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A B S T R A C T   

Femtosecond laser micromachining stands out as an efficient and flexible tool for fabricating optical waveguides, 
which are key elements in photonics for their ability to confine and direct light propagation. Different materials, 
from optical glasses to polymers, as well as geometries, have been studied for the fabrication of three- 
dimensionally inscribed waveguides. This work demonstrates, for the first time, the fabrication of Type II 
(double-line) waveguides by fs-laser micromachining in a transparent silica xerogel bulk synthesized by the sol- 
gel process. Specifically, double-line waveguides were fabricated by the multiscan approach at approximately 
200 μm below the surface, with a distance between tracks of 20 μm. It was observed fundamental, first and 
second-order modes of the waveguides at 632.8 nm, which were corroborated by finite elements simulation. 
Finally, guiding losses of about 2.9 dB/cm were observed for the fundamental mode at 632.8 nm, which is similar 
to results obtained for Type II waveguides for other materials. Therefore, the intrinsic features of silica xerogel (e. 
g. low thermal conductivity, non-toxicity, lightness, and high optical transparency) combined to its light guiding 
ability indicate the potential of micromachined bulk silica xerogels for photonics devices applications.   

1. Introduction 

Silica xerogels are materials synthesized via the sol-gel process using 
organic or inorganic materials as precursors and subjected to the slow 
drying evaporative method at ambient pressure [1]. Silica xerogel can 
be obtained as bulk material and presents low thermal conductivity, 
non-toxicity, lightness, and high optical transparency in the UV–Vis and 
near-infrared region [2,3]. These features allow silica xerogel to be 
applied in drug delivery systems [4,5], sensors [6], and waveguides [7, 
8]. At the same time, femtosecond laser microfabrication has been 
established as a versatile and efficient technique for fabricating 
three-dimensional microstructures in transparent materials, such as 
glasses [9–11], crystals [12,13], polymers [14–16], etc. In this 
approach, the nonlinear optical interaction limits the light’s energy 
transfer to the material focal volume [17]. A valuable result of such a 
process is the permanent modification of the refractive index in specific 
regions, providing a method of fabricating waveguides in the volume of 
materials [18]. According to the induced change in the refractive index, 
waveguides fabricated by fs-laser micromachining can be divided into 
three types, namely Type I, II, and III. Type I waveguides display a subtle 

increase in the refractive index at the region irradiated by the laser 
beam. Type II waveguides, also known as double line waveguides, are 
obtained by fabricating two tracks parallel to each other. In this case, 
light confinement is achieved between the tracks where the refractive 
index is increased, whereas in the tracks it is reduced. Type III wave
guides rely on the same refractive index changes as Type II waveguides, 
but are comprised of several nearby tracks that define the cladding, such 
that light confinement is obtained in the center where the refractive 
index is increased [19]. Such waveguides are fundamental components 
of devices for photonics, finding applications in telecom systems [20], 
sensors [21], integrated photonics [22], optical isolators [8], and 
quantum information [23]. 

In the present work, we demonstrate, for the first time, the fs-laser 
fabrication of Type II waveguides in silica xerogel bulk samples. The 
waveguides were fabricated by fs-laser micromachining using the mul
tiscan approach (1, 2, and 4 overlapping passes). Fabrication conditions, 
specifically pulse energy and beam scanning speed, were studied to 
determine the optimal parameters. UV–Vis and infrared spectroscopies, 
as well as thermogravimetric analyzes and differential scanning calo
rimetry were carried out to characterize the samples. Upon coupling the 
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fabricated waveguides with light at 632.8 nm, transversal profiles cor
responding to distinct orders were observed. 

2. Experimental 

Silica xerogels were synthesized by mixing tetraethylorthosilicate 
(TEOS) (Sigma Aldrich 98%), absolute ethanol (EtOH), deionized water, 
and hydrochloric acid (HCl) as a catalyst. Initially, a solution containing 
TEOS, EtOH, and deionized water was prepared and stirred for 10 min at 
room temperature. Following such procedure, while stirring, 0.1 mol/L 
of HCl was gradually added to the solution with the molar ratio of TEOS: 
H2O:HCl:EtOH of 1:4:0.1:1, The hydrolysis was achieved when the so
lution was subjected to constant power ultrasonic radiation for 10 min 
and then stirred for 30 min for complete homogenization. The final 
solution was placed in molds, covered with a parafilm, kept at 40 ◦C, and 
left for gelation for approximately five days. For aging, the gels were 
maintained under the same conditions for approximately two months. 
Afterward, the monoliths were subjected to a polishing process. The 
final sample thickness used for micromachining experiments was 2.5 
μm. 

The thermal events of the silica xerogel sample were characterized 
by thermogravimetric analyzes (TGA - Q500 from TA instruments) and 
differential scanning calorimetry (DSC - Q200 from TA Instruments). For 
TGA, 5.356 mg of the sample was heated using a platinum pan. The 
temperature was raised from room temperature to 800 ◦C using a 
heating rate of 10 ◦C/min under nitrogen atmosphere (60 mL/min). DSC 
measurements were performed from room temperature to 200 ◦C at a 
heating rate of 10 ◦C/min, using an aluminum crucible (6.2 mg sample) 
and nitrogen atmosphere (50.0 mL/min). 

Fourier transform Infrared spectroscopy (FTIR) spectrum of the 
TEOS xerogel was carried out using a Perkin-Elmer Spectrum 100 FT-IR 
spectrometer with attenuated total reflectance (ATR) device of 
diamond-coated zinc selenide crystal. 32 scans in the 4000-500 cm− 1 

spectral range were recorded with a spectral resolution of 4 cm− 1. The 
optical properties of TEOS xerogel were analyzed from 200 nm to 1100 
nm using a UV–vis spectrophotometer (Shimadzu, model UV-1800). 

Waveguides were micromachined using a femtosecond laser system 
(diode pumped Yb:KGW) at 1030 nm, operating at 1 kHz and delivering 
216-fs pulses, which were focused onto the sample’s surface using a 
0.65-NA microscope objective while the sample was translated. The 
sample was positioned in the x-y-z plane using three translation stages, 
allowing moving the sample with constant scan speed in the plane 
perpendicular to the laser propagation. The micromachining process 
could be monitored in real-time with a CCD camera and a backlight 
illumination. All the experiments were carried out in ambient air at 
atmospheric pressure and room temperature. Type II waveguides were 
fabricated by using the multiscan approach, in which each track was 
micromachined by overlapping a different number (1, 2 and 4) of laser 
passes. 

The obtained waveguides were characterized by optical microscopy 
using a Zeiss LSM 700 microscope. Also, a standard optical coupling 
system was used to evaluate the guiding properties of the waveguides. 
This system was composed of a He-Ne laser (632.8 nm), which was 
coupled in the waveguide by an input objective (NA = 0.65), while an 
output objective (NA = 0.45) collected the guided light. Transmission 
losses were determined by measuring the input and output power, tak
ing into account the transmission of all system components. The guided 
mode profile was imaged with the aid of a CCD. 

3. Results and discussion 

The TG curve in Fig. 1a shows a mass loss of ca. 15% after heating to 
approximately 100 ◦C, which is associated with the endothermic peak 
that appears in the DSC curve shown in Fig. 1b. This peak corresponds to 
the elimination of adsorbed water molecules [24]. Furthermore, up to 
800 ◦C, continuous dehydration can be observed without any sign of 
weight stabilization. 

Fig. 2 shows the infrared spectrum of the silica xerogel between 
4000 cm− 1 and 500 cm− 1. The IR absorption bands at 3400 cm− 1 and 
1620 cm− 1 are associated with H-bonded characteristics for vibrations 
of molecular water [5]. The 1080 cm− 1 band is attributed to the 
asymmetric stretching vibration of the Si–O–Si bond, which forms the 
skeletal SiO2 network [5,25,26]. The band around 950 cm− 1 is due to 
the stretching vibrations of Si–OH [5,25]. At 800 cm− 1, the band is 
attributed to the bond-bending vibration of the Si–O bond in the SiO2 
network [27], and the presence of four-fold siloxane rings appears at 

Fig. 1. TG (a) and DSC (a) curves for silica xerogel.  

Fig. 2. FTIR spectrum of silica xerogel.  
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550 cm− 1 [25]. 
The optical transparency of the silica xerogels is an essential 

requirement for developing optical applications. The developed material 
exhibited high optical transparency up to the UV region with a small 
absorption band peaking at 280 nm, as indicated in Fig. 3. 

A set of experiments was performed to determine the optimal con
ditions for microfabrication on the silica xerogels and to verify the in
fluence of pulse energy on the process. Groups of lines were 
micromachined on the silica xerogel surface using a 0.65 NA microscope 
objective at two different scanning speeds (50 and 100 μm/s, selected 
from preliminary studies) and different pulse energies, varying from 200 
to 500 nJ. Optical microscopy images of the produced lines are shown in 

Fig. 4a for the range of pulse energies applied and scanning speed of 100 
μm/s, showing better uniformity for higher energies. From a series of 
images analogous to the ones shown in Fig. 4a, it was possible to obtain 
an average value of the produced line widths. The half-line width 
squared (r2) as a function of pulse energy (EP) for the two scanning 
speeds (50 and 100 μm/s) is presented in Fig. 4b. It is possible to observe 
that as the pulse energy increases, the half-line width of the micro
machined line on the silica xerogel surface also increases, exhibiting a 
linear behavior with the pulse energy in log-scale, following the laser 
beam Gaussian spatial distribution. Thus, using such scanning speeds 
and varying the pulse energy, it is possible to fabricate lines with widths 
(2r) varying from approximately 2 to 5 μm. Following the procedure and 
expression presented in Ref. [28], by fitting (solid lines) the experi
mental data in Fig. 4b, we were able to obtain the threshold energies 
(Fth), of (11 ± 1) and (13 ± 1) J/cm2, respectively, for scanning speeds 
of 50 μm/s and 100 μm/s. 

For producing Type II waveguides, parallel tracks were micro
machined using the multiscan method, in which n overlapping passes 
were performed for each track. In this study, in addition to the one-step 
(n = 1) writing, we performed multiscan writing with an overlap of n = 2 
and 4. Fig. 5 shows optical microscopy images of the top (a) and cross- 
section (b) top view of the waveguide produced by fs-laser micro
machining in silica xerogel for n = 4. The waveguides are 7.5-mm long 
(full sample length) and were produced approximately 200 μm below 
the sample surface, with tracks separation of 20 μm (determined as the 
best condition to observe guiding). The pulse energy used for the pro
duction of tracks with good homogeneity at the edges along their length 
was 530 nJ for a scanning speed of 50 μm/s. 

Fabricated waveguides were coupled with light at 632.8 nm using 
the system previously described, and the guided mode profile was 
imaged with the aid of a CCD camera. Although light guiding was ach
ieved for waveguides fabricated with n = 1, 2, and 4. While for n = 2 
only a slightly better light guiding was observed, substantially better 
confinement was achieved for waveguides produced with n = 4. In 

Fig. 3. Absorption spectrum of bulk silica xerogel.  

Fig. 4. (a) Optical image showing the line width as a function of the pulse energy used in the laser micromachining process. b) Half-line width squared (r2) as a 
function of the pulse energy (EP) using two different scanning speeds of 50 μm/s (black circles) and 100 μm/s (gray circles). 

Fig. 5. Optical microscopy images of (a) cross-section view of the input face and (b) top view of waveguides produced in the silica xerogel bulk (n = 4).  
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addition, attempts were made to produce waveguides with n > 4, which 
proved to be unfeasible, as the procedure caused extensive cracks and, 
consequently, the breakage of the sample. 

Fig. 6 (left column) displays the experimental mode profiles obtained 
for three distinct waveguides fabricated with n = 4, in which light 
guiding in different modes were observed. As mentioned before, light 
confinement in Type II waveguides occurs due to an increase in the 
refractive index in the region between the micromachined tracks. Finite 
element calculations, using Comsol Multiphysics, were carried out to 
perform modal analysis of such waveguide. 

For the simulation, the index profile was modeled as a sum of three 
2D Gaussians: two symmetrical, negative weighted, accounting for the 
decrease in the refractive index where the laser focus interacts with the 
material, and one positive, accounting for the increase of the refractive 
index at the limits of the laser focus between the two tracks [24]. The 
mean of all Gaussians was estimated with microscopy images such as 

Fig. 5a. Hence, the free parameters were the standard deviation for the x 
and y dimensions and a weight factor for each distribution. 

The simulated mode profiles are shown in Fig. 6 (right column) for 
guided light at 632.8 nm. Such profiles correspond to fundamental (a), 
first (b), and second (c) order modes of the waveguide and were ob
tained by adjusting the simulation parameters until a good correspon
dence with the experimental results is achieved, indicating an index 
variation at the order of 10− 3 at the center of the waveguide. As it can be 
seen, the modes observed in the fabricated waveguides (Fig. 6 – left 
column) have a good correspondence to the modeled ones (Fig. 6 – right 
column), indicating that for such waveguides, depending on the specific 
features of the structure, such as small imperfections, different guiding 
modes are achieved. 

Guiding losses were estimated by the overlap integral method [29, 
30]. Specifically, by measuring the transmission losses and considering 
the guiding and Fresnel losses at the faces of the sample, the guiding 

Fig. 6. Experimental (left column) and simulated (right column) near-field of output profile of the light guided at 632.8 nm.  
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losses were determined to be (2.9 ± 0.7) dB/cm at 632.8 nm. Such value 
is in the same order as other ones reported for Type II waveguides. For 
example, Type II waveguides fabricated in a commercial chalcogenide 
glass (IG2) displayed propagation losses of ~2.3 dB/cm [31], while 
those produced in Nd:YAG exhibited propagation losses of 1.6 dB/cm 
[30]. A better performance was demonstrated for Type II waveguides 
written in polymethylmethacrylate (PMMA), in which propagation los
ses of 0.3 dB/cm have been observed [32]. It is noteworthy that 
combining the interesting features of silica xerogel, such as low thermal 
conductivity, non-toxicity, lightness, and high optical transparency, 
with the waveguiding features presented here can be exploited for its 
used in photonics devices. 

4. Conclusions 

We demonstrate, for the first time, the use of fs-laser micro
fabrication to inscribe Type II waveguides in bulk silica xerogels, using a 
multiscan approach (overlapping passes). Optimal fabrication condi
tions were determined as being 530 nJ of pulse energy, scanning speed 
of 50 μm/s, separation between the tracks of 20 μm, and for four-fold 
overlapping passes, which resulted in better light confinement. Better 
light confinement was achieved for waveguides fabricated with n = 4, 
given that the refractive index change increases with the number of 
passes; for higher n, sample cracking start to occur, making the fabri
cation unfeasible. The characterization of the waveguide fundamental 
mode led to a guiding loss (2.9 ± 0.7) dB/cm at 632.8 nm. In addition, 
the waveguides were able to support fundamental, first- and second- 
order modes guiding, which were corroborated by the finite elements 
simulation for a refractive index change of 10− 3. Hence, the results 
presented here successfully demonstrate the fabrication of Type II 
waveguides in bulk silica xerogels, which can be used for application in 
optical devices. 
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Extraordinary evanescent field confinement waveguide sensor for mid-infrared 
trace gas spectroscopy, Light Sci. Appl. 10 (2021), https://doi.org/10.1038/ 
s41377-021-00470-4. 

[22] B. Desiatov, A. Shams-Ansari, M. Zhang, C. Wang, M. Lončar, Ultra-low-loss 
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