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A B S T R A C T   

A new double-line waveguide architecture produced in Nd3+ doped GeO2-PbO glasses is presented for photonic 
applications. The waveguides are written directly into Nd3+ doped GeO2-PbO glasses using a Ti:Sapphire 
femtosecond (fs) laser, operating at 800 nm, delivering 30 fs pulses at 10 kHz repetition rate and writing speed of 
0.5 mm/s. Two parallel lines form a dual-waveguide each line being a result of either 4 or 8 superimposed lines. 
Results of propagation losses, M2 beam quality factor at 632 and 1064 nm, refractive index change, and relative 
gain at the signal wavelength (1064 nm) are presented. Structural changes, due to laser writing process were 
investigated by Raman spectroscopy. The observed near-field pattern image showed good waveguiding quality, 
consisting of a single, circular lobe. X,y-symmetrical guiding for both waveguides was observed. The relative gain 
reached 4.5 and 6.0 dB/cm for 4 and 8 superimposed lines, respectively, for 420 mW of 808 nm pumping. 
Propagation losses were 0.89 and 0.44 dB/cm, for 4 and 8 superimposed lines, respectively, leading to positive 
internal gain of 3.6 and 5.56 dB/cm. The results obtained in the present work demonstrate that this new double 
line architecture for Nd3+ doped GeO2-PbO glasses is promising for the fabrication of integrated amplifiers, 
lossless components and lasers.   

1. Introduction 

The need to find suitable materials for integrated optics has led re-
searchers to investigate different methods for waveguides fabrication. In 
particular, femtosecond (fs) laser processing of transparent dielectric 
materials appeared as a promising application not only for integrated 
optics [1], but also for integrated microsystems with optofluidic and 
mechanical characteristics in a single substrate (lab-on-a-chip) [2]. Two 
types of waveguides can be obtained in practice using the fs laser writing 
method: single or double-line. In the first type, the structural modifi-
cation of the material causes a positive refractive index increase, leading 
to light confinement within the line [3]; in the second type, 
stress-induced negative refractive index changes occur in the laser focal 
region and light is guided in the pristine region between two or more 
written lines. In the present work we report results using the second type 
of writing for the production of the waveguides written directly in Nd3+

doped GeO2-PbO glasses. Double-line waveguides demonstrated good 
results for undoped and Yb3+/Er3+ co-doped GeO2-PbO glasses [4,5] 

and motivated this investigation. 
Initially, glass formers like silicates, borates, and phosphates were 

used as hosts for rare earth ions [6–9], followed by fluoride glasses, 
mainly because of their low phonon energy (500–600 cm− 1) [10–12]. 
However, their mechanical weakness and the necessity to use glove-box 
environment for their preparation led researchers to look for other al-
ternatives. In this context, heavy metal oxide glasses appeared as 
another possible host [13–16] as they exhibit better thermal, mechanical 
and chemical durability, which allows them to be melted in ambient 
atmosphere, higher refractive index (~2.0) and low phonon energy 
(700-800 cm− 1). Several results of GeO2-PbO glasses doped with 
rare-earth ions and metallic nanoparticles were reported and potential 
photonics applications demonstrated because of their enhanced linear 
and nonlinear optical properties. Here, the GeO2-PbO glassy matrix was 
chosen due to prior experience and successful results the authors have 
obtained with this system. This host demonstrated to be an efficient 
material for optical amplifiers using Si technology [17], cover layers to 
enhance Si solar cell efficiency [18,19], and for sources for white light 
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generation and tunable visible light emission [20,21], among others. 
We report a new strategy for the double-line configuration based on 

repeated collinear overlays of lines written at high speed when 
compared to previous work where a single line was written at a much 
slower speed [5]. Here, a nine times higher focal point displacement 
speed was used because a lower speed would lead to an accumulation of 
heat with consequent fracture of the glass due to the neodymium ab-
sorption at 800 nm that is in resonance with the fs laser’s emitting 
wavelength. In order to maintain a high pulse overlap, which guarantees 
the intended effect of changing the refractive index, several lines were 
superimposed with a sufficiently long time interval between the writing 
of each line to allow for cooling of the affected region [5]. In this way, 
two parallel lines form a dual-waveguide, each line being the result of 
either 4 or 8 superimposed lines, which corresponds to a total local 
overlap of 576 or 1.152 pulses (considering a calculated diameter of 7.2 
μm of the focal point inside the glass). Results of propagation losses, 
refractive index change, optical microscopy, absorbance measurements, 
M2 beam quality factor (at 632 and 1064 nm), output mode profile, 
Raman spectroscopy and relative gain at 1064 nm are presented. The 
aim of this work is to verify the feasibility of the above outlined pro-
cedure and also to investigate optical amplification around 1064 nm, 
under 808 nm excitation. This new architecture can be extended to 
different hosts and represents an alternative usage of suitable materials 
for integrated optics. 

2. Experimental 

2.1. Preparation of the glasses 

Glasses were obtained by the melt-quenching method with the 
addition of Nd2O3 (1.0 wt %) to the basic glass composition (in wt%): 
40.0GeO2 – 60.0PbO. The reagents (with high purity of 99.999%) were 
melted in an alumina crucible for 1 h at 1200 ◦C, quenched in air in a 
preheated brass mold, and annealed at 420 ◦C for 1 h to avoid internal 
stress. The annealing is relevant to reduce the internal stress and provide 
less fragile samples as they may break during polishing. Finally, the 
samples were cut and polished to acquire optical quality surface. 
Transparent samples with thickness of 2 mm were produced. 

2.2. Waveguide writing 

The waveguide writing was performed using a femtosecond laser 
system (Ti:sapphire, model PRO 400, Femtolasers GmbH) with emission 
wavelength centered at 800 nm, pulse length of 30 fs, 200 μJ of 
maximum energy per pulse and 10 kHz repetition rate. During the 
writing process, the laser beam, with energy of 30 μJ per pulse, is 
focused perpendicular to the polished surface of the sample, with its 
linear polarization tilted 45◦ with respect to the movement direction and 
with the focal point positioned 0.75 mm below the surface. Two parallel 
lines separated by a distance of 10 μm were written. Each line itself was 
composed by 4 and 8 superimposed lines, as already described, written 
at a speed of 0.5 mm/s [22]. As explained before, the higher writing 
speed of 0.5 mm/s with respect to our previous work (0.06 mm/s) based 
on Yb/Er doped GeO2-PbO glass [5], was used in order to avoid the 
heating of the material because of the absorption of the Nd 3+ doped 
GeO2-PbO material at 800 nm. After waveguide writing, the input and 
output facets of the samples were polished again to eliminate the surface 
damage suffered during femtosecond writing [4]. The final dimensions 
of the sample containing several waveguides was (5.18 × 4.0 x 2.0) 
mm3. 

2.3. Characterization 

The visible to near-infrared optical absorption spectrum was ob-
tained at room temperature from 400 to 900 nm, using a commercial 
spectrophotometer (OceanOptics QE65 PRO), to verify the 

incorporation of rare-earth ions. Raman spectroscopic measurements 
were made in the focal region using LabRam HR Evolution - HORIBA. 
Optical microscopy was performed using a Leica DMLP Polarizing Light 
Microscope with a MC170 HD camera. 

The refractive index change was estimated by equation (1) (where n1 
and n2 represent the refractive index of the core and the cladding, 
respectively) using the measured NA (numerical aperture) of the 
waveguide [22,23] as follows: the waveguide output beam diameter was 
measured at several distances and the numerical aperture of the wave-
guides was calculated from the ratio between the distance and the mode 
radius. 

N.A.=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n2
1 − n2

2

√

≈
̅̅̅̅̅̅̅̅̅̅̅̅̅
2n2Δn

√
(1) 

Propagation losses were determined at 1064 nm using the cut back 
method [24] and equation (2) where P1 and P2 represent the power 
corresponding to the different lengths of the samples, d1 and d2, 
respectively, obtained with the experimental setup shown in Fig. 1. 

α⌊dB/cm⌋ = − 10
log(P2 − P1)

(d2 − d1)
(2) 

An experimental setup similar to the one shown in Fig. 1 was used to 
determine the near field profiles by using a CCD camera instead of the 
power meter and by changing the 10× objective to 20× and using a 632 
nm laser. As reported in Ref. [22], this experimental setup was also used 
to determine the waveguide’s NA. 

The gain properties of the waveguides were characterized as follows: 
the relative gain (signal enhancement) was obtained by using two 
continuous (cw) laser diodes operating at 808 nm (maximum output 
power 420 mW) and 1064 nm for pump and signal wavelengths, 
respectively. The intensities of amplified spontaneous emission (ASE) 
and stimulated emission (SE) at 1064 nm were measured and the rela-
tive gain was determined using the experimental setup of Fig. 2. The 
relative gain measurements were carried out as follows: first, with the 
signal laser switched on and without the pump laser, the signal power 
was measured after propagation of the beam through the sample (Psig-

nal). Signal input power was kept constant and at very low level (400 
nW) to avoid gain saturation. Then, the measurement was repeated with 
both lasers (pump and signal) turned on (Psignal+ASE) and the SE and ASE 
at 1064 nm were recorded together. Finally, ASE was measured (PASE) 
by turning the signal off and leaving the pump on; then the relative gain 
was determined from the following equation (3) where d = 0.5 cm 
represents the sample length [5,17,24–26]: 

G
[

db
cm

]

=
10 × log

( (
Psignal+ASE − PASE

)/
Psignal

)

d
(3)  

3. Results and discussion 

3.1. Optical and Raman spectroscopy results 

Linear absorption measurements of the polished glasses after the 
fabrication process demonstrated transparent and homogeneous sam-
ples, as shown in Fig. 3. The observed spectra highlights the typical 
absorption of Nd3+ doped glasses and demonstrates the presence of the 
rare-earth ions in trivalent form, which are responsible for lasing action. 
Images obtained from optical microscopy can be seen in Fig. 4. A top 
view image of double waveguides written in Nd3+ doped GeO2-PbO 
glass with 8 superimposed lines (pulse energy of 30 μJ, writing speed of 
0.5 mm/s) is presented; the distance between the pair of parallel lines is 
10 μm. 

Raman results are presented in Fig. 5 for the bulk glass without 
waveguides (Fig. 5a) and 5b shows the results obtained between the two 
lines written with 8 superimposed lines, which shows no change. This 
fact suggests that our fs laser writing procedure causes no fundamental 
structural change in the guiding region between the two lines, as 
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reported before [4,5]. Comparing these results of Fig. 5a and b with 
Fig. 5c that shows the Raman spectrum taken in the center of one of the 
lines (written with 8 superimposed lines) we observe the following 
changes: The peak at 347.8 cm− 1 (bulk) shifts to 356.6 cm− 1 (written 
region) and indicates that the laser writing process changes the Ge-O-Ge 
bending mode’s vibrational frequency [4,27]. The same applies to the 
peak at 439.7 cm− 1 (bulk) that shifts to 446.2 cm− 1 (written region) and 
demonstrates that symmetric stretching vibrations of the Ge-O-Ge bonds 
are altered with the laser writing process. The shift of the peak at 515.5 

cm− 1 (bulk) to 510.1 cm− 1 (written region), relates to symmetric 
stretching vibrations along the Ge-O-Ge chain [4,27] and indicates a 
different density of these type of bonds in the written region, as reported 
in a previous work of undoped GeO2-PbO glass, in which the writing 
process was different, as the double lines were not formed by super-
imposed lines as in the present study [4]. The peaks at 774 cm− 1 (bulk) 
and 772 cm− 1 (inside line) and at 863 cm− 1 (bulk) and 861 cm− 1 

(written region), that correspond to Ge-O- and Ge-O-Ge symmetric 
stretching vibrations in the GeO4 tetrahedral units [4,27], and asym-
metric stretching vibrations of Ge-O-Ge bonds, respectively, change only 

Fig. 1. Experimental setup used for the measurements of the propagation losses.  

Fig. 2. Experimental setup used for relative gain measurements at 1064 nm (excitation at 808 nm).  

Fig. 3. Absorbance results for Nd3+ doped GeO2-PbO glass at room 
temperature. 

Fig. 4. Top view microscope image of a double-line waveguide written in Nd3+

doped GeO2-PbO glass with 8 superimposed lines; the distance between the pair 
of parallel lines is 10 μm. (pulse energy of 30 μJ, writing speed of 0.5 mm/s). 
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slightly, showing little influence of the laser writing process. Similar 
changes observed in the Raman spectra related to laser-induced alter-
ation of the structure have been observed in other glasses [28,29]. 

3.2. Passive and active characterization results 

Table 1 presents the results of Δnx and Δny at 632 nm. We observe 
that the created index change is negative in the center of the written 
lines. As a result, the unchanged guiding region between both written 
lines shows a positive index difference when compared to the center of 
the written lines. Similar values are obtained for both directions: Δnx =

5.7 × 10− 3, Δny = 5.4 × 10− 3 and Δnx = 7.3 × 10− 3, Δny = 5.3 × 10− 3 

for double waveguides written with 4 and 8 superimposed lines, 
respectively. The results of the beam quality factor (M2), at 632 and 
1064 nm, determined using standard procedures as already reported 
[22,30], are also shown, indicating a x,y-symmetrical guiding for both 
waveguides (4 and 8 superimposed lines). Low propagation loss values 
were obtained: 0.89 and 0.44 dB/cm for 4 and 8 superimposed lines, 
respectively. Near field mode profiles at 632 nm, are presented in Fig. 6 

for waveguides written with 4 and 8 superimposed lines and demon-
strate the presence of confined beams that correspond to single trans-
verse mode. 

Fig. 7a and b shows the variation of the relative gain at 1064 nm as a 
function of the pump power (808 nm) for 400 nW of input signal power 
for the double waveguides, determined using equation (3). Fig. 8 pre-
sents the ASE spectrum without signal for 184 mW of pump power and 
the amplified signal after ASE removal using 400 nW of input signal 
strength at 1064 nm. The relative gain reached 4.5 and 6.0 dB/cm for 4 
and 8 superimposed lines, respectively, for 420 mW of 808 nm pump 
power, after which point saturation takes place. We highlight a larger 
relative gain for the waveguide written with 8 superimposed lines. If we 
take into account propagation losses (α) presented in Table 1, the in-
ternal gain can be calculated as in Refs. [5,24]. Considering the propa-
gation losses (Table 1) of 0.89 and 0.44 dB/cm at 1064 nm, for 4 and 8 
superimposed lines, respectively, we can calculate the internal gain for 
420 mW of pump power by GINT = GR – α and a positive internal gain of 
3.61 and 5.56 dB/cm is obtained for 4 and 8 superimposed lines, 
respectively. Consequently, we come to the conclusion that the wave-
guides written with 8 superimposed lines represent a better condition for 
optical amplifiers applications at 1064 nm. 

4. Conclusion 

This work presents double-line waveguide amplifiers in Nd3+ doped 
GeO2-PbO glasses produced by direct fs laser writing using a new 
technique based on several superimposed lines. Samples were prepared 
using a standard melt-quenching technique that allowed the production 
of optical-quality glasses. Absorption measurements confirmed the 
incorporation of the trivalent form of the rare-earth ions. The wave-
guides were written using 30 fs, 800 nm laser pulses, and either 4 or 8 
superimposed lines. The refractive index difference at the center of the 

Fig. 5. Raman results of Nd3+ doped GeO2-PbO glass in a) the bulk area and b) between the double waveguide written with 8 superimposed lines. c) Raman results 
inside one of the fs written lines of the double waveguide written with 8 superimposed lines. 

Table 1 
Results of index difference (Δn), M2

x and M2
y and propagations losses (pulse en-

ergy of 30 μJ and writing speed of 0.5 mm/s).  

PARAMETERS 4 SUPERIMPOSED LINES 8 SUPERIMPOSED LINES 

Δnx 5.7 × 10− 3 7.3 × 10− 3 

Δny 5.4 × 10− 3 5.3 × 10− 3 

M2
x (at 632 nm) 16.7 16.6 

M2
y (at 632 nm) 14.2 15.6 

M2
x (at 1064 nm) 9.9 9.9 

M2
y (at 1064 nm) 8.4 9.2 

Propagation losses (dB/ 
cm) 

0.89 0.44  
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waveguide was 6.3 (±1.0)×10− 3 in both directions and for both wave-
guides. The observed near-field pattern image showed good wave-
guiding quality, consisting of a single, circular lobe. X,y-symmetrical 

guiding for both waveguides was observed. Propagation losses were 
0.89 and 0.44 dB/cm for 4 and 8 superimposed lines, respectively. The 
best condition for amplification was achieved by waveguides written 
with 0.5 mm/s and 30 μJ with 8 superimposed lines resulting in a 
relative gain of 6.0 dB/cm for 420 mW of pump power at 808 nm. We 
highlight that a positive internal gain of 3.61 and 5.56 dB/cm was ob-
tained for 4 and 8 superimposed lines, respectively. The results obtained 
in the present work demonstrate that this new double line architecture 
for Nd3+ doped GeO2-PbO glasses is promising for the fabrication of 
integrated amplifiers, lossless components and lasers. Moreover, it can 
be extended to different hosts to operate in different regions of the tel-
ecom bands. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We acknowledge financial support from Fundação de Amparo à 
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Fig. 6. Beam images (at 632 nm) from the double waveguides for (a) 4 and (b) 8 superimposed lines.  

Fig. 7. Relative gain (signal enhancement) at 1064 nm as a function of pump power at 808 nm for 400 nW of input signal power for the dual waveguides written in 
Nd3+ doped GeO2-PbO with a) 4 superimposed and b) 8 superimposed lines. 

Fig. 8. Normalized ASE spectrum without signal for 184 mW of pump power at 
808 nm (dashed line) and the signal at the waveguide output after ASE removal 
(SE) using 400 nW of input signal power at 1064 nm (solid line) for 8 super-
imposed lines. 
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