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ABSTRACT: This paper reports on the news about refractive index
measurements and spectroscopic features of thin films, which can be
applied as optical planar waveguides, focusing on their manufacturing
processes, designs, and possible applications as optical amplifiers and
sensors. Er3+-doped SiO2−Ta2O5 planar waveguides, with Si/Ta ratios
of 90:10, 80:20, 70:30, 60:40, and 50:50, were prepared by a soft sol−
gel process. Multilayer films were deposited by the dip-coating
technique onto 10 μm SiO2−Si (100) p-type silicon and Si (100)
silicon easily and successfully. The mechanisms of the densification
process, porosity, and hydroxy group or water molecule occurrence
have been accompanied by m-line and vibrational spectroscopy
analyses. The thickness and refractive index values were used to
understand better the influence of temperature and annealing time on
the densification of the bulk films and the reduction of the pore volume as the tantalum oxide concentration increases. The refractive
index shows the density of the films, and by the atomic force microscopy (AFM) technique, the films showed low surface roughness,
achieving relatively high light confinement within the waveguide structure, and negligible optical loss due to surface scattering.
Nanoparticle crystallization of Ta2O5 with size distribution ranging from 2.0 to 15.0 nm embedded in SiO2 was observed with size
depending on annealing time and tantalum concentration. Intense and broadband emission positioned at 1550 nm, which is
attributed to the 4I13/2 →

4I15/2 transition of Er3+ ions, was observed for all planar waveguides under excitation at 271, 272, and 278
nm. Depending on the porosity degree, the adsorption of H2O molecules occurs, changing the refractive index and contributing to
the deactivation of excited states of Er3+ ions, making them an optical platform for use as an optical sensor for different species.
Besides, the densified waveguides containing 20 or 30 mol % Ta exhibit high potential for applications as broadband optical
amplifiers for wavelength division multiplexing (WDM), optical sensing, or augmented reality.

1. INTRODUCTION

Recent modern applications in the field of photonics have
involved the use of waveguides. In the past years, new optical
devices have been created enabling greater performance, more
affordable prices for mass production, or even the development
of new technologies. The relentless pursuit for new devices
with high performance has led to a significant increase in
research considering strategic areas as health, environment, and
telecommunication. Planar waveguides have emerged as a
target of many research groups and optoelectronic industries in
the world and have been used as a platform for optical
information transport in integrated optical devices.1 For
instance, their use as a platform for optical sensors is one of
the great potential applications for waveguides.2−5 Nowadays,
most of the wearable augmented reality display devices operate
using waveguide technology, of which some are commercial
products. However, mass production has been already limited
by cost and performance in many cases.6 Among the different

planar waveguide applications, the different highlights are due
to the demand for information through visual means, and the
augmented reality created through special glasses has been
presenting a special need.7−9 This type of application of planar
waveguides regarding augmented reality manages to bring, in
virtual ways, environments that in most cases would be
impossible to visit in person. Thus, the contribution to the
development of knowledge based on real facts becomes
indispensable and possible to achieve without leaving home,
for example.
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Among the materials used to manufacture optical devices as
planar waveguides, those based on SiO2 have been highlighted
due to physical, mechanical, and chemical properties.10 For
instance, one of the most studied silica-based systems and
commercial products found in the market is the Er3+-doped
optical fiber amplifier (EDFA), which contains low rare-earth
(RE3+) ion concentration to achieve enough gain.11−13

However, the RE3+ concentration must be increased by at
least 2 orders of magnitude than its counterpart Er3+-doped
planar waveguide amplifier (EDWA). A high RE3+ ion
concentration leads to the formation of clusters in the silica-
based system, and consequently, competitive processes such as
energy migration between them, energy transfer, and
upconversion can occur, reducing drastically the near-infrared
(NIR) luminescence quantum yield. The choice of the host to
have great optical, structural, morphological, and luminescence
properties is undoubtedly one of the most critical factors for
the development of photonic devices. Regarding silicate-based
planar waveguides, binary oxides, like SiO2−MO2 (M = Hf, Zr,
and Ti),14−19 have been studied and interesting optical features
have been observed when doped with Er3+ ions. The addition
of metal oxides such as Hf, Zr, and Ti to the silica host
promotes refractive index tailoring, which is important to
control optical parameters regarding waveguide applications
and induce controlled-phase separation with a high distribu-
tion of RE3+ in the crystalline or amorphous metal oxide
microenvironment. Luminescence at 1.5 μm has been obtained
from SiO2−MO2 (M = Hf, Zr, Ti), and a full-width at half-
maximum (FWHM) of up to 48 nm has been obtained for the
amorphous system with a drastic reduction as the glass ceramic
is produced. For instance, a FWHM of about 30 nm has been
observed from the glass ceramic containing Er3+-doped HfO2
nanocrystals and 14 nm for that containing Er3+-doped ZrO2
nanocrystals.19

In previous works, we have reported outstanding unusual
broadened emission in the silicate glass ceramic host, when
Er3+-doped Ta2O5 or Nb2O5 nanocrystals are embedded into
the silica-based host, similar to that observed for tellurite
glasses, the most cited host in the literature displaying large
inhomogeneous broadening at 1.5 μm.20−23

Among several techniques used for optical material
preparation, the sol−gel process followed by dip-coating
deposition has been used as one of the cheapest and most
versatile routes for manufacturing films that exhibit high-
quality optical properties.24 Sol−gel-prepared waveguides
bring interesting solutions concerning their production
because of its low cost, flexibility concerning composition,
and refractive index tailoring and can be applied in a wide-
ranging device geometry.25 Besides, the precursors are
homogeneously mixed at the molecular level, allowing a wide
range of composition, including multicomponents, wherein
some of them cannot be obtained by other methodologies. For
instance, binary SiO2−Ta2O5 and SiO2−Nb2O5 glasses as well
as the respective glass ceramics cannot be obtained by a
traditional method for producing glasses through a melt−
quenching process, except using a sol−gel process.20−23 The
sol−gel process usually is applied for obtaining products at
room temperature or lower temperatures in comparison with
other fabrication routes. The xerogels obtained by this process
can be submitted to thermal annealing for elimination of
undesired species such as O−H and C−H groups and H2O
molecules besides pores. Full elimination of residual species is
required since they act in deactivating the excited states of

RE3+ ions, reducing the emission quantum efficiency, and
quenching the photoluminescence. Consequently, concerning
sol−gel photonic materials, the densification of the host and
total elimination of residual organic and hydroxyl groups
represent one of the most important aims to be achieved for
luminescence improvement and active planar waveguide
fabrication. However, the presence of pores allows the
adsorption of small molecules like water, ammonia, carbon
dioxide, methanol, and others.
An understanding of the whole preparation process until the

achievement of fully densified films passing through porous
precursors is the aim of this work. In this sense, this work
reports on how to design active or passive planar waveguides,
as well as porous waveguides, which can be used as optical
sensor platforms, using optical and spectroscopic parameters.
The Er3+-doped SiO2−Ta2O5 planar waveguide samples, by
changing the Si/Ta ratios as 90:10, 80:20, 70:30, 60:40, and
50:50, were prepared by the sol−gel process. Ta2O5 shows
interesting properties regarding planar waveguide manufactur-
ing and optoelectronic devices due to its transparency in from
the near-UV (λ > 300 nm) to the infrared region along with its
chemical and mechanical stability and high refractive index.
Therefore, the addition of Ta2O5 nanocrystals to the silica
matrix tailors a wide range of properties, such as refractive
index, band gap energy, mechanical properties, chemical
reactivity or stability, and luminescence. The latter occurs in
the presence of rare-earth ions.
Here, the optical and spectroscopic properties of low loss

Er3+-activated planar waveguides are discussed in terms of the
composition and structural properties by changing the
tantalum content and thermal annealing conditions. The
luminescence from RE3+-doped orthorhombic Ta2O5-based
nanocomposites opened the possibility of thin film preparation
for use as active planar optical amplifiers operating not only in
the C band but also in the S band and L band of
telecommunication, or to be applied as optical sensors.

2. EXPERIMENTAL PROCEDURE
The Er3+-doped SiO2−Ta2O5 thin films, containing 0.3 mol %
Er3+ ions, were prepared by the sol−gel route and deposited
onto 10 μm SiO2−Si (100) p-type silicon and Si (100) silicon
as substrates by the dip-coating technique. Solutions with a
total concentration of Si + Ta = 0.445 mol L−1 were obtained
with Si/Ta molar ratios of 90:10, 80:20, 70:30, 60:40, and
50:50. Tantalum ethoxide and tetraethylorthosilicate (TEOS)
were used as Ta and Si precursors, respectively. The
preparation of a solution was based on the experimental
procedure reported by Ferrari et al.;26−28 Er3+ ions (0.3 mol %
Er3+ ions in relation to the Si + Ta ions) were added from their
standardized stock ethanolic solutions, which were obtained by
dissolving Er2O3 in 0.1 mol L−1 HCl aqueous solution,
followed by solvent exchange with ethanol. A mixture of
TEOS, anhydrous ethanol, and concentrated hydrochloric acid
(solution 1) was first prepared. The TEOS/HCl molar ratio
was 50:1. Tantalum ethoxide, 2-ethoxyethanol, and Er3+ ions
(solution 2) were mixed in a separate container. Then,
solutions 1 and 2 were mixed and kept under stirring at room
temperature for 30 min. Next, an aqueous hydrochloric acid
solution (0.27 mol L−1) was added to the final solution at a
TEOS/HCl ratio of 1:0.007. Subsequently, the solution was
filtered through a 0.2 μm filter and left to stand for 16 h for
film deposition. Multiple layers were deposited by the dip-
coating technique with a dipping rate of 30 mm min−1.
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Between each deposited layer, the film was heated to 900 °C
for 60 s to ensure adhesion on the surface, organic residue
elimination, and densification until 50 layers were achieved.
The planar waveguide deposited onto Si (100) silicon

substrate was used to obtain information about structural
properties by Fourier transform infrared (FTIR) spectra.
Before further coating, each layer was annealed in an oven in
air for 60 s at 900 °C. The densification process was monitored
by studying the optical properties of the 50-layer films
annealed at different times at the same temperature. Between
each annealing time, the films deposited on the SiO2/Si
substrate were characterized by an m-line apparatus (Metricon
Model 2010) by the prism coupling technique. The refractive
indexes of the planar waveguides were measured at room
temperature for both transverse electric (TE) and magnetic
(TM) polarizations. A prism with a refractive index of 1.9644
at 632.8 nm was used. The apparatus is equipped with
detectors to collect visible and near-infrared radiation. He−Ne

and solid lasers, operating at 632.8 and 532 nm, respectively,
and one diode laser, operating at 1538 nm, were employed.
The FTIR spectra of films deposited on the Si (100)

substrate were collected in the range from 4000 to 400 cm−1

using a Bomem MB102 spectrometer. Finally, after full
densification, the surfaces of the films were characterized by
atomic force microscopy (AFM) using a Shimadzu SPM 9600
microscope operating in the contact mode. The images were
collected and analyzed using SPM version 3.03 software. The
high-resolution transmission electron microscopy (HRTEM)
images were collected to obtain information about crystal-
lization and phase separation using a high-resolution TEM
(JEOL 3010). The film samples for HRTEM analysis were
prepared with polishing ionic attacks operating GATAN-PIPS.
Emission and excitation spectra were collected at room

temperature using a Jobin Yvon Fluorolog-3-Spex. The
excitation and emission slits used were adjusted to give a 3
nm bandpass. The excitation spectra were collected in the

Figure 1. Refractive index values as a function of the annealing time at 900 °C of the Er3+-doped planar waveguides deposited onto the 10 μm
SiO2−Si (100) p-type silicon substrate with Si/Ta ratios of (A) 90:10, (B) 80:20, (C) 70:30, (D) 60:40, and (E) 50:50.
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region between 240 and 550 nm, with a spectral resolution of
0.2 nm and emission fixed at 1528 nm. The emission spectra
were collected in the region between 1400 and 1700 nm by
fixing the excitation at 271, 274, and 278 nm for samples with
Si/Ta ratios of 80:20, 70:30, and 50:50, respectively.

3. RESULTS AND DISCUSSION

One of the optical parameters extremely fundamental to
characterize active waveguides, mainly to calculate the light
confinement coefficient, the number of the guided modes, and
their effective refractive index, is the refractive index value.
Furthermore, this work presents its fundamental role in the
design of films that can be used as active or passive planar
waveguides for integrated optics, as well as porous platforms
for optical sensors for certain molecules. Through the values of
the refractive indexes, the porosity of the hosts as well as their
entire densification process through annealing can be closely
monitored, besides their influence on rare-earth luminescence
properties. Variations in optical properties of films containing
different concentrations of tantalum oxide were evaluated by
the m-line coupling technique.
Figure 1 shows the refractive index values at 532 and 632.8

nm for all multilayered films based on Er3+-doped SiO2−Ta2O5
planar waveguides after 50 layers, which were obtained as a
function of annealing time. Based on the information depicted
in Figure 1A,B about the films with Si/Ta molar ratios of 90:10

and 80:20, respectively, a relatively sharp change of refractive
index can be observed in the first 15 min of annealing at 900
°C, reducing it significantly. This behavior indicates clear
elimination of water molecules, which were distributed into or
on the surface of the pores, resulting in hosts with lower
refractive indexes. Before further annealing, the films are
composed basically of SiO2 and Ta2O5 inorganic hosts
containing pores filled with H2O molecules. As the refractive
index of H2O is around 1.333, and of air around 1.00, after
H2O elimination, the refractive index of the films decreases
since air occupies the place of these species in porous
structures. In this way, it can be concluded that before
subsequent thermal treatment, the films exhibit pore
distribution, which can adsorb water molecules. Adsorption
and desorption occur reversibly, with the exposure of the film
to an atmosphere containing water molecules, followed by
thermal treatment at 100 °C. This temperature value is only
enough to remove adsorbed water molecules, while it is not
sufficient to eliminate hydroxyl groups from the pore surface of
the sol−gel silicate system neither does it lead to an increase in
densification.
An increase of the refractive index values occurred, which

can be assigned to the elimination of the pores and
densification of the host by thermal annealing at 900 °C for
more than 15 min. The densification process was considered

Figure 2. Porosity as a function of the annealing time at 900 °C of the Er3+-doped planar waveguides deposited onto the 10 μm SiO2−Si (100) p-
type silicon substrate with Si/Ta ratios of (A) 90:10, (B) 80:20, (C) 70:30, (D) 60:40, and (E) 50:50.
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complete until achievement of constant values of the refractive
index, which depends fundamentally on the tantalum content.
In Figure 1C−E, different behaviors were observed. From

the first minute of annealing, an increase of the refractive index
values occurred, which is correlated to the host densification
process. The required time to reach full densification decreased
as the tantalum oxide is added, indicating that a more cross-
linked structure is successfully formed by insertion of tantalum
oxide into the silica host.
The porous molar ratio also was calculated based on the

refractive index for each annealing time. The presence of pores
in the film for application as a planar waveguide amplifier is
undesirable because they can act as light scattering centers, in
accordance with the Rayleigh scattering effect, in which the
intensity of scattering follows the I = Kλ−4 relationship, where I
is the intensity of the scattering, K is the proportionality
constant, and λ is the wavelength of the light. Likewise, the
distribution of the pores onto the surface can adsorb water
molecules, which is an efficient NIR luminescence quencher
center. Based on this effect, the percentage of pores in the films
for each annealing time at 900 °C was evaluated by eq 1
proposed by Yoldas et al.29
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where P is the pore volume fraction, n is the refractive index of
the porous film at each annealing time, and nd is the refractive
index of the film after full densification. Based on the
percentage of pores calculated according to eq 1, it was
possible to follow the evolution of the film densification
process with the time of thermal treatment for each
composition, as depicted in Figure 2. Figure 2 remarkably
shows the influence of tantalum concentration on the
densification process, where shorter heat treatment times are
required with an increase in the amount of tantalum. The
higher the tantalum concentration, the higher the densification,
and the lower the annealing time required for complete pore
elimination. Accordingly, it can be clearly attested that the
tantalum concentration promotes a significant structural
change in the silicate-derived host, allowing the preparation
of a matrix with a more cross-linked structure, as observed
before by us in powders of this system.30 It is known that sol−
gel silica bulks or films do not completely eliminate silanol
groups after annealing at 900 °C, which is the temperature
used in this work.31 Besides, residual silanol groups have been
observed by analyzing films containing 10 mol % Ta using
vibrational spectroscopy,20 which represents a problem to be
circumvented for active planar waveguides for optical
amplification in the near-infrared region and is advantageous
to be explored as a crucial point for optical sensors for small
molecules, like water molecules, in harsh environments. This is

Table 1. Optical Parameters Measured at 532, 632.8, and 1538 nm (TE and TM Modes) for the 0.3 mol % Er3+-doped SiO2−
Ta2O5 Planar Waveguides before and after Full Densification at 900 °C after Different Annealing Times

properties at 532 nm properties at 632.8 nm properties at 1538 nm

TE TM TE TM TE TM
thickness
(μm)

Before Annealing
90Si−
10Ta

2 modes 2 modes 2 modes 2 mode 1 mode 1 mode ∼1.42
n = 1.5030
(±0.0001)

n = 1.5023
(±0.0001)

n = 1.4980
(±0.0001)

n = 1.4968
(±0.0001)

n = 1.4805
(±0.0001)

n = 1.4802
(±0.0001)

80Si−
20Ta

3 modes 3 modes 3 modes 3 modes 1 mode 1 mode ∼1.33
n = 1.5883
(±0.0001)

n = 1.5865
(±0.0001)

n = 1.5805
(±0.0001)

n = 1.5814
(±0.0001)

n = 1.5609
(±0.0001)

n = 1.5623
(±0.0001)

70Si−
30Ta

6 modes 6 modes 5 modes 5 modes 2 modes 2 modes ∼1.87
n = 1.6373
(±0.0001)

n = 1.6368
(±0.0001)

n = 1.6270
(±0.0001)

n = 1.6270
(±0.0001)

n = 1.6039
(±0.0001)

n = 1.6029
(±0.0001)

60Si−
40Ta

6 modes 6 modes 5 modes 5 modes 2 modes 2 modes ∼1.87
n = 1.7201
(±0.0001)

n = 1.7204
(±0.0001)

n = 1.7077
(±0.0001)

n = 1.7080
(±0.0001)

n = 1.6799
(±0.0001)

n = 1.6791
(±0.0001)

50Si−
50Ta

8 modes 8 modes 6 modes 6 modes 2 modes 2 modes 1.84
n = 1.8117
(±0.0001)

n = 1.8124
(±0.0001)

n = 1.7962
(±0.0001)

n = 1.7968
(±0.0001)

n = 1.7632.8
(±0.0001)

n = 1.7624
(±0.0001)

After Different Annealing Times
90Si−
10Ta

2 modes 2 modes 2 modes 2 modes 1 mode 1 mode ∼1.35
n = 1.5260
(±0.0001)

n = 1.5254
(±0.0001)

n = 1.5202
(±0.0001)

n = 1.5201
(±0.0001)

n = 1.5035
(±0.0001)

n = 1.5038
(±0.0001)

80Si−
20Ta

3 modes 3 modes 3 modes 3 modes 1 mode 1 mode ∼1.32
n = 1.6006
(±0.0001)

n = 1.6024
(±0.0001)

n = 1.5926
(±0.0001)

n = 1.5939
(±0.0001)

n = 1.5718
(±0.0001)

n = 1.5734
(±0.0001)

70Si−
30Ta

6 modes 6 modes 5 modes 5 modes 2 modes 2 modes ∼1.95
n = 1.6461
(±0.0001)

n = 1.6461
(±0.0001)

n = 1.6358
(±0.0001)

n = 1.6361
(±0.0001)

n = 1.6122
(±0.0001)

n = 1.6122
(±0.0001)

60Si−
40Ta

6 modes 6 modes 5 modes 5 modes 2 modes 2 modes ∼1.80
n = 1.7238
(±0.0001)

n = 1.7244
(±0.0001)

n = 1.7117
(±0.0001)

n = 1.7122
(±0.0001)

n = 1.6833
(±0.0001)

n = 1.6833
(±0.0001)

50Si−
50Ta

8 modes 8 modes 7 modes 7 modes 3 modes 3 modes ∼2.00
n = 1.8133
(±0.0001)

n = 1.8140
(±0.0001)

n = 1.7980
(±0.0001)

n = 1.7986
(±0.0001)

n = 1.7632.8
(±0.0001)

n = 1.7634
(±0.0001)
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because tantalum oxide has high chemical stability in acidic
and basic media.
Even containing residual porosity, full densification of the

host containing 10 and 20 mol % Ta has been obtained after
annealing at 900 °C for 400 and 200 min, respectively. On the
other hand, thermal annealing at 900 °C for 9, 4, and 3 min are
enough to eliminate the presence of pores in the films
containing higher tantalum contents, with the Si/Ta molar
ratios of 70:30, 60:40, and 50:50, respectively. Similar behavior
was observed by Zampedri et al.17 in films based on Er3+-
doped SiO2−HfO2, where an increase of hafnium oxide
amount in the binary SiO2−HfO2 system decreases the time
needed for thermal annealing for elimination of water
molecules from the pores and of hydroxyl groups from the
pore surface to accomplish full densification of the planar
waveguides.
The complete pore removal is extremely important for

photonic materials, to be specially applied as low-loss active
planar waveguides due to the reduction of scattering centers in
the devices minimizing the contribution of volume scattering
to the optical losses and removal of residual hydroxyl and
water molecules inside the pores abolishing the luminescence
quenching centers.
The refractive index, thickness, and number of propagation

modes in the TE and TM polarization modes at 532, 632.8,
and 1538 nm were acquired for films before and after full
densification, which are summarized in Table 1.
The refractive index, number of modes, and thickness of

films increase as a function of the nominal tantalum content. In
accordance with Gonca̧lves et al.,15,32 the refractive index of
the SiO2 films prepared by the sol−gel method is around
1.4603, and in accordance with Chaneliere et. al.,33 the
refractive index of Ta2O5 films is between 1.93 and 2.15, which
is dependent on the synthesis method. Therefore, it is expected
an increase of the refractive indexes as the tantalum oxide
content is added to the silica host, corroborating with the
measurements.
The theoretical refractive indexes of Ta2O5 and SiO2 used to

calculate the refractive index of the binary composition
material were 2.1852 and 1.4603 (at 532 nm), respectively.
Lorentz−Lorenz and linear equations were used to calculate
the theoretical value of the refractive index of each SiO2−
Ta2O5 binary system. The Lorentz−Lorenz equation is
represented in eq 2 and likewise reported by Rocha et al.34

and Aquino et al.35
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The linear equation (eq 5) is represented as follows

= +n f n f nSiO SiO Ta O Ta O
2 2 2 5 2 5 (5)

where n is the refractive index, f SiO2
and f Ta2O5

are the molar

fractions of each component, and nSiO2
and nTa2O5

are the
refractive indexes of each component.
The refractive index values of the fully densified films are in

good agreement with the theoretical values obtained by the
Lorentz−Lorenz equation, as can be seen in Figure 3. Figure 3

corroborates the discussion on the densification of materials
and exhibits an important refractive index variation curve with
the concentration of tantalum, which can be applied for the
design of multi- or monomodal waveguides. Depending on the
thickness of the planar waveguides, this curve will be the basis
for projecting guides from the precursor solutions of alkoxides.
As previously reported, the sol−gel methodology employed
has the great advantage of obtaining a large range of
composition, which may not be possible through other
chemical processes. Moreover, it has been observed that the
major problem of residual silanol groups can be overcome with
Ta2O5 addition, or even with the appropriate heat treatment,
without loss of optical quality.
Similarities were observed in sol−gel-prepared SiO2−Nb2O5

nanocomposite films,21 which have also been described to
exhibit refractive indexes in accordance with this model after
achievement of full densification. In the literature, it has been
also found a linear dependence of the refractive index on the
molar fraction of the components of SiO2−Ta2O5 films
prepared by rf sputtering.36,37 The linear dependence of the
refractive index values on the calculated Ta2O5 molar fraction
is also plotted in Figure 3 for comparison; however, the
experimental data are closer to those calculated by the
Lorentz−Lorenz equation, as described before.
An increase in the concentration of tantalum also influences

the thickness of the films, as observed from Table 1. Layer
thickness increased with increasing tantalum content from 10
to 50 mol %, namely, from 1.3 up to 2.0 μm (Table 1). A
similar effect was also observed by Aquino et al.35 in sol−gel-
prepared SiO2−Nb2O5 nanocomposite films. Gonca̧lves et
al.15,17 have also observed in the 70SiO2−30HfO2 films doped
with 0.3, 0.5, and 1 mol % of Er3+ ions that the viscosity of the
initial solution was influenced by Er3+ concentration and
consequently affected the thickness of each layer during
preparation of the films, resulting in different final thicknesses.
The metal ions (as Er3+ or Nb5+ and Ta5+) added to the host
exhibited a higher coordination number in comparison to Si2+.
Adding to this fact, the high reactivity of tantalum alkoxide

Figure 3. Experimental refractive index values as a function of the
tantalum amount in comparison to the theoretical refractive index
values based on Lorentz−Lorenz and linear equations.
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promotes the formation of cross-linking, with Si−O−M bonds,
involving the monomers and polymers of the silicon oxide
precursor in an acidic medium. Consequently, an increase of
viscosity directly influences the thickness of films deposited on
SiO2−Si substrates.
Furthermore, it is observed an increase of refractive index

values for all films after full densification compared with the
films without any further annealing at 900 °C, attesting the
removal of pores and structural defects. Measurements of the
refractive index profile in TE and TM modes at 532 and 632.8
nm indicated that birefringence is practically negligible, even
for higher tantalum contents. Low optical losses of around
0.8−1.0 dB/cm (±0.3) at 532 and 632.8 nm in the TE mode
were measured for densified films containing up to 30 mol %
Ta, demonstrating the high optical and structural quality of the
films, which corroborates to the elimination of pores, any
cracks, smooth surfaces, and host transparency. As reported
before, the pores or phase separation can act as scattering
centers, increasing the optical losses. A large number of
scattering centers were observed in the case of films containing
60 and 50 mol % Ta, which can be explained by the phase
separation increase, which will be discussed further using high-
resolution transmission electron microscopy (HRTEM). The
propagation loss values observed in the films containing up to
30 mol % Ta were low enough to consider these materials
suitable for optical planar waveguides in photonic applications.
Figure 4 shows the n(k) dispersion curves for the (100 −

x)SiO2 − xTa2O5 planar waveguides in the TE mode. The

refractive index (n) values obtained by the prism coupling
technique, exhibited in Table 1, were used to construct the
dispersion curves using the Cauchy equation.35,38 Cauchy
dispersion fitted properly shows a decrease in the refractive
index values as a function of the wavelength in the visible and
near-infrared spectral regions.
Figure 5 depicts the squared electric field (E2) profiles for

the TE0 modes of the waveguides, which were calculated at
532, 632.8, and 1538 nm using the thickness and refractive
index of the film, propagation angle, and effective refractive
index for the Er3+-doped SiO2−Ta2O5 films deposited onto the
10 μm SiO2−Si (100) p-type silicon substrate with Si/Ta
ratios of (A) 90:10, (B) 80:20, (C) 70:30, (D) 60:40, and (E)
50:50. The confinement coefficients were calculated by the

integrated intensity ratio, i.e., the ratio between the field
intensity in the guiding film and the total intensity, which also
includes the squared evanescent field based on the works
reported by Aquino et al.35 and Tosello et al.39 Table 2
summarizes the confinement coefficients at 532, 632.8, and
1538 nm for TE0 (transversal electric) mode. Confinement
coefficients higher than 97% were observed for most planar
waveguides, except for the films containing 10 and 20 mol %,
which exhibited confinement coefficients of 66 and 72% at
1538 nm, respectively. The confinement coefficient of light for
the planar waveguides demonstrated efficient light injection at
1538 nm, attesting that a well-confined mode at 1538 nm was
obtained for application in the C-telecom band.
Figure 6 illustrates the FTIR spectra of the films with Si/Ta

molar ratios from 10 to 50 mol % Ta deposited on Si (100)
substrates. It is important to highlight here the use of films
deposited directly on the silicon substrates, avoiding the thick
layer of silica that would prevent the analysis of films up to 2
μm. Vibrational spectroscopy is an important technique for
elucidating structural information relevant to the design of
planar waveguides. As reported before by us,20 the multilayer
deposition process combined with the thermal treatment to
eliminate organic and hydroxyl groups can be accompanied by
the FTIR technique, which provides relevant structural
information for design optical films. Thinner films were used
in a previous study to monitor the film densification change
with the annealing time.20 FTIR was used as a fundamental
complementary technique for refractive index measurements
aiming to detect the elimination of water molecules and
hydroxyl groups as the pores were closed densifying the film.
Herein, thicker films of around 1.3−2.0 μm were analyzed. The
thickness of the films is high enough to promote the
appearance of interference fringes, which were clearly observed
as a low-intensity interference fringe pattern from 4000 to near
1450 cm−1. Due to the high thickness of the films, a cutoff in
the 1245−1019 cm−1 range occurred, attributed to the most
intense bands assigned to silica materials, indicating SiO2
network formation. Usually, silica shows a band localized at
around 1100 cm−1, assigned to asymmetric stretching of Si−
O−Si, and a shoulder located in the vicinity of 1200 cm−1,
which is more intense in porous materials.35 The main focus of
this work is to analyze the region below 1000 cm−1, attributing
the presence of Si−O−Si, Si−OH, and Si−Ta−Si vibrational
modes, as well as phase separation through vibrational modes
corresponding to Ta2O5 nanocrystals.
In addition to the Si−O−Si vibrational modes at 460 and

800 cm−1, a band positioned at around 950 cm−1 is clearly
observed, which is assigned to the Si−O−Ta or Si−OH
stretching bond. As reported before, in accordance with Ferrari
et al.,20 after 15 min of annealing at 900 °C, H2O was removed
from the films with the lowest Ta concentrations. Here, longer
annealing times were used to achieve constant values of the
refractive index. Besides, the relative intensity of the absorption
band at 950 cm−1 increased with the tantalum concentration,
and consequently, it could be concluded that the band
localized at around 950 cm−1 is assigned only to Si−O−Ta.
This is evidence of the cross-linked structure with formation of
a covalent bond between SiO2 and Ta2O5.
The bands localized between 855 and 588 cm−1 are assigned

to the Ta2O5 phonons, in agreement with the data reported by
Huang and Chu.40 A broadband emission in this spectral
region appears, which is characteristic of Ta2O5 in the
orthorhombic phase. A higher Ta content and the augmented

Figure 4. Dispersion curves of the planar waveguides based on Er3+-
doped SiO2−Ta2O5 deposited onto the 10 μm SiO2−Si (100) p-type
silicon substrate with Si/Ta ratios of 90:10, 80:20, 70:30, 60:40, and
50:50.
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relative intensity bands at around 855−588 cm−1 indicate the
presence of phase separation, which is more evident for higher
tantalum oxide concentrations.

The surface morphology of films was determined by AFM
analysis, and the surface morphology and roughness in the 3 ×
3 μm area are shown in Figure 7. Surface roughness is
considered as one of the sources of losses, involving light
interaction at the air−film interface. Depending on the
roughness, diffuse scattering and consequently high propaga-
tion losses can be observed. However, considering a planar
waveguide with high surface quality and low roughness, the
respective losses are negligible. Homogeneous and crack-free
films were obtained for all the compositions. Films do not
exhibit any texture under AFM inspection. The AFM images
display low surface roughness, with values of about 0.4 nm
(±0.1). The losses are not correlated to the tantalum content,
as already seen in similar waveguides based on silica−titania,41
silica−hafnia,16,17,42 and silica−zirconia.19,43 Huong et al.44

Figure 5. Squared electric field profiles in the TE0 mode at 532, 632.8, and 1538 nm of the planar waveguides based on the Er3+-doped SiO2−
Ta2O5 deposited onto 10 μm SiO2−Si (100) p-type silicon substrate with Si/Ta ratios of (A) 90:10, (B) 80:20, (C) 70:30, (D) 60:40, and (E)
50:50.

Table 2. Percentage of the Confinement Coefficient of Light
in Different Wavelengths for Planar Waveguides with
Different Si/Ta Ratios

wavelengths

planar waveguide composition (Si/Ta) 532 nm 632.8 nm 1538 nm

90:10 97.96 96.72 65.98
80:10 99.42 98.94 72.06
70:30 99.77 99.68 96.81
60:40 99.86 99.77 97.04
50:50 97.41 97.11 94.51
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reported that planar waveguide based on silica−zirconia−
alumina-doped Er3+ shows propagation loss <2.5 dB/cm with a
surface roughness of 2 nm. Here, lower values of the surface
roughness were obtained, attesting the high optical quality of
the films.
Figure 8 shows the high-resolution transmission electron

microscopy (HRTEM) images of the films after full
densification. The ordered regions of dark contrast, which
correspond to the nucleation and crystallization of Ta2O5
nanocrystals, have size distributions, in general, below 15 nm
embedded into a SiO2-based host. Nanocrystals embedded in
an amorphous phase, with average sizes of around 2, 5, 7, and 8
nm for Er3+-doped planar waveguide fully densified with Si/Ta
ratios of (A) 90:10, (B) 80:20, (C) 70:30, and (D) 60:40,
respectively, can be observed. The dependence of Ta2O5
nanoparticle size distribution on annealing temperature is
remarkable. Planar waveguides require hosts with homoge-
neously dispersed nanoparticles and sizes on the order of λ−4

to avoid Rayleigh scattering. Electron scattering patterns
(insets of Figure 8C and D) show that the nanoparticles are
crystalline. In accordance with Stephenson and Roth in 1971,45

Ta2O5 with an orthorhombic structure and with a = 6.19800 Å,
b = 40.29000 Å, c = 3.88800 Å, α = β = δ = 90°, belonging to
space group P21212 in accordance with JCPDS 25-0922, can be
represented by a chain of 8 edge-sharing pentagons, where
each unit cell contains 22 Ta atoms and 55 O atoms, resulting
at least in 12 different symmetry sites of Ta5+ ions.
Consequently, this type of structure promotes the formation
of numerous interstices with a volume able to accommodate
several ions into its structure. Ferrari et al.30 have reported the
formation of nanocomposites based on Er3+-doped SiO2−
Ta2O5 prepared by the sol−gel method, in which ortho-
rhombic Ta2O5 nanocrystals were grown in accordance with
the same crystalline structure reported by Stephenson and
Roth in 1971.45

Figure 9 shows the excitation spectra of the Er3+-doped
SiO2−Ta2O5 planar waveguides with fixed emission at 1528
nm. The excitation spectra show bands that are assigned to the
intraconfigurational f−f transition of Er3+ ions. There are
observed bands localized at around 378 and 521 nm assigned
to 4I15/2 →

4G11/2 and
4I15/2 →

2H11/2, respectively, and a band
below 325 nm with a maximum between 278 and 271 nm, in

Figure 6. FTIR transmission spectra of Er3+-doped SiO2−Ta2O5 deposited onto the 10 μm SiO2−Si (100) p-type silicon substrate with Si and Ta
ratios of (A) 90:10, (B) 80:20, (C) 70:30, (D) 60:40, and (E) 50:50.
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which the maximum of the band varies according to the
amount Ta, can be attributed to the charge transfer between
oxygen and the rare-earth metal. It is clearly seen that the
intensity of the bands assigned to the f−f transitions increases
as a function of the amount of Ta present in the system. It was
discussed previously that the increase of nanoparticle size is
dependent on the higher Ta amount, and it can be assumed
the preferential distribution of Er3+ ions in a Ta2O5 crystalline
environment, as reported before.30

Figure 10 shows the emission spectra of the planar
waveguides in the region between 1400 and 1700 nm, when
excited at 271, 274, and 278 nm for samples with Si/Ta ratio of
80:20, 70:30, and 50:50. This emission band is attributed to
the 4I13/2 →

4I15/2 f−f intraconfigurational transition of the Er3+
ion. This band has an intense photoluminescence emission in
the third telecommunication window region, with a FWHM
between 50 and 62 nm, whose spectral bandwidth changes
slightly with the content of tantalum oxide. In this work, a
temperature of 900 °C was used to maintain the average size of
nanoparticles, with a narrow size distribution, lower than 10
nm. Table 3 shows the FWHM values obtained in this work in
comparison with other planar waveguides reported in the
literature. It can be observed similar or even higher FWHM
values in comparison with other waveguides reported in the

literature, indicating interesting results for applications in
devices that require broadband emission at 1550 nm.
Similar compounds (powders) exhibited a broader band-

width, which increased from 74 up to 93 nm as the tantalum
oxide content increased for samples annealed at 1100 °C for 2
h. This inhomogeneous broadening is related to the presence
of Er3+ ions preferentially in many different sites in the
orthorhombic Ta2O5 structure. As mentioned before, ortho-
rhombic Ta2O5 has a huge unit cell with 12 sites occupied by
Ta5+ ions, so if the Er3+ ions substitute the Ta5+ ions, the
observed inhomogeneous broadening in the emission spectra
can be explained. The significant meaning of broad bandwidth
values is related to the presence of a more flat-gain region in
Er3+-doped materials for amplifiers to be combined to
wavelength division multiplexing (WDM). The large optical
bandwidth of the Er3+-doped SiO2−Ta2O5 waveguides
prepared by the sol−gel method makes them a suitable
candidate for WDM applications.

4. CONCLUSIONS
Er3+-doped planar waveguides based on SiO2−Ta2O5 depos-
ited onto SiO2−Si and Si (100) substrates were prepared
successfully by the sol−gel process followed by the dip-coating
technique. This set of techniques for preparation allowed
obtaining planar waveguides with suitable optical properties for

Figure 7. Two-dimensional (2D), three-dimensional (3D), and roughness profile of the Er3+- doped SiO2−Ta2O5 film after full densification at 900
°C.
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applications in optical devices. The annealing temperature, 900
°C, at different times, has been shown to be enough to
promote the densification, pore elimination, and increase and
control the refractive index values. The refractive index also has
been shown to be dependent on the Ta concentration and
annealing time. The surface of the planar waveguides displays
low roughness, of around 0.245 and 0.436 nm, and contributes
to low loss in waveguides by means of scattering. An average
attenuation coefficient of 1 dB/cm at 514.5 and 612.8 nm was
verified. Confinement of light in three wavelengths (532,
632.8, and 1538 nm) of above 65% in the planar waveguides
also contributes to the reduction of optical loss of light
propagation. The efficiency of confinement of light inside the
planar waveguides appeared to be dependent on the amount of
Ta present in the system. The excitation spectra showed
characteristic bands assigned to the intraconfigurational f−f
transition of Er3+ ions and a band below 300 nm assigned to
the charge transfer between Er3+ and O2− ions when fixing the
emission at 1538 nm. The planar waveguides showed intense
emission in the region between 1440 and 1700 nm (C-telecom
band) with an intensity maximum at approximately 1538 nm
and a FWHM of the emission band between 50 and 60 nm.
Based on the information obtained in this work, the synergism
between optical, structural, surface, and photoluminescent
properties brings together important characteristics that make
this system a potential device for application in integrated
circuits and for use in optical amplification at 1550 nm,
photodectors, and devices for augmented reality.
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Figure 8. HRTEM micrographs of the Er3+-doped planar waveguides
fully densified at 900 °C with Si/Ta ratios of (A) 90:10, (B) 80:20,
(C) 70:30, and (D) 60:40.

Figure 9. Excitation spectra of the Er3+-doped SiO2−Ta2O5 planar
waveguides with fixed emission at 1528 nm.

Figure 10. Photoluminescence spectra assigned to the 4I13/2 →
4I15/2

transition of the Er3+ ions for the planar waveguides based on Er3+-
doped SiO2−Ta2O5 deposited onto the 10 μm SiO2−Si (100) p-type
silicon substrate with Si/Ta ratios of (A) 90:10, (B) 70:30, and (C)
50:50.

Table 3. FWHM Values of 4I13/2 →
4I15/2 Emission around

1550 nm Assigned to the Er3+-Doped Planar Waveguides
from Different Compositions

planar waveguides
composition FWHM (nm) references

SiO2−Ta2O5 between 50 and 62 results of this work
SiO2−Nb2O5 between 48 and 52 35
SiO2−HfO2 48 42
SiO2−TiO2 between 45 and 51 18
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