
Optics & Laser Technology 140 (2021) 107030

Available online 26 February 2021
0030-3992/© 2021 Elsevier Ltd. All rights reserved.

Full length article 

Waveguides fabrication by femtosecond laser in Tb3+/Yb3+ doped 
CaLiBO glasses 

S.N.C. Santos a,*, G.F.B. Almeida b, J.M.P. Almeida a,c, A.C. Hernandes a, C.R. Mendonça a,* 

a São Carlos Institute of Physics, University of São Paulo, PO Box 369, 13560-970 São Carlos, SP, Brazil 
b Institute of Physics, Federal University of Uberlândia, PO Box 593, 38400-902 Uberlândia, MG, Brazil 
c Department of Materials Engineering, São Carlos School of Engineering, University of São Paulo, Av. João Dagnone, 1100, 13563-120 São Carlos, SP, Brazil   

A R T I C L E  I N F O   

Keywords: 
CaLiBO glasses 
Femtosecond laser micromachining 
Glass waveguides 
Rare earths 
Tb3+ - Yb3+ ions 

A B S T R A C T   

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 Tb3+ and Yb3+ 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 μm, produced in the glass bulk, at 
approximately 100 μm below the sample surface. By coupling 488 nm light, the fabricated waveguide showed the 
capability of guiding the typical emission of Tb3+ 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, Tb3+ 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 Yb3+

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 Yb3+ showed 
to be suitable for use in solar cells [15–17] and green fiber laser [18,19]. 
CaLiBO glasses containing Tb3+ 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 

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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In this work, motivated by the luminescent properties of Tb3+ and 
Yb3+ ions 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 µm. 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 Tb3+ emission, which can be 
used for active optical elements. 

2. Experimental 

The glass system studied here is composed by (99-x) CaLiBO +
1Yb2O3 + xTb4O7 with x = 0.1, 1.0 and 2.0 (mol%), designated as 
CaLiBOx01, CaLiBOx1 and CaLiBOx2. CaLiBO matrix contain 60B2O3 +

30CaO + 10Li2O (mol%). All samples were prepared by the melt- 
quenching technique, using platinum crucible and high purity oxides 
or carbonates (B2O3 - Alfa Aesar 97,5%; Li2CO3 - Carlo Erba 99%; CaCO3 
- Alfa Aesar 99,5%; Tb4O7 - Alfa Aesar 99,9%; and Yb2O3 - 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 μm/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 

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 Yb3+ [45]. For Tb3+, 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 (5D0), 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 Tb3+ 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%Yb2O3 + x%Tb4O7, 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 Tb3+ in the visible spectral region, at 547 nm (5D4→ 
7F5), 588 nm (5D4→ 7F4), and 624 nm (5D4→ 7F3). The emission band of 
Yb3+ is present in the near-infrared region at 977 nm (2F5/2 → 2F7/2). 
Fig. 2(b) displays the excitation spectrum when monitoring the Yb3+

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 

Fig. 1. The absorption spectra of samples CaLiBO (a), CaLiBOx01 (b), CaLi-
BOx1 (c) and CaLiBOx2 (d) showing the absorption bands of Tb3+ and Yb3+. 
Each curve was shifted in the y-axis to better visualization. 

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). 
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indicates the down-conversion process from Tb3+ to Yb3+ [20] since 
glass systems co-doped with Tb3+ and Yb3+ 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 (Eth), 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 μm when the pulse energy 
increases from 46 to 62 nJ, for the scanning speeds of 10, 50, and 200 
µm/s. By fitting the data shown in Fig. 3 using the model presented in 
Ref. [51], we determined the threshold energies (Eth), 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 μm 
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 µm/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 μm. Also, the near- 
field output profile shown in Fig. 4 indicates a monomode operation 

Fig. 3. Squared line width (L2) as a function of the pulse energy (log scale) for CaLiBO (a), CaLiBOx01 (b), CaLiBOx1 (c), and CaLiBOx2 (d) for three translation 
speeds 10 µm/s (black circles), 50 µm/s (red circles), and 200 µm/s (blue circles). 

(a)

(b)

(c)

cross-section top view mode profile

(d)

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 μm. 
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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 × 10− 3 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 Tb3+, 
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 Yb3+ 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 Tb3+ 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 µm/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 ×
10− 3, 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 Tb3+, resulting in an optical device with visible emission 
in green. The intensity of emission can be managed by the Tb3+ 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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[45] I.A.A. Terra, L.J. Borrero-González, J.M.P. Almeida, A.C. Hernandes, L.A.O. Nunes, 
Judd-Ofelt analysis of Tb3+ and upconversion study in Yb3+–Tb3+ co-doped calibo 
glasses, Quim. Nova. 43 (2020) 188–193, https://doi.org/10.21577/0100- 
4042.20170465. 

[46] K. Linganna, J. S, B. Ch, V. Venkatramu, C.K. Jayasankar, Luminescence and decay 
characteristics of Tb3+-doped fluorophosphate glasses, J. Asian Ceram. Soc. 6 
(2018) 82–87. https://doi.org/10.1080/21870764.2018.1442674. 

[47] S. Wang, F. Lou, C. Yu, Q. Zhou, M. Wang, S. Feng, D. Chen, L. Hu, W. Chen, 
M. Guzik, G. Boulon, Influence of Al3+ and P5+ ion contents on the valence state of 
Yb3+ ions and the dispersion effect of Al3+ and P5+ ions on Yb3+ ions in silica glass, 
J. Mater. Chem. C. 2 (2014) 4406–4414, https://doi.org/10.1039/C3TC32576H. 

[48] J. Hu, Y. Zhang, H. Xia, H. Ye, B. Chen, Y. Zhu, NIR downconversion and energy 
transfer mechanisms in Tb3+/Yb3+ codoped Na5Lu9F32 single crystals, Inorg. 
Chem. 57 (2018) 7792–7796, https://doi.org/10.1021/acs.inorgchem.8b00867. 

[49] T. Grzyb, K. Kubasiewicz, A. Szczeszak, S. Lis, Energy migration in YBO3:Yb3+, Tb3 

+ materials: down- and upconversion luminescence studies, J. Alloys Compd. 686 
(2016) 951–961, https://doi.org/10.1016/j.jallcom.2016.06.230. 

[50] B. Zheng, L. Lin, S. Xu, Z. Wang, Z. Feng, Z. Zheng, Efficient near-infrared 
downconversion and energy transfer mechanism in Tb4+-Yb3+ co-doped NaYF4 
nanoparticles, Opt. Mater. Express. 6 (2016) 2769–2775, https://doi.org/10.1364/ 
ome.6.002769. 

[51] J.M. Liu, Simple technique for measurements of pulsed Gaussian-beam spot sizes, 
Opt. Lett. 7 (1982) 196, https://doi.org/10.1364/OL.7.000196. 

[52] S. Thomas, T.T. Fernandez, J. Solis, P.R. Biju, N.V. Unnikrishnan, Optical channel 
waveguides written by high repetition rate femtosecond laser irradiation in Li–Zn 
fluoroborate glass, J. Opt. 47 (2018) 412–415, https://doi.org/10.1007/s12596- 
018-0462-1. 

[53] J.M.P. Almeida, R.D. Fonseca, L. De Boni, A.R.S. Diniz, A.C. Hernandes, P.H. 
D. Ferreira, C.R. Mendonca, Waveguides and nonlinear index of refraction of 
borate glass doped with transition metals, Opt. Mater. (Amst) 42 (2015) 522–525, 
https://doi.org/10.1016/j.optmat.2015.01.048. 

S.N.C. Santos et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.jssc.2016.11.004
https://doi.org/10.1016/j.jssc.2016.11.004
https://doi.org/10.1016/j.jallcom.2018.11.380
https://doi.org/10.1016/j.jallcom.2018.11.380
https://doi.org/10.1016/j.jre.2018.07.014
https://doi.org/10.1016/j.jre.2018.07.014
https://doi.org/10.1364/AO.49.001671
https://doi.org/10.1364/AO.49.001671
https://doi.org/10.1016/j.jnoncrysol.2010.09.010
https://doi.org/10.1016/j.jnoncrysol.2010.09.010
https://doi.org/10.1016/j.jlumin.2012.02.019
https://doi.org/10.1016/j.jlumin.2012.02.019
https://doi.org/10.1364/ome.9.003557
https://doi.org/10.1515/nanoph-2017-0097
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0115
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0115
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/10.1063/1.2716866
https://doi.org/10.1063/1.4739288
https://doi.org/10.1364/OL.29.001900
https://doi.org/10.1364/OL.29.001900
https://doi.org/10.1049/el:20020649
https://doi.org/10.1049/el:20020649
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0145
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0145
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0145
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0145
https://doi.org/10.1364/oe.14.012145
https://doi.org/10.1364/oe.14.012145
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0155
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0155
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0155
https://doi.org/10.1364/ome.5.000416
https://doi.org/10.1364/ol.43.002523
https://doi.org/10.1016/j.optcom.2018.06.026
https://doi.org/10.1002/lpor.201300025
https://doi.org/10.1080/09500340.2020.1810795
https://doi.org/10.1016/j.vacuum.2019.109093
https://doi.org/10.1109/JPHOT.2018.2867491
https://doi.org/10.1109/JPHOT.2018.2867491
https://doi.org/10.1016/j.jnoncrysol.2019.119637
https://doi.org/10.1364/oe.16.009443
https://doi.org/10.1364/oe.16.009443
https://doi.org/10.1063/1.3088852
https://doi.org/10.1007/s00339-002-1819-4
https://doi.org/10.1063/1.4875485
https://doi.org/10.1063/1.4875485
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0220
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0220
http://refhub.elsevier.com/S0030-3992(21)00118-3/h0220
https://doi.org/10.21577/0100-4042.20170465
https://doi.org/10.21577/0100-4042.20170465
https://doi.org/10.1080/21870764.2018.1442674
https://doi.org/10.1039/C3TC32576H
https://doi.org/10.1021/acs.inorgchem.8b00867
https://doi.org/10.1016/j.jallcom.2016.06.230
https://doi.org/10.1364/ome.6.002769
https://doi.org/10.1364/ome.6.002769
https://doi.org/10.1364/OL.7.000196
https://doi.org/10.1007/s12596-018-0462-1
https://doi.org/10.1007/s12596-018-0462-1
https://doi.org/10.1016/j.optmat.2015.01.048

	Waveguides fabrication by femtosecond laser in Tb3+/Yb3+ doped CaLiBO glasses
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


