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Abstract: Gradient refractive index (GRIN) lenses have been widely used for many applications.
However, the traditional manufacturing methods of GRIN lenses are very time-consuming and only
suitable for macro-scale operations. In addition, those methods do not have the ability to produce
other GRIN optical components with complex refractive index profiles like aspheric or freeform
components. We report here an approach to produce GRIN micro-optical components in chalcogenide
glass based on a direct laser writing technique. Using this approach, we are able to locally modulate
the refractive index of the glass subtrates and create an arbitrary refractive index profile. To prove the
flexibility of the method for the production of GRIN micro-optics, we fabricated GRIN micro-lenses
and a micro-Fresnel axicon (Fraxicon). The optical properties of micro-lenses can be controlled by
varying the writing parameters or the substrate thickness. As a result, the working distance of the
micro-lenses can extend from 0 to more than 1000 µm. Also, the micro-Fraxicon exhibits the ability
to convert a Gaussian beam to a Bessel-like beam which concentrates the mid-infrared light into an
approximately 1200 µm long confinement zone.

Keywords: gradient refractive index; optical components; femtosecond laser writing; chalcogenide
glass; mid-infrared; lens; Fresnel axicon

1. Introduction

With the demand to reduce the size and weight of infrared devices while maintaining
their performance, the traditional non-planar lenses show difficulties in reaching a compact
and lightweight design [1,2]. To overcome these limitations, gradient refractive index
(GRIN) lenses have been used as an alternative due to their advantages: flat surface, light
weight, and less optical aberrations [3–5]. GRIN lenses are optical components that have
spatial variation of their local refractive index [3,6,7]. They are fabricated by using many
techniques like chemical vapor deposition [8], ion exchange [9], or heat treatment [10]. How-
ever, these techniques require complicated, time-consuming processes and are not able to
produce complex index profiles. In addition, the techniques are only suitable for fabricating
GRIN lenses at the macro-scale. The GRIN micro-lens was fabricated by Hudelist et al. in
2009 by using the stack-and-draw method [11], and the same technique was used to produce
GRIN micro-axicon [12] and vortex phase masks [13,14]. The stack-and-draw method is able
to produce arbitrary refractive index profiles but it still suffers from multi-step processing
and can only be applied to a limited number of materials [13]. In contrast, the femtosecond
laser direct writing (FLDW) method is very flexible in its local control of the refractive index,
especially at the micro-scale [15]. This method can directly modify the refractive index
inside transparent materials; so, it does not require complicated processes and is able to be
used on a wide range of transparent materials, such as fused silica [16], fluoride [17], or
chalcogenide [15] glasses.
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FLDW was first reported in 1996 by Hirao’s reseach group [18]; the main idea involves
irradiating a transparent substrate with a focused femtosecond laser beam. Due to the
extremely high intensity within the focal volume of the focused beam, it is possible to
induce localized changes in the material’s refractive index. The refractive index change
(∆nn) could be either positive (∆n > 0, type I index change) or negative (∆n < 0, type II
index change) [19]. Type I index change is due to local densification, structural changes, or
the reorganization of chemical bonds [19,20], whereas type II index change is related to the
rarefaction of material inside the focal volume [19]. The highest ∆n values have reached in
the order of 10−2 in cases of fused silica [21], borate glass [22], phosphate glasses [23,24],
and chalcogenide glass [25].

FLDW has been widely used for fabricating optical waveguides [26] and 3D photonic
circuits [27,28] in one single-step process. Utilizing FLDW to fabricate GRIN Fresnel lens in
chalcogenide glass has been recently reported by Delullier et al. [29]. The authors wrote
in chalcogenide glass several concentric rings with different writing speeds to control the
refractive index so that the optical path through the lens is equivalent to the one of a classical
Fresnel lens, and a clear focusing behavior was demonstrated at a 550 nm wavelength. After
that, a Fresnel axicon (Fraxicon) was also fabricated using FLDW in 2023 by Stankevič’s
research group [30]. The Fraxicon was made by writing multilayer concentric rings with
a constant period in a volume of a fused silica substrate. The number of layers and the
vertical overlap between layers were optimized to obtain a phase delay of 2π between the
bottom and the top layers. The structure was written to have a diameter larger than 1 mm
to enable the generation of a Bessel-like beam at a 515 nm wavelength.

We would like to introduce here the laser writing technique that creates a region
consisting of parallel ∆n cylindrical channels inside chalcogenide glass substrates. The
magnitudes of ∆n are modulated by changing the irradiation time. The technique has very
high spatial resolution, approximately 1 µm, so that by organizing the cylindical channels
and their ∆n, we can easily fabricate complicated ∆n profiles.

The objective of this paper is the fabrication of GRIN micro-optics with different
refractive index profiles in chalcogenide glass by using FLDW. We use chalcogenide glass
because of its broad transparency range from the visible to mid-infrared region which
allows for applications in range of 0.5–10 µm wavelengths for sulfide glass [31–33]. We
realize micro-optics with parabolic ∆n profiles like classical lenses and a linear ∆n profile
to produce a micro-Fraxicon. We demonstrate that our micro-optics are broadband and
highly functional in the mid-infrared region. The optical properties of the micro-optics are
investigated experimentally and numerically in order to clarify the influences of writing
parameters on optical properties.

2. Materials and Methods

The chalcogenide glass was synthesized by using the melt-quenching method with
the composition 90 [0.8 GeS2 – 0.2 Ga2S3] – 10 CsCl. Details of the preparation procedure
can be found in our previous paper [34].

The micro-optical components consist of positive ∆n cylindrical channels placed
parallel to each other on a hexagonal mesh. The ∆n channels were written in a longitudinal
configuration layer by layer. The writing process is illustrated in Figure 1. First, the sample
was irradiated by a burst of femtosecond pulses for a duration of time (τ) to create ∆n in
the focal region without sample displacement (Figure 1a). Then, the sample was translated
perpendicularly to the laser beam propagation direction on the same plane in order to
place the focal point of the laser in front of the next channel, and the new position was
irradiated by another pulse burst (Figure 1b). The process was repeated until a slice of
the optical components was completed (Figure 1c). Afterward, the sample was translated
parallel to the writing beam propagation direction by a distance ∆z (Figure 1d) and the
previous procedure was replicated up to reaching the desired length of displacement. An
important point is that the magnitude of ∆n depends on the irradiated duration τ [15].
For τ less than 100 ms, the ∆n magnitude increases nearly linearly with the increase in
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τ, and the ∆n magnitude reaches a saturated value as τ is more than 100 ms. The values
of ∆n were determined using the quantitative phase microscopy method. Given the high
axial symmetry of the ∆n cylindrical channels, the ∆n values can be directly determined
from the phase measurement by applying Abel inversion [35,36]. The optimization of
the ∆n magnitude has been addressed in our previous work, with further details on the
dependence of ∆n on τ provided in [15]. Each channel was irradiated by a specific value
of τ in order to create different amplitudes of the ∆n contrast among the channels and the
glass matrix. The ∆n contrast differences form a structure with a controllable refractive
index profile.

Figure 1. A scheme of the laser fabrication process. First, the laser irradiates position 1 (a), and
then the other positions on the same horizontal plane are in turn irradiated to complete a layer of
the optical components (b,c). After that, the sample is displaced downward by distance ∆z and
the sample is translated back to channel 1 (d). The previous process is repeated until the total
displacement is reached.

In this work, the femtosecond laser source used for the writing process is a Coherent
RegA femtosecond Ti:Sapphire amplifier which has a central wavelength of 800 nm and
a pulse duration of around 250 fs at a 250 kHz repetition rate. The writing power of the
femtosecond laser beam is 20 mW and it was focused into the sample by a 50 mm focal
length lens (Thorlabs). The distance between two channels is 2.3 µm, while the displacement
distance between two layers ∆z is 10 µm. The ∆n value of each channel was controlled by
varying τ from 10 to 100 ms in order to ensure the desired ∆n profiles. Our focus is on the
fabrication of GRIN micro-lenses with controllable optical properties by modulating the
writing parameters. The micro-lenses have parabolic ∆n profiles (Figure 2a). The center of
all the micro-lenses was irradiated by 100 ms to have the highest ∆n and the irradiation
time for the channels on the edge was 10 ms. Micro-lenses with diameters ranging from
50 to 120 µm were fabricated to study their optical properties. In order to demonstrate the
high flexibility of our technique for producing complex GRIN optical components, we also
fabricated a GRIN micro-Fraxicon. The ∆n profile of the micro-Fraxicon is based on the
classical Fraxicon design of Golub [37]. The micro-Fraxicon has a diameter of 120 µm and
is divided into 4 concentric rings with a constant period (Figure 2b). On each ring, the ∆n
profile is linear. We also study the properties of the micro-optics with different thicknesses.
To vary the thickness, the sample was polished with a step between 100 and 200 µm.
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Figure 2. Refractive index profile (top) and scheme of axial cross-section (bottom) of (a) GRIN
micro-lens and (b) GRIN micro-Fraxicon.

The characterization of the micro-lenses and micro-Fraxicon was performed at two
different wavelengths of 2.3 µm (diode laser, Norcada) and 4.5 µm (quantum cascade laser,
AdTech Photonics). The laser beams were spatially filtered and expanded to ensure a flat
wavefront incident onto the samples. The transverse (xy plane) intensity distribution of
the beam after the micro-components was imaged at different distances from the sample
by an imaging system, consisting of a 5 mm focal length lens (Thorlabs) and an infrared
camera (FLIR), which was mounted on X-Y translation stages (Newport). Then, the images
were used to reconstruct the longitudinal (xz plane) intensity profile. The step size of the
displacement was 50 µm and the total displacement was up to 2500 µm for the micro-lens
and 5000 µm for the micro-Fraxicon. Details of the optical setup can be found in Figure 3.

Figure 3. A scheme of the optical setup of the beam propagation measurement. Two mirrors direct the
laser beam to a spatial filter which included lens 1 (25 mm focal length, Thorlabs), a pinhole (50 µm
diameter, Thorlabs), and lens 2 (50 mm focal length, Thorlabs). Lens 3 (5 mm focal length, Thorlabs)
is the imaging lens which collected and projected the image on the infrared camera (A6750SC, FLIR).
Len 3 and camera were mounted on X-Y translation stages (XMS160-S, Newport).

The beam propagation was also investigated numerically by using the open-source soft-
ware package named PyMeep 1.20.0 [38] based on the finite-difference time-domain (FDTD)
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method. The beam propagation profiles were then analyzed to extract the characteristics of the
optical components.

3. Results
3.1. Micro-Lenses

Figure 4 illustrates the experimental and simulated results of the longitudinal intensity
distribution of the 2.3 µm wavelength beam after passing through a 80 µm diameter
micro-lens with a 420 µm thickness. It is clear from both beam profiles that the focusing
behavior is demonstrated. Similar behaviors are observed for all the micro-lenses at
different thicknesses and measured at a wavelength of 2.3 µm as well as 4.5 µm.

Figure 4. (a) Simulated and (b) experimental beam propagation profiles of 80 µm diameter micro-lens
with 420 µm thickness, measured at 2.3 µm wavelength. Origin corresponds to sample surface.
Dashed lines represent focal plane of lens.

The focusing properties of the micro-lenses are characterized through their working
distance and focal spot diameter. The focal point is defined as the point which has the
maximum intensity. The working distance is defined by the distance from the surface of
the micro-lens to the focal plane. The dependence of focusing properties on the diameter of
micro-lens is reported in Figure 5. In this figure, the sample thickness is fixed at 420 µm.
The working distance depends strongly on the micro-lenses’ diameter, as can be observed
in Figure 5a. The working distance increases more than 65 times at a wavelength of 2.3 µm
(17 µm to ∼1150 µm) and almost 100 times for a wavelength of 4.5 µm (8.4 µm to 800 µm)
when the diameter changes from 50 µm to 120 µm. The working distance of the small-
diameter samples (50–70 µm) are nearly the same for both wavelengths; the differences
are only from 10 to around 30 µm. This low chromatic dependence with small diameters
has the potential to be applied for hyperspectral imaging. It is worth mentioning that it
is possible to observe the focus on the surface of or inside thicker samples. For diameters
larger than 80 µm, the working distance is much longer when measured at a wavelength of
2.3 µm in comparison with a wavelength of 4.5 µm; the difference reaches approximately
350 µm for the micro-lens of 120 µm in diameter.

The focal spot diameters also become larger with the increase in micro-lens diameter.
For the same micro-lens, the focal spot is larger at a wavelength of 4.5 µm compared with
2.3 µm (Figure 5b), varying from nearly 6 to around 15.5 µm and from 3.5 to 9 µm, respec-
tively. It is because the beam waist is proportional to the wavelength, so the focus is tighter
at a shorter wavelength. An explanation for the effects of micro-lens diameter on lens
optical properties is that the ∆n spatial gradient is stronger when the diameter is smaller.
This results in a larger curvature of the wavefront so that we have tighter focusing and a
shorter working distance.
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Figure 5. Dependence of (a) working distance and (b) focal spot diameter with thickness of 420 µm
on micro-lens diameter.

Figure 6a illustrates the relationship between the working distance and the thickness of
micro-lenses. It can be easily observed that the working distance increases as the thickness
decreases. Although there are small discrepancies between the simulated (the dashed lines)
and experimental (the points) values for a 120 µm diameter at thicknesses less than 600 µm
and measured at a wavelength of 4.5 µm, the experimental data closely follow the tendency
of the numerical data, and the values are almost identical for the 80 µm diameter sample.
The figure shows data for only two diameters (80 and 120 µm), but similar results are
obtained for all the diameters. This behavior can be explained by the fact that the phase
difference between the beam’s center and edge, which is a function of thickness, is smaller
in thinner samples. Hence, it leads to less curvature of the wavefront and a longer working
distance as the thickness decreases. In contrast, the focal spot diameter seems to remain
constant with the change in sample thickness, as demonstrated in Figure 6b. The beam di-
ameter increases by only 3 µm as the thickness decreases from 920 to 320 µm for both 2.3 and
4.5 µm wavelengths. The behavior was also confirmed by numerical data, as displayed by
the dashed lines in Figure 6b.

Figure 6. Dependence of (a) working distance and (b) focal spot diameter on thickness of micro-lenses.
Dashed lines are results from simulation; points are from experimental measurements.

The relationship between the size and optical properties of micro-lenses indicates the
way in which to fabricate the micro-lenses with total control of their optical properties. By
choosing the right parameters for the FLDW process, we are able to produce micro-lenses
with desired properties in a single step.

3.2. Micro-Fraxicon

Figure 7a displays the beam propagation profiles of the Bessel-like beam generated by
the micro-Fraxicon at a 700 µm thickness. The result shows that the light is confined into a
long focal region along the propagation direction of the beam.
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Figure 7. (a) Beam propagation profile, (b) beam radius evolution (red line), and longitudinal intensity
profile (blue line) of micro-Fraxicon of 700 µm in thickness measured at a 2.3 µm wavelength. The line
ω0 marks the minimum beam waist position, whereas the line ω1.5 is the position where the beam
radius is 1.5 times larger than the beam waist at ω0. The origin corresponds to the sample surface.

To quantify the non-diffracting property of the Bessel-like beam generated by the micro-
Fraxicon, we define here a parameter called Z1.5, which is the distance from the position of
the minimum beam waist to the position where the beam radius is 1.5 times larger than its
minimum. As illustrated in Figure 7b, the distance from the line ω0 (minimum beam waist)
to the line ω1.5 (the position has a beam radius 1.5 times larger than minimum beam waist)
is the distance Z1.5. Z1.5 is representative of the distance where the beam waist is nearly
unchanged, and it can be considered that the beam is non-diffracting. Thus, the longer the
Z1.5, the better the non-diffracting property of the micro-Fraxicon. The evolution of Z1.5
with the thickness of micro-Fraxicon is shown in Figure 8a. At a wavelength of 2.3 µm, the
value of Z1.5 increases as the sample becomes thinner and reaches approximately 1200 µm
at a sample of thickness 700 µm. In the case of a wavelength of 4.5 µm, the Z1.5 value seems
to be independent of thickness; the Z1.5 is around 750 µm for all thicknesses.

Figure 8. Dependence of (a) Z1.5 and (b) peak intensity ratio on thickness.

To characterize the evolution of the intensity of the beam as it propagates after the
sample, we report in Figure 8b the ratio of the peak intensity of the beam at Z1.5 to the peak
intensity at the minimum beam waist for different sample thicknesses. With the thinning of
the substrate, the peak intensity ratio is increased for both wavelengths, from around 0.5 at
a thickness 2000 µm to as high as 0.8 for a thickness less than 1000 µm.

The high value of Z1.5 and the peak intensity ratio mean that our micro-Fraxicon
converts a Gaussian beam to a high quality non-diffrating Bessel-like beam.



Photonics 2024, 11, 1076 8 of 10

4. Discussion

The experimental results confirm the successful fabrication of GRIN micro-lenses and
micro-Fraxicons, demonstrating the capacity to precisely control the optical properties
of GRIN micro-lenses by adjusting their thickness and diameter. A decrease in micro-
lens thickness increases the working distance due to a reduction in the phase difference
accumulated between the beam’s center and edge. Therefore, in thinner samples, the
smaller phase difference results in a flatter wavefront, thus leading to a shorter working
distance. Additionally, reducing the micro-lens diameter enhances the transverse ∆n
gradient while keeping the ∆n difference between the center and edge constant. This
stronger ∆n gradient in smaller micro-lenses leads to a larger curvature wavefront; hence,
the focusing is tighter and the working distance is shorter.

In comparison to previous GRIN micro-lenses [29,39,40], our GRIN micro-lenses
demonstrate high performance across a broad range of the mid-infrared region, whereas
most existing designs operate in the visible and near-infrared ranges. Furthermore, the
optical properties of our GRIN micro-lenses are highly adjustable, making them ideal for
applications requiring precise focusing or beam expansion. The GRIN micro-Fraxicon also
shows significant improvement, especially in the focal region (∼1200 µm), compared to
previously reported GRIN micro-axicons [12].

The methodology developed in this paper opens a new door for the fabrication of
more complicated GRIN micro-optical components such as freeform optics or phasemasks
for optical vortex beam generation. It also has potential to integrate the GRIN micro-
optical components on optical fibers and photonic circuits, which could drive innovation
in photonic device miniaturization.

5. Conclusions

In summary, we introduce a simple and very flexible method for producing GRIN
micro-optical components in chalcogenide glass based on the femtosecond laser direct
writing technique. We have demonstrated that the technique is able to locally control the
refractive index of the glass, enabling complex ∆n profiles. We have proven the flexibility
by fabricating GRIN micro-lenses and a micro-Fraxicon together with testing their optical
properties in a broadband of the mid-infrared region. The quantitative study of the working
distance and beam waist of the micro-lenses reveals the relationship between their optical
properties and their diameters, as well as thickness. In addition, we have proven the
generation of a Bessel-like beam using a GRIN micro-Fraxicon which was fabricated by
using the same technique. The generated Bessel-like beam showed a long confinement
zone along the propagation direction, with a small decrease in peak intensity.
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