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Borate glasses present the ability to host various modifier ions and, therefore, are adaptable for a wide range of
applications. Specifically, calcium-lithium tetraborate (CaLiBO) glasses doped with rare earths have been
investigated for applications involving energy transfer processes. In this work, waveguides were inscribed by
femtosecond laser microfabrication in CaLiBO glasses containing Tb®* and Yb®" ions, displaying emission in the
green region. Single-mode guiding at 632.8 nm, with propagation losses of approximately 2.0 dB/cm, was ob-

tained in 7.0-mm long waveguides with a diameter on the order of 2 pm, produced in the glass bulk, at
approximately 100 pm below the sample surface. By coupling 488 nm light, the fabricated waveguide showed the
capability of guiding the typical emission of Tb>* ions. Such glasses containing rare earths could be suitable for
the development of green light-emitting microdevices.

1. Introduction

Boron oxide is a relevant compound for glass technology not only by
its ability to form a vitreous network on its own, but also due to its
processing features, including low melting point and good solubility of
the oxide modifiers and rare earth ions [1]. Notably, CaLiBO glass
(calcium-lithium tetraborate glass) doped with rare earth elements has
been considered a luminescent matrix suitable for energy transfer [2-4].
In general, rare earth ions exhibit luminescence from the visible to the
infrared region in several types of materials [5-9]. Among the rare-earth
ions, Tb" presents blue and green emission under UV excitation, which
has motivated studies for its applications as the gain medium for green
lasers and white light-emitting devices [10-13]. Glasses containing Yb>*
exhibit near-infrared absorption, a feature that makes them appropriate
for diode lasers pumping. Also, their broad-band emission, from 900 to
980 nm, makes them suitable for generating ultrashort laser pulses,
aiming applications that include solid-state lasers, up-conversion, and
down-conversion processes [14]. Mutual use of Tb3+ and Yb®*+ showed
to be suitable for use in solar cells [15-17] and green fiber laser [18,19].
CaLiBO glasses containing Tb>" and Yb3* presented down-conversion in
the near-infrared region and are potentially interesting materials for use
solar cells [20]. Regarding its processing, femtosecond laser writing has
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already proven to be an important tool for the micromachining of glassy
materials, targeting applications such as waveguides and lab-on-a-chip
systems [21,22]. Since its first demonstration by Davis et al. in 1996
[23], femtosecond laser writing has been shown to be effective for
waveguides production due to its capability to induce in the focal vol-
ume, a permanent change in the refractive index through nonlinear
optical interactions [24]. Several works have reported the production of
type I waveguides in rare-earth-doped glasses [25-34]. According to the
type of change induced in the refractive index, waveguides produced in
the bulk of materials can be classified into three categories. Type I
modification occurs when there is an increase in the refractive index in
the region irradiated by the laser. The double-line waveguide is known
as type II modification; this configuration is composed of two parallel
tracks that present a reduced refractive index. Besides, the tracks have
an appropriate separation that delimits the confinement of light. The
Type III modification, known as the cladding waveguide, consists of
several near tracks with a low refractive index, while the core involved
in these tracks has a high refractive index. Thus, the tracks act as clad-
ding, and light confinement is observed in the core [35]. Also planar and
ridge waveguides have been obtained through the combination of ion
implantation and fs-laser processing, which has also been demonstrate
in magneto-optical glasses [36-38].
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Fig. 1. The absorption spectra of samples CaLiBO (a), CaLiBOx01 (b), CaLi-
BOx1 (c) and CaLiBOx2 (d) showing the absorption bands of Tb®* and Yb®*.
Each curve was shifted in the y-axis to better visualization.

In this work, motivated by the luminescent properties of Tb3* and
Yb3* jons added in the CaLiBO glass system [20], we studied the
femtosecond laser fabrication of inscribed waveguides in the volume of
such glass system. The produced waveguides presented homogeneity
along their length with cross-section sizing approximately 2 um. The
waveguides show propagation losses on the order of 2 dB/cm at 632.8
nm. Upon coupling light at the appropriate wavelength, it was possible
to observe the waveguiding of the green Tb>* emission, which can be
used for active optical elements.

2. Experimental

The glass system studied here is composed by (99-x) CaLiBO +
1Yby03 + xTb4O7; with x = 0.1, 1.0 and 2.0 (mol%), designated as
CaLiBOx01, CaLiBOx1 and CaLiBOx2. CaLiBO matrix contain 60B;O3 +
30Ca0 + 10LiO (mol%). All samples were prepared by the melt-
quenching technique, using platinum crucible and high purity oxides
or carbonates (B20s3 - Alfa Aesar 97,5%; LioCOs3 - Carlo Erba 99%; CaCO3
- Alfa Aesar 99,5%; Tb4O7 - Alfa Aesar 99,9%; and YbyO3 - Alfa Aesar
99,9%), as described in Ref. [39].

Femtosecond laser writing was performed with an extended cavity
Ti:sapphire laser oscillator centered at 800 nm, with a maximum pulse
energy of 100 nJ, delivering 50-fs pulses and operating at a repetition
rate of 5 MHz. High repetition rates (HRR) operate in a thermal regime,
allowing heat accumulation around the focal volume. Some studies have
shown that the combination of HRR and heat accumulation enables the
production of structures with symmetric cross-sections and reduces
coupling and propagation losses [40-42]. It is worth mentioning that
different combinations of glass systems and laser systems can originate
waveguides with distinct features.

Ultrashort pulses were focused by a microscope objective (NA =
0.65) within the sample. Simultaneously, the sample was moved
perpendicularly to the laser beam by a translational xyz stage moved at
10, 50, and 200 pm/s. We determined the guiding properties of the
produced waveguides by using an objective-lens-based coupling system
[43]; standard (NA = 0.40 and 0.17) and UV-coated microscopy ob-
jectives (NA = 0.40 and 0.50) were used to couple light from HeNe laser
(632.8 nm) and Argon ion laser (488 nm), respectively. We observed the
guided modes with a CCD camera. Waveguide total losses, including
Fresnel reflection, coupling, and propagation losses, were determined by
measuring the laser power at the waveguide input and output [43].
Coupling losses were determined by the mode-mismatch between the
guided mode profile and the input Gaussian laser beam, according to the
method described in Ref. [27,44]. We estimated the Fresnel losses by

Optics and Laser Technology 140 (2021) 107030

/L
77 T

(@) |°D, > "F5(Tb*) . =488 nm |

i °D, - 'F, (Tb*) il
5D4 "F4(Tb™)

?Fap = F7p (YD)

:m,%_

Emission intensity (arb. units)

500 1000 1050 1100
X(nm)
T T T T T T T T
0 Amonit = 977 nm
£ )
=] 5
g O3
(\“/ -
2>
®
@ _
Q
£
c -
kel
g 5
X
B j/g
1 1 1 1 1 1 1 l
300 325 350 375 400 425 450 475 500

A (nm)

Fig. 2. (a) Emission spectrum with excitation at 488 nm and (b) excitation
spectrum monitored at 977 nm for CaLiBOx01 (red curve), CaLiBOx1 (green
curve), and CaLiBOx2 (blue curve).

using the index of refraction of the glasses. Thus, we obtained propa-
gation losses by discounting Fresnel and coupling losses from the
measured total loss.

3. Results and discussion

Fig. 1 shows the absorption spectrum of CaLiBO (a), CaLiBOx01 (b),
CaLiBOx1 (c), and CaLiBOx2 (d). As one can see, the CaLiBO sample is
transparent for wavelengths over 350 nm. The samples containing the
rare earth elements present the characteristics of absorption bands of
Tb3* and Yb®* [45]. For T3, six absorption bands, related to electronic
transitions from the ground state (7F6) to excited states, can be identi-
fied; at 317 nm (5D1), 338 nm (SDO), 350 nm (5L9), 368 nm (5L10), 377
nm (5G6 + 5D3) and 484 nm (5D4) [12,46]. For Yb3+, one absorption
band from the ground state (2F7/2) can be identified at 975 nm (2F5/2)
[47]. An increase in the Tb>" absorption bands corresponding to the
concentration of this ion according to x = 0.1, 1.0 and 2.0 in the system
(99 - x)% CaLiBO + 1%Yb,03 + x%Tb405, is observed.

The emission spectrum of the rare earth doped samples is shown in
Fig. 2(a) when excited at 488 nm. Such results show the emission bands
corresponding to Tb®* in the visible spectral region, at 547 nm (°Ds—
7Fs), 588 nm (°D4— 'F4), and 624 nm (°D4— ’F3). The emission band of
Yb3t is present in the near-infrared region at 977 nm (2F5 /o — 2F7/2).
Fig. 2(b) displays the excitation spectrum when monitoring the Yb%*
emission at 977 nm. As can be seen, the excitation spectrum is similar to
the absorption spectrum of the Tb3", as shown in Fig. 1. This result
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Fig. 3. Squared line width (L?) as a function of the pulse energy (log scale) for CaLiBO (a), CaLiBOx01 (b), CaLiBOx1 (c), and CaLiBOx2 (d) for three translation

speeds 10 um/s (black circles), 50 um/s (red circles), and 200 um/s (blue circles).
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Fig. 4. Optical microscopy images (cross-section view of the input face and top view) of waveguides produced in the glass system, along with the near-field output
profile (mode profile) of light guided at 632.8 nm. For samples CaLiBO (a), CaLiBOx01 (b) and CaLiBOx1 (c). Scale bar in each image corresponds to 5 pm.

indicates the down-conversion process from Tb3t to Yb3" [20] since
glass systems co-doped with Tb®* and Yb®* ions are known to exhibit
the energy transfer process of down-conversion [48-50].

Before carrying out the fabrication of the waveguides, we performed
a study on the fs-laser micromachining condition on the CaLiBO sam-
ples, varying the pulse energy and the scanning speed to determine the
threshold energy (Ew,), which represents the minimum energy to modify
the sample. Fig. 3 shows the dependence of the line width squared (L2),
produced by fs-laser micromachining, as a function of the pulse energy
(log-scale). The line width values in all samples increase with pulse
energy, varying from approximately 0.4-1.08 pm when the pulse energy
increases from 46 to 62 nJ, for the scanning speeds of 10, 50, and 200
um/s. By fitting the data shown in Fig. 3 using the model presented in
Ref. [51], we determined the threshold energies (Eg,), which are in the

range of about 30-42 nJ.

Fig. 4 shows optical microscopy images of the top (a) and cross-
section (b) views of waveguides produced by fs-laser micromachining
in the CaLiBO glasses systems studied here. The waveguides are 7.0-mm
long (sample size limitation) and were produced approximately 100 pm
below the sample surface. For the production of waveguides with good
optical quality and homogeneity, and pulse energies used for the fabri-
cation were 46 nJ for CaLiBO, 48 nJ for sample CaLiBOx01, and 52 nJ
for samples CaLiBOx1 and CaLiBOx2 at the scanning speeds of 200 um/s
for all samples. Fig. 4 displays optical microscopy images of the cross-
section and top view of some waveguides, revealing that the wave-
guides are homogeneous along their length and exhibit slightly elliptical
cross-sections with dimensions on the order of ~2 pm. Also, the near-
field output profile shown in Fig. 4 indicates a monomode operation
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Fig. 5. Emission spectra obtained at the waveguides output when coupling
light at 488 nm to CaLiBOx01 (red line), CaLiBOx1 (green line) and CaLiBOx2
(blue line).

of the fabricate waveguides at 632.8 nm.

The mode profile of the waveguides at 632.8 nm, as shown in Fig. 4
(c), indicates single-mode operation. By adjusting such intensity distri-
bution assuming the fundamental mode of a step-index waveguide, a
refractive index change on the order of 1.0 x 10~ was determined for
all samples, in agreement with other results reported in the literature
[25,52].

The values obtained for the propagation loss are (1.8 & 0.6), (1.9 +
0.8), (1.8 £ 0.6) and (1.7 £ 0.7) dB/cm for the CaLiBO, CaLiBOx01,
CaLiBOx1, CaLiBOx2 samples, respectively, which is in agreement with
other results reported for micromachined waveguides produced by
different fs-laser and vitreous systems [29,33,34,53]. Fig. 5 displays the
spectra of the emission bands, which correspond to the emission of Tb®™,
which is in agreement with the spectrum present in Fig. 2 (a), although it
presents a smaller signal to noise ration. Such results indicate that the
micromachining does not change the emission properties of the samples.
The emission band corresponding to the Yb3+ ion (at 977 nm) was not
observed at the output of the waveguide because it is below our detec-
tion limit, given its small relative intensity, as can be seen in Fig. 2(a).
Also, the low Yb®" content in the sample, as well as insufficient exci-
tation intensity may also make it difficult to observe such band.

In order to collect only the guided emission, a filter was used to block
the wavelength of the coupled excitation. In this way, the glasses
investigated herein are favorable candidates for devices that emit green
light since they can host waveguide capable of guiding its own fluo-
rescent emission.

4. Conclusions

This work showed the inscription of homogeneous waveguides in the
CaLiBO glass system doped with Tb®" and Yb3" via femtosecond direct
laser writing. We found that the best experimental conditions to write
waveguides with optimal optical quality on the samples investigated
here is pulse energy ranged 46-52 nJ with scanning speed of 200 um/s.
In addition, the waveguides are capable of supporting single mode
guiding when coupled at 632.8 nm. The characterization of waveguides
at 632.8 nm, reported a refractive index change on the order of 1.0 x
1073, leading to a propagation loss of approximately 2 dB/cm for Cal-
iBO glass system. Finally, these doped waveguides are able to guide the
emission of the Tb®*, resulting in an optical device with visible emission
in green. The intensity of emission can be managed by the Tb®* content,
in which its increase up to 2 mol% improved the fluorescence and
guiding of green light, without changing the waveguide loss or fabri-
cation condition.
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