by Yb** addition), results in strong
effects on the NIR luminescence of Er’* and NIR-to-visible UC
emission. Enhanced and broadband NIR Iuminescence was
observed with FWHM values ranging from 59 to 89 nm and 4[13,2
lifetime values of milliseconds, which change as a function of
niobium content and thermal annealing. The different Nb,Os
polymorphs affected the photophysical features, with higher
intensity and longer lifetimes for the nanocomposite and planar
waveguides annealed at 900 °C, which contains only the T-phase.
The Yb>* co-doping enhanced the luminescence intensity in
comparison with single Er**-doped (1-—x)SiO,-xNb,Os of our
previous work, indicating an efficient energy transfer between
2Fs;—%F7, and the “lis;;— %)z transitions of Yb** and Er*
ions, respectively.

Enhanced intensity and broadband emission in homogeneous
and fully densified crack-free planar waveguides were prepared.
These features make the waveguides W2 and W3 promising
materials for integrated optics applications, more specifically
EDWA and WDM devices.
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Fig. 13. 1931 CIE chromaticity diagram coordinates of 0.3 mol% Er*>*/1.2 mol% Yb>* co-doped planar waveguides with excitation power from 1600 to 3900 mW.

Strong, visible to the naked-eye, UC emission bands assigned to
the 2H11/2—>4I15/2, 453/2—>4I15/2 and 4F9/2—>4I15/2 transitions from
Er** jons were observed under excitation at 980 nm, at room
temperature. The observed green and red UC emissions in nano-
composites and planar waveguides reported in this work may take
place via ESA and ETU. A strong contribution of Yb** to UC
intensity was observed.

Multicolor tunability of enhanced UC emission in planar wave-
guides was observed as a function of the laser power source and
composition. The planar waveguides possess optical qualities that
make them promising candidates for shorter wavelength laser sour-
ces, energy converters devices and other photonic applications.
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