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We report on waveguides laser writing inside porous glass. Depending on applied laser 
regimes, two types of waveguides are fabricated in the same glass sample. A gradient waveguide 
type is achieved under the lowest pulse energy regime, which results in gradual densification of a 
nanoporous framework forming a core with an increased refractive index. The surrounding 
unirradiated material acts as a cladding. The highest pulse energy applied enables formation of 
the densified core surrounded by rarefaction regions in the nanoporous framework - a core-
cladding waveguide type. Laser light guiding is also accomplished for both types to estimate the 
refractive index contrast. In addition, we determine the temperature distribution based on the 
thermal conduction model to reveal the difference of temperature gradients for the regimes 
applied. 
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1. Introduction
Femtosecond direct writing is a universal tool for three-

dimensional integration of functional structures inside glass 
materials [1, 2]. Such structures as nanogratings [3], local 
densifications [4], submicrometer birefringent dots [5, 6] are 
responsible for light transformation and/or transmission in a 
glass chip. One of discussed examples is a waveguide [7], 
which is widely used as a sensor in commercial glasses. A 
waveguide’s cladding is located close to the glass surface 
and responses to external physicochemical factors like 
temperature change [8], fluids addition [9] or light 
illumination [10]. 

In this case, the choice of a substrate is a key issue. Thus, 
a branched nanoporous framework of a porous glass (PG) 
plate is likely to bring novel abilities for storing, capturing 
and transferring an analyte or a reagent fore ecology needs 
[11] or renewable energy sources [12]. PG has been widely
applied for producing optical composites [13], membranes
[14] and sensors [15]. Further development of such a
platform suggests laser-based fabrication of buried
photonics components. A variety of structures has already
been produced in PG such as waveguides in Eu-doped PG
[16], multi-purpose fluidic elements [17] and microchannels
[18]. However, the processing regime including the writing
geometry, energy parameter, nanopores pre-filling with
photo-thermosensitive components affect the result of glass
structural modification. The prerequisites and possibilities
of recording waveguide structures in initially pure PG were
performed earlier by our group [19, 20]. Therefore, it is
extremely important to evaluate and identify the types of
waveguides in pure PG.

 As for other dielectrics, the action of femtosecond laser 
pulses focused in PG induces non-linear ionization, 
generation of electron plasma, whose relaxation leads to a 
thermal source formation. Internal heat accumulation affects 
a nanoporous framework and activates non-reversible pore 

collapse resulting in material density change [20]. 
Depending on the temperature gradient in the irradiated zone, 
several types of structural modification occur. The 
estimation of the temperature gradient responsible for the 
changes mentioned is favorable to make the PG processing 
more predictable and provide technological progress.  

To manage this process, the simulation of the thermal 
source, which is stabilized in time and space, is relevant. 
Miyamoto, et. al. [21, 22] proposed a numerical calculation 
of temperature distribution using a thermal conduction 
model, indicating the behavior of laser absorptivity. The 
calculation results agreed well with the experimental ones 
retrieved at glass welding [23, 24]. Thus, it seems preferable 
to conduct the numerical calculation for PG to determine the 
fabrication regimes for various types of waveguides. 

Herein, we focus on femtosecond direct writing of 
waveguides in PG as well as their testing. A careful 
calculation of the temperature distribution clarifies two 
types of waveguides - gradient and core-cladding. 

2. Experiment and Methods
2.1 Material and experimental procedures

In this work PG samples with thickness of 1.0 mm, 
average pore size ~ 4 nm, porosity 28% are used. The 
samples are fabricated through chemical etching of 
borosilicate glass [25]. The samples possess high 
transparency (~ 90%) in the visible and near IR ranges 
(0.4 – 1.1 μm). Table 1 presents the sample physical 
properties required for the current research.  

Table 1 Thermal and optical properties of PG sample 

Parameter Values 
Density ρ, kg / m3 1665 

Thermal conductivity k, W / m·K 0.8 
Heat capacity c, J / kg·K 1233 

Refractive Index n (λ = 1030 nm) 1.342 
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Femtosecond direct writing of waveguides in PG is 
performed on a typical laser processing station equipped 
with a femtosecond Yb-fiber laser (ANTAUS-20W, Avesta 
ltd., Russia) with the following output characteristics: pulse 
duration τ = 250 fs, wavelength λ = 1030 nm, output beam 
diameter 3.0 mm with the beam quality of M2 < 1.1, 
maximum pulse energy Ep = 20 μJ and fixed pulse repetition 
rate f = 1 MHz; an objective (20Х, 0.4) and 3D coordinate 
stages based on stepper motors (Fig. 1 a). 

Fig. 1 (a) The schematic view of the fs-laser writing procedure. 
Two types of waveguides are considered in current research - (b) 

a gradient and (c) core-cladding. 

In the first approximation, the objective provides the 
laser beam waist with a diameter (2w0) equal to 2.5 μm and 
the Rayleigh length z0 = 5.5 μm, which are defined as 
follows: ω0 = M2λ/πNA and z0 = w0

2π/M2λ [26]. The applied 
fluence is in the range from 2.6 to 16.3 J/cm2. Table 2 
presents laser processing parameters. We focus on two laser 
regimes that enable fabrication of a gradient (Fig. 1 b) and 
core-cladding (Fig. 1 c) waveguides.  

Table 2 Laser writing parameters 

Parameters Gradient Core-cladding 

Pulse energy Ep, μJ 0.13-0.18 0.3-0.8 

Scan speed v, mm / s 0.05-0.45 0.0125-3.75 

Number of pulses N 6000-53000 374-112000

After laser writing, the samples were polished at both 
facets to investigate the waveguide with a microscopy (Carl 
Zeiss) equipped with high NA objective (50×, 0.65 NA). The 
measurement error is 3%. The end-facet coupling method is 
applied to determine the waveguides guiding properties by 
capturing a near-field intensity distribution. As we showed 
formerly [27], He-Ne laser light couples into a waveguide 
by an objective, while another objective collects transmitted 
laser light on CCD. 

2.2 Thermal conduction model 
We focus attention on a gradient waveguide fabrication 

and determine experimental conditions involving a 
modeling step. We apply a thermal conduction model 
presented by Miyamoto et al. [21] to describe the 
thermophysical process of femtosecond laser waveguide 
fabrication in the PG. 

In the model, the PG presents a solid-state matrix and 
has constant thermophysical and optical characteristics. The 
instantaneous source generates heat periodically in a 
rectangular region in the beam waist position. The source 
height equals the Rayleigh length z0, while the width is the 
beam waist diameter (2ω). The lifetime of the source 
corresponds to laser pulse duration, besides the material gets 
cool between the pulses. The heat source is presented 
schematically as a rectangular solid, which uniformly moves 
at a constant velocity (v) along the X-axis (Fig. 2). All the 
constants for the calculation are given in Table 1. 

Fig. 2 Schematic representation of the heating source inside PG - 
the rectangular solid heat source uniformly moves at a constant 

velocity (v) along the X-axis. 

 The nonlinear absorptivity is given by: 
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where z is the distance from the center of the laser beam 
waist along its propagation to the Rayleigh length, qmax is a 
peak power density applied in the experiment.  

The temperature in the PG sample is calculated as 
follows: 
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where α is the thermal diffusivity of the PG sample. Thus, 
the temperature change is: 
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where T0 = 300 K. 
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3. Results and discussion 
3.1 Waveguides laser writing 

Applying different ranges of laser processing parameters 
pointed in Table 2, both the gradient (Fig. 3 a) and core-
cladding (Fig. 3 b) waveguides were fabricated in the same 
PG sample. The waveguides are located at the depth of 250 
μm below the PG surface. The top view microscopy photo 
of the gradient type (Fig. 3 a) indicates a smooth 
modification of PG refractive index. We can see only a 
single-line track with a lateral size about 2.8 μm and 
surrounded heat affected zone ~ 6.6 μm. The cross-section 
photo of the waveguide shows a uniform glass modification 
and the absence of any micro-cavities inside or surrounding 
the track (Fig. 3 b). The height of the waveguide equals 30 
μm.  

We can assume that nonlinear absorption causes the 
nanoporous matrix to heat up to the temperature, which 
provides a local stress increase that looks like a material 
density change [20]. However, it is important to avoid the 
action of the elastic stresses, as they can return the material 
to its original state after finishing the laser writing step. Thus, 
the relaxation of elastic stresses is an integral part for the 
regime of waveguides fabrication. In this case, the action of 
thermomechanical stresses is preferred and achieved in the 
regime of plasma generation with a corresponding shock 
wave action. Hydrodynamic shock waves occur under laser 
irradiation and propagate from the center of the laser beam 
waist to its periphery, where the temperature is significantly 
lower [28, 29]. This leads to material rarefaction and 
densification. Such structural changes are nanoscale and 
cannot be revealed by the optical microscopy.  

 

 
Fig. 3 Microscopy photos of waveguides fabricated inside the 

PG plate by femtosecond laser pulses: the gradient (a,c) and core-
cladding (c,d) types, where (a,c) its top view and  (c,d) are side-

view The scale bars equal 10 ± 0.3 μm. 
 
At the same time, increasing pulse energy enables 

formation of the core-cladding type consisting of several 
layers with different density across the writing direction (Fig. 
3 c,d). According to microphotos the waveguide core size 
equals 2.8 μm and cladding 8.3 μm. The waveguide of this 
type is about three times wider than the previous one.  
 
3.2 Waveguides coupling 

Laser light coupling with waveguides demonstrates the 
real structure of the waveguide fabricated. First, we captured 
the near-field intensity distribution for the both waveguide 

types (Fig. 4 a,b). The elliptical shape accompanies the 
gradient waveguide due to its geometry (Fig. 3 b). A smaller 
aspect ratio was obtained for the second type waveguide. In 
general, both of them show satisfactory intensity distribution 
- a single maximum. The aspect ratio, associated with the 
shape of the waveguide, depends on the laser writing 
conditions. It is important to note that there are no 
difficulties to create a symmetric waveguide [30]. The 
current research avoids the use of any diffractive 
components in the optical system and prefers to maintain the 
initial Gaussian beam for laser processing.  

The profile of a refractive index contrast (∆n) in the 
cross-section of the waveguides from the near-field 
distribution was also estimated by solving the Helmholtz-
Equation [31] that demonstrates the relationship between the 
refractive index profile and near-field distribution of 
waveguide output (Fig. 4 c,d). An improved algorithm 
proposed by Mansour [32] was adopted for the calculations. 
The refractive index profile of the gradient waveguide shows 
acceptable conditions, where a gradual change in the 
contrast from the center to the periphery is noticeable. In 
addition, there is no negative index change. These facts 
prove the gradient type of the waveguide. The refractive 
index contrast (∆n) equals ~ 5.0·10-4. As for the core-
cladding type, there is a highly depressed cladding with ∆n 
of ~ 1.0·10-3 surrounding the core. That maximum value of 
Δn between core and cladding obviously increases up to  
~ 1.8·10-3.  

 

 
Fig. 4 Waveguides testing results. The captured near-field 

distribution at 632.8 nm for (a) the gradient waveguide written by 
0.18 μJ pulse energy at translation speed of 0.45 mm/s and (b) 

core-cladding waveguide written by 0.8 μJ pulse energy at 
translation speed of 1.25 mm/s. (c,d) The corresponding refractive 

index contrast for the waveguides. The scale bars equal 5 μm. 
 
3.3 Temperature distribution in affected area 

Thermophysical modeling simulates the temperature 
distribution in the laser irradiated area and its periphery. 
Figure 5 demonstrates the top view and 3D temperature 
distributions for both types of the waveguides - gradient and 
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core-cladding. The calculation is accomplished in 
MathCAD software considering experimental regimes (for 
the gradient waveguide Ep = 0.18 μJ, v = 0.45 mm/s, for 
core-cladding waveguide Ep = 0.8 μJ, v = 1.25 mm/s) for 
0.99 μs after the waveguide fabrication. A good agreement 
of experimentally measured waveguides lateral sizes with 
calculated temperature fields distribution is confirmed. 
According to the simulation, the gradient waveguide regime 
results in the temperature rising up to 1450 K, which is 
significant for nanoporous framework densification [33]. 
However, the core-cladding regime leads to much higher 
temperatures with the peak over 10100 K. As previously 
mentioned, under the laser irradiation the shock waves occur 
and lead to local material structural changes. The nature of 
these changes can be associated with the pulse energy and 
the gradient of the temperature distribution in the laser 
irradiated area and its periphery. 
 

 
Fig. 5 Simulation results of temperature distribution inside PG 
irradiated by femtosecond laser in two regimes for the gradient 
(a,b) and core-cladding (c,d) waveguides. The distribution was 

calculated for 0.99 μs after the waveguides fabrication. 
 
To clarify the difference between regimes, we estimated 

the temperature gradient via calculating the magnitudes of 
gradient vectors (g1) and (g2) (Fig. 5 a,c). These vectors are 
directed from the initial point on the edge of simulated 
temperature distribution to the peak point in the center of the 
laser irradiated area. The magnitude of vector g1 equals  
1∙10-3 while g2 = 9∙10-3. Therefore, a significantly higher 
temperature gradient for the core-cladding regime rather 
than for the gradient one formed two areas in the PG sample 
under femtosecond laser irradiation.  

The low gradient value (Fig. 5 a) leads to the gradient 
regime characterized with the refractive index smoothly 
increasing from the periphery to the center of the laser 
irradiated area (Fig. 4 b). For the core-cladding regime, in 
the irradiated area the temperature gradient is significantly 
higher (Fig. 5 c). It forms a clearly defined region of material 
densification with the increased refractive index surrounded 
with the rarefaction region (Fig. 4 d). 

 
 
 

 
4. Conclusions 

In conclusion, we have demonstrated the laser direct 
writing of two types of waveguides in PG - the gradient and 
core-cladding. The main difference of the second type is the 
presence of a rarefaction region surrounding the core. 
Meanwhile, both types have a core lateral size in the range 
2.6 - 8.3 μm. 

Both types of waveguides have broad application 
prospects. For example, gradient waveguides can be 
attractive for sensor applications as they are sensitive to 
molecules captured by the nanoporous framework. The core-
cladding waveguides are also sensitive to fluids accumulated 
in the surrounding rarefaction regions. An additional 
advantage of this type is an increased refractive index 
contrast that is important for compact waveguides location 
in a single glass sample. 

A careful calculation of thermal field distribution based 
on the thermal conduction model shows the gradient 
waveguide to be associated with low temperature gradient 
with maximum temperature corresponding to nanoporous 
framework densification (~1400 K). As a result, this regime 
enables formation of a smooth densification inside the 
sample. Increasing the pulse energy results in broadening of 
the thermal field with the maximum temperature of 10100 K. 
In our experiment this significant temperature gradient 
change led to the rarefaction region surrounding the 
densified core as well as increased the waveguide lateral size 
several times. Thus, thermal conduction modeling 
contributes to the choice of the waveguide fabrication 
regime in PG. 
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