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ABSTRACT — This study aims to produce and 
characterize different dual waveguides using femtosecond 
(fs) laser irradiation on GeO2-based glass samples. The 
work is motivated by previous results obtained with rare 
earth ions doped GeO2 – PbO glass, with and without silver 
nanoparticles, in which irradiation, with fs laser was 
successful. The work aims to manufacture different 
structures such as straight, curved, and Y waveguides (using 
the double guide configuration) for applications in 
photonics (resonant rings, beam splitters, among others) in 
GeO2 – PbO glasses with silver nanoparticles. For both, 
straight and S curved waveguides, better M2 (beam quality 
factor) results were found for a distance between the guide 
walls of 10 µm, when compared to 25 µm.  Moreover, 
among the two different curved guides produced it was also 
possible to observe better guidance when a larger radius of 
curvature (20 mm) was used; preliminary tests showed no 
guiding for 5 mm and 10 mm radius. The highest relative 
propagation loss was obtained for the S curved waveguide 
with a 25 µm distance between the guide walls whereas the 
lowest one was found for the Y shaped waveguide; for this 
configuration (opening angle of 5° and distance of 620 µm 
between the two arms) an output power ratio between the 
left and right arm of 53.9/46.1 showed promising 
applications for beam splitters. 

Keywords — germanate glasses, femtosecond laser, double 
guides, curved guides, Y guides. 

I. INTRODUCTION 

GeO2-PbO glasses feature a low phonon energy (800 ~ 
975 cm-1), wide transmission window (400 ~ 4500 nm), 
high refractive index (2.0) associated with the high atomic 
mass of the elements and high polarizability, good 
chemical, thermal and mechanical stabilities, low melting 
point compared to silicate glasses, low glass transition 
temperature and good solubility of rare earth ions (TRs) [1, 
2]. GeO2-PbO glasses doped with TRs demonstrated 
enhanced optical properties due to the plasmonic effects of 
metallic NPs [3]. Moreover, these glasses with metallic 

NPs exhibited significant potential for photonic 
applications due to their ultrafast response times and high 
third-order nonlinearities [4]. The first results of dual-line 
waveguides written by femtosecond (fs) laser and produced 
directly in glasses based on GeO2 and TeO2 were reported 
in [5]. More recently, we showed a new configuration of 
dual-line waveguides, produced in Nd3+ doped GeO2-PbO 
glass containing silver (Ag) nanoparticles (NPs), for 
applications in optical amplifiers at 1064 nm [6,7]. Inspired 
by these promising results, which showed improved beam 
quality factor and optical gain, we present for the first time 
the production of dual-line waveguides with diverse 
configurations such as, straight, curved [8, 9], and Y-
shaped [10, 11], by using GeO2-PbO glasses with Ag NPs. 
These guides were directly inscribed via femtosecond laser 
onto the glasses, for applications in photonic devices, such 
as resonant rings [12], high gain amplifiers [8], beam 
splitters [13], among others. We utilized a Ti:Sapphire 
femtosecond (fs) laser operating at 800 nm, which 
delivered 30 fs pulses at a 10 kHz repetition rate. We 
present results of beam quality factor M2 (at 632 and 1064 
nm), propagation loss and polarization. The present result 
covers a lack in the literature as there are few reports of 
waveguides inscribed in glasses with Ag NPs by fs laser 
[10]. Another contribution of the present investigation is 
the use of glasses for curved and Y waveguide 
configurations as mainly of the reports are produced in 
crystalline hosts. 

II. MATERIALS AND METHODS 

The glass manufacturing process involved the original 
composition (in wt%) 40GeO2-60PbO (labeled GP) with 
the addition of 2.0 wt% AgNO3. The samples were 
prepared using the melt quenching technique. The process 
involved the melting of the reagents in high purity alumina 
crucible (99.999%) at 1200 °C, using a glass rod for 
homogenization. Subsequently, the molten material was 
poured into preheated brass molds, followed by annealing 
at 420 °C for 1 hour. This procedure is crucial to reduce 
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internal tensions and provide greater resistance to the 
samples. After annealing, the samples were cooled until 
they reached room temperature inside the oven. Then, the 
samples were subjected to a final polishing process [6]. 

Subsequently, double waveguides were created, 
consisting of a pair of parallel lines each of which is 
produced by superimposing four laser-irradiated tracks. 
These tracks were manufactured using a fs laser system 
(Ti:sapphire, model PRO 400, Femtolasers GmbH) and a 
focusing lens with a focal length of 20 mm, N.A = 0.23, 
with the focal point positioned 0.75 mm below the surface. 
The laser beam was perpendicular to the polished surface 
of the sample, with the linear polarization inclined at 45° to 
the direction of movement, at a speed of 0.5 mm/s and pulse 
energy of 30 μJ. In this work Ag NPs are produced during 
the annealing; however, we cannot discard their 
concentration growth during fs laser irradiation, as already 
reported in the literature, for tungsten lead–pyrophosphate 
glass [6, 14]. The two straight waveguides included two 
parallel straight lines each, separated by distances of 10 and 
25 µm, curved waveguides with a radius of curvature of 20 
mm and distances of 10 and 25 µm; a Y-shaped waveguide 
was also produced, with an opening angle of 5º and distance 
of 620 µm between the arms, maintaining a distance of 10 
µm between the guide walls. Curved guides with radius of 
5 and 10 mm were produced but demonstrated no guiding. 
Figure 1, from left to right, displays two curved guides, 
followed by two straight guides, and the Y-shaped guide.  

The structures that form the walls of the double 
waveguides are formed by regions with a refractive index 
lower than that of the original glass, and have approximate 
dimensions of 178 mm x 3 mm [6]. Due to these 
dimensions and the low contrast with the surrounding 
medium, these regions are very difficult to observe, and can 
only be seen with polarized light microscopy, and under 
special conditions. Therefore, any characterization of the 
morphology of the walls, such as their roughness, becomes 
an extremely difficult task and was not done in this work. 
The laser beam used has a Gaussian distribution, and the 
pulse overlap rate was quite high, which could indicate a 
great homogeneity in the morphology of the walls. 

 
Fig. 1. Illustration of the waveguides configurations irradiated with fs 

laser in GeO2PbO glass a) curved b) straight c) Y-shaped. 

Using the setup shown in Fig. 2 (a), the propagation 
losses for all waveguide configurations were measured at 
632 nm, using the straight waveguide with 10 µm 
separation as reference [15]; the output power distribution 
of the straight waveguide with 25 µm width, the two curved 
waveguides (with 10 and 25 µm separation between the 
walls) and also the two arms of the Y waveguide was 
obtained. Then with equation 1, it was possible to measure 
the relative propagation losses [15]:                                            

𝜂 =  −10 logଵ଴ ቀ
∑ ௉೔೔

௉బ
ቁ                  (1) 

In the equation above 𝑃௜  is the sum of the output powers 
of the guide that will be compared, and 𝑃଴ represents the 
output power of the 10 µm waveguide used as a reference. 
This procedure is suitable as it avoids the use of the cutback 
method [15-17] but not adequate for samples that cannot be 
cut, as is the case of those with curved and Y shaped 
configurations. Finally, 𝜂  represents the value of the 
relative losses in dB. 

 
Fig. 2. Experimental setup used to measure a) propagation loss; b) M2.  

To determine the quality of the waveguide output beam, 
the M² was measured for all waveguide configurations, 
using standard procedures [18] and the setup illustrated in 
Fig. 2 (b) and replacing the power meter by a CCD camera. 
Using equation 2 it was possible to determine M2 by 
measuring the beam diameter along the near and far fields, 
obtained for 632 nm [17]. Then the experimental values 
were adjusted by equation 2 where d = 2w is the diameter 
of the waveguide output beam (2w) measured at different 
focal distances (z). The diameter of the beam at the focus 
(z0) is given by d=2 w0. 

d = 𝑑଴ ඨ1 + ൬
൫ெమ ஛ (௭ି ௭బ)൯

൫గ ௗబ
మ൯

൰
ଶ

                  (2)  

 
Equation 3 is used to calculate M2 at 1064 nm using the 

values obtained with the setup of Fig. 2 (b) since λ≪w 
 

𝑀ଶ =
గ  .  ఏ೔೏೐ೌ೗  .  ௪బ೔೏೐ೌ೗

ఒ
                         (3) 

In the above equation, 𝜃௜ௗ௘௔௟  is the beam divergence 
semi-angle measured in the far field and 𝑤଴௜ௗ௘௔௟  is the waist 
radius at the beam focus. Finally, polarization was 
measured using the experimental arrangement presented in 
Figure 3. The acquired data made it feasible to calculate a 
percentage relationship between the power output values of 
each polarization axis. These results were of importance for 
the assessment of polarization during the guidance process 
and its corresponding orientation.  

 
Fig. 3. Experimental setup used for measurements of polarization of dual 
waveguides.  

Optical microscopy was performed to obtain top 
images of all the waveguides. 
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III. RESULTS 

Table 1 summarizes the values obtained for relative 
propagation loss (equation 1 and setup of fig. 2a) of each 
configuration, compared to the straight waveguide of 10 
µm, which served as the reference. 

TABLE 1 - PROPAGATION LOSSES CONCERNING A STRAIGHT WAVEGUIDE 
WITH A DISTANCE BETWEEN THE WAVEGUIDE WALLS OF 10 μm. 

Waveguide Propagation losses (dB/cm) 
Straight 25 µm 0.74 
S curved 10 µm 1.33 
S curved 25 µm 2.19 

Y waveguide 0.55 

By using the arrangement of Fig. 2 (b) it was possible to 
measure the beam waist (d=2w) as a function of the z 
position. The results of the M2 factor at 632 nm obtained by 
equation 2, for the horizontal and vertical axes, respectively, 
are presented in Figure 4 (for straight waveguide 
configuration with 10 µm distance between the walls). 

 
Fig. 4. GP sample results for the straight waveguide with a distance 
between the guide walls of 10µm a) M²x b) M²y. 

The results for all waveguide configurations can be seen 
in Table 2. 

TABLE 2- M²X AND M2
Y VALUES AT 632 nm FOR ALL WAVEGUIDES.  

Waveguide M²x (632 nm) M²y (632 nm) 
S curved 10 µm 15.2 10.64 
S curved 25 µm 23.5 28.8 
Straight 10 µm 5.23 4.16 
Straight 25 µm 6.30 5.31 

Y first arm 5.03 6.99 
Y second arm 5.84 5.46 

Using equation 3 it was possible to obtain the results of 
the M2 at 1064 nm, which are presented in Table 3. 

TABLE 3 - M²X AND M2
Y VALUES AT 1064 nm FOR ALL WAVEGUIDES. 

Waveguide M²x (1064 nm) M²y (1064 nm) 
S curved 10 µm 9.02 6.32 
S curved 25 µm 13.95 17.09 
Straight 10 µm 3.11 2.47 
Straight 25 µm 3.74 3.15 

Y first arm 2.99 4.15 
Y second arm 3.46 3.24 

Using the setup of Fig 2b) it was determined that the 
output power ratio between the left and right arms of the Y 
waveguide was 53.9/46.1, indicating potential photonic 
applications, such as beam splitters. The polarization results 
can be seen in Tables 4 and 5, with the input vertical and 
horizontal polarizations respectively. The polarization 
measurement was performed for the S curved and straight 
configurations (with the set up presented in fig. 3) with the 
smaller distance between the guide walls (10 μm) that 
presented the smaller losses. Only the S-curved (10 µm) 
showed horizontal polarization (12%), as presented in Table 
4. Regarding the results presented in Table 5, vertical 
polarizations were observed for the straight waveguide 

(13%) and for both Y arms (right and left) with polarizations 
of 10%. The polarization measurement was performed for 
the S curved and straight configurations (with the setup 
presented in Fig. 3) with distance between the guide walls 
of 10 μm that presented smaller losses with respect to those 
with 25 μm. 

TABLE 4 - OUTPUT POLARIZATION PERCENTAGE WHEN INPUT LASER 
POLARIZATION IS VERTICAL. 

Waveguide  
Vertical  

polarization  
(%)  

Horizontal 
polarization  

(%) 
S curved 10 µm 87.9 ± 0.7 12.1 ± 0.7 
Straight 10 µm 98 ± 2 2.3 ± 2.2 

Y first arm 98 ± 3 2.3 ± 2.8 
Y second arm 97 ± 2 3.1 ± 2.1 

TABLE 5 - OUTPUT POLARIZATION PERCENTAGE WHEN INPUT LASER 
POLARIZATION IS HORIZONTAL.  

Waveguide  
Vertical  

polarization  
(%) 

Horizontal 
polarization  

(%) 
S curved 10 µm 6.7 ± 5.9 93 ± 6 
Straight 10 µm 13 ± 2 87 ± 2 

Y first arm 10 ± 1 90 ± 1 
Y second arm 10 ± 4 90 ± 4 

The results obtained by optical microscopy (top 
images) can be seen in Fig. 5a and Fig 5b for the straight 
waveguide with 10 and 25 µm distance between the guide 
walls. The results for the two curved waveguides, separated 
by 10 and 25 µm are presented in Fig. 6a and 6b, 
respectively. The corresponding output modes are also 
shown. 

 
Fig. 5. Top images and the corresponding output modes of the straight 
waveguide with a distance between the guide walls of a) 10 µm b) 25 µm.  

 
Fig. 6. Top images and the corresponding output modes of the curved 
waveguides with a distance between the guide walls of a) 10 µm b) 25 µm.  

Fig. 7 presents the microscopy results of the Y 
waveguide and the simultaneous view of the output modes 
of the two arms.  

 

Fig. 7. Top images of the two arms of the Y waveguide and the 
corresponding output modes. 
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IV. CONCLUSION 

In short, with the analysis of the data, it was possible to 
observe a better result in the straight waveguide 
configuration with respect to propagation losses and beam 
quality. Other than that, the distance between the guide 
walls resulted in higher output powers when the distance 
was smaller (10 µm) for both straight and curved 
waveguides. Also, for both, straight and S curved 
waveguides, better M2 results were found for a distance 
between the guide walls of 10 µm, when compared with 25 
µm.  Moreover, for curved guides it was also possible to 
observe better guidance when they had a larger radius of 
curvature, since in the initial tests with 5 mm and 10 mm 
radius, there was no light guidance. The highest propagation 
loss was obtained for the S curved guide with a 25 µm 
distance between the guide walls. We highlight the low 
propagation losses in both arms, for the Y configuration. 
Finally, the configuration of a Y waveguide showed 
promising results for applications in photonics, such as 
beam splitters due to the output power ratio between the left 
and right arms being close to 50%. In this configuration, an 
opening angle of 5° and 620 µm was used between the two 
arms. The present results show for the first time the 
possibility of producing passive waveguides with curved 
and Y configurations, using GeO2-PbO glass with Ag NPs, 
and the configuration of double waveguides each formed by 
4 superpositions. Most of the results reported in the 
literature for curved and Y waveguide configurations are 
mainly produced in crystalline hosts. The present 
investigation covers a lack in the literature related to curved 
and Y-shaped waveguides irradiated by fs laser in glasses 
and can be extended to different glassy hosts with Ag NPs.  
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