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Abstract

We present the fabrication of a waveguide with integrated injection optics using a laser photoin-
scription technique in the bulk of a chalcogenide glass. The injection optic is a gradient index
lens with a parabolic refractive index profile. Its focusing characteristics depend on the amplitude
of the index gradient and the thickness of the lens. These two parameters can be used to optimize
light injection when the lens is written in front of a waveguide. We show experimentally that
the coupling efficiency can be superior to that obtained by conventional injection with an exter-
nal lens. Numerical simulations show that this coupling efficiency can be as high as 85%. The
simultaneous inscription of a waveguide and its injection lens result in a monolithic component
that is compact, lightweight and insensitive to mechanical or thermal perturbations. Performance
has been evaluated in the mid-infrared range, but these results can be extended to the visible.

1. Introduction

Lasers have become an important tool for materials processing in a wide variety of appli-
cations. In this context, spatial accuracy and resolution are greatly improved by the use of
ultrashort-pulse lasers, as the nonlinear nature of the light-matter interaction in this case allows
highly localized modification of the material. These properties are of great interest in particular
for the development of micro-optics. In last decades, direct laser writing (DLW) has emerged
as a powerful technique for additive manufacturing of three-dimensional (3D) miniaturized ob-
ject via multiphoton polymerization in photoresist [1, 2]. The micro-component is built voxel
by voxel that allows for precise control over the design even if the writing strategy should be
adapted to minimize surface roughness.

Classical and Fresnel micro-lenses were first demonstrated in 2006 [3], followed by the real-
ization of micro-lens array [4] and more complex micro-components, taking advantages of the
versatility of the technique [5, 6, 7, 8]. Also one very interesting potential is the ability to assem-
ble the micro-optical element directly on the tip of a fiber [9, 10, 11, 12] for collimation, intensity
beam shaping as well as optical trapping.

Although the potential of DLW photopolymerization is significant, this technique suffers from
absorption bands and of the dispersion of the material that degrade the performances of the
optical micro-component. Similar approaches have also been used for additive manufacturing
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of silica glass taking advantage of its optical quality while retaining the same capabilities in
terms of precision and a spatial resolution reaching sub-micrometer scale [13, 14]. However, as
with photopolymerization, the material undergoes shrinkage during post-processing, in this case
annealing, that can be on the order of several percent. Therefore, this must be anticipated on
a case by case basis when designing the component. Nevertheless, it could still result in some
uncertainty about the final shape.

DLW can also be used as a subtractive manufacturing technique in hard materials. Here again,
the inherent resolution of the method helps to produce very efficient micro-optics. However these
results are obtained at the cost of complex experimental procedure, i.e. additional polishing [15],
etching [16, 17] or cavitation for debris removal during the writing [18].

In addition to removing or adding matter, DLW can be used to locally modify the refractive
index of bulk material [19], enabling the fabrication of a large number of functionalized photonic
circuits in a wide variety of glass families [20]. As far as focusing micro-optical components are
concerned, the literature describes mainly the realization of micro-lens with a first demonstra-
tion in 2002 of amplitude [21] and phase [22] Fresnel zone plate. The efficiency of diffraction
has been increased to 57% at 632 nm by stacking layers of refractive index variation (∆n) to
form multilevel diffractive lens [23]. A slightly higher diffraction efficiency reaching 60% at the
same wavelength has been demonstrated with a more complex device consisting of two stacked
multilevel lens with a separation between them but at the cost of rigorous design constraints [24].

The combination of the advantage of DLW in glass and the possibility to assemble micro-
optics with guiding element as described previously for photopolymerisation could open up new
possibilities for the realization of compact and robust photonic circuits. A first demonstration in
this direction has been made in borosilicate glass [25]. In this article, the authors described the
writing of a Fresnel zone plate placed in front of a waveguide and reported a coupling efficiency
of 9%. They also shown the writing of three Fresnel zone plates slightly shifted transversaly.
This results in three laterally shifted focal points and then the possibility to multiplex the beam
into three different waveguides. However, the coupling efficiency obtained does not meet the
requirements for practical applications.

Here, we propose an integrated structure that enables direct coupling of light into a waveguide,
with measured efficiencies superior to conventional injection via an external lens, and numeri-
cally calculated values of the order of 85%. Moreover, because of the monolithic integration, the
device is free of misalignment resulting from mechanical or thermal displacement.

The concept of the device is illustrated in figure 1. It consists of a gradient refractive index
micro-lens (µGRIN) written in the bulk of glass and placed in front of a waveguide with uniform
cross-section. In the next section we describe the concept of the µGRIN and how it was realized.
A comprehensive evaluation of its focusing properties is also presented. The last section is
devoted to the assembly of a µGRIN and a waveguide. We show that the coupling efficiency
could be maximized by adjusting the µGRIN thickness and its refractive index profile.

2. Coupling optics

Basically the lens is made up of cylinders of refractive index variation ∆n placed parallel to
each other on a hexagonal mesh as shown on the left-hand part in figure 1, each cylinder having a
different amplitude of ∆n. These cylinders were realized as follows. At first, the sample is moved
in order to place a ∆n channel in front of the focal point of the laser. Then the sample is irradiated
by a femtosecond pulse train during a time τ in a static position. The result is an increase of the
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Figure 1: Illustration of the concept of our device. A graded-index lens, consisting of an alignment of rods, each with a
different refractive index, is placed in front of a waveguide, itself made up of rods with the same index. The radial profile
of the index distribution on the µGRIN rods is parabolic.

length of the channel. After that, the sample is moved perpendicularly to the writing beam so
that the focal point is in front of the next channel. Then a new irradiation is performed and the
operation is repeated for all the channels composing the cross section of the µGRIN. Next, the
sample is then moved back parallel to the beam, and another slice is inscribed in the same way
until the µGRIN reaches the desired thickness.

The most important parameter of the writing procedure is the duration of irradiation τ. We have
shown in [26] with similar experimental conditions that the magnitude of ∆n strongly depends
on this simple experimental parameter as shown in figure 2. In this figure, ∆n values measured
by quantitative phase microscopy [27] are represented as a function of τ. Therefore one can see
that the amplitude of ∆n can easily be set individually for each channel by varying the value of
τ. Here τ has been adjusted so that the overall refractive index profile of the entire structure is
parabolic with the distance from the center.

In our experiments, lenses were produced according to this concept in a glass of composition
90 [ 80 GeS2 – 20 Ga2S3] – 10 CsCl. The glass has been synthesized by usual melt-quenching
method [28]. High purity raw materials (Ga 7N, Ge and S 5N and CsCl 4N) were melted at
850◦C under vacuum in a silica tube for several hours before being quenched in cold water.
After synthesis, the glass is cut and polished to optical quality, using calcined aluminium oxide
abrasive of size 3 and 0.03 µm. Its refractive index is equal to 2.030 [29] at a wavelength of 4.5
µm.

Irradiation was performed using a regenerative amplifier (Coherent RegA) as the source of 800
nm femtosecond pulses. The pulses have a duration of ∼250 fs and are delivered at a repetition
rate of 250 kHz. We used the external trigger function of the amplifier to control this repetition
rate and also the irradiation time. The average power was set to 20 mW for all the channels since
the magnitude of ∆n is independent of this parameter [30]. The beam was focused inside the
sample by use of a lens having a focal length of 50 mm.

The hexagonal mesh forming the µGRIN has a spacing between two channels of 2.3 µm to
ensure that the inscription of a channel is not disturbed by the presence of other channels, thus
assuring the homogeneity of the photo-inscription. The total diameter of the µGRIN is equal to
120 µm. The irradiation time τ was set at 100 ms at the center of the µGRIN and 10 ms for the
channels placed at the edge.
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Figure 2: Dependence of the magnitude of the refractive index variation with the irradiation time τ. Measurements were
taken in the visible range by a quantitative phase microscopie [27]. They represent the average value of ∆n between 550
and 850 nm.

The light propagation through the µGRIN was also numerically simulated using the PyMeep
python package implementing the finite-difference time-domain method (FDTD) for computa-
tional electromagnetic [31].

Focusing properties of the µGRIN are evaluated by measuring the beam profile after the
µGRIN at different distances from it [32]. A quantum cascade laser at 4.5 µm is used as a
source. Its beam first passes through a spatial filter and is then extended to a diameter of ∼1 cm,
so that the wave in front of the sample can be considered a plane wave. The transmitted beam is
imaged by a lens tube consisting of an aspherical lens ( f = 6 mm) and an objective ( f = 25 mm
F2.5) onto the sensor of a FLIR A6750sc infrared camera. The spatial resolution of the system is
evaluated at 0.8 µm/pixel. The camera is mounted on a translation stage with its axis of motion
parallel to the beam. An image is recorded every 50 µm moving away from the sample. The
images are then post-processed to reconstruct the beam.

A comparison between the measurement of light propagating through the µGRIN and its sim-
ulation is given in figure 3a and 3b, respectively. In both figures, the dashed line represents the
sample surface. These figures are typical of the behavior observed for different µGRIN thick-
nesses. The focusing effect is clearly observed, with good agreement between measurements and
numerical simulations. We characterized the focus by reporting the effective focal length (EFL)
and the full width at half maximum (FWHM) of the beam at the focal point. The focal point
is defined as the point of maximum intensity, and the EFL represents the distance between that
point and the µGRIN surface. A typical beam profile at the focal point is shown in figure 4.

The EFL and the FWHM have been measured for different µGRIN thicknesses and their values
are reported in the figures 5a and 5b, respectively, as well as the results of the simulations. It
can be seen that as the thickness increases both the EFL and the FWHM decrease. It is worth
to mention that for values of the thickness larger than those shown in the figure 5, the focusing
occurs directly on the µGRIN surface, which may be interesting for applications other than those
we are concerned with in this article. Focusing behavior with thickness is easily understood
by considering that as the µGRIN becomes thicker, the phase difference accumulated between
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(a) Experimental measurement

(b) Numerical simulation

Figure 3: Comparison between experimental measurement of the light propagation and its numerical simulation for a
µGRIN diameter of 120 µm and a thickness of 900 µm. The dashed lines represent the µGRIN surface. The µGRIN is
located on the left of the line and the light propagates from left to right.

Figure 4: Image of the measured beam profile at the focal point. The distance are given in µm.

the center of the beam and its outer region is more important. As a result, the curvature of the
wavefront is larger, leading to a shorter EFL and a tighter focusing.

One can observed on the figure 5a and 5b that the experimental measurements represented
by the symbols are well described by the results of the simulation (plain lines) even if some
discrepancy could be seen. This could be explained by several factors. First, the simulation
were performed with a plane wave as input while some curvature of the wave front could remain
even if the beam has been expanded. In addition, the actual magnitude of ∆n in the mid-infrared
region is not known. The values reported on the figure 2 have been measured in the visible. For
the simulation in the mid-infrared, a better agreement between simulation and experimental data
is obtained for ∆n = 0.0015 which tends to indicate a decrease of ∆n with the wavelength.
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(a) Effective focal length

(b) Full width at half maximum of the beam waist

Figure 5: Dependence of the focus characteristics with the µGRIN thickness. Lines correspond to the simulated values
and the symbols to the measured one.

3. µGRIN and waveguide assembly

In a second step, this µGRIN was inscribed on top of a waveguide and the coupling efficiency
of light in the guide was studied. For this purpose, the same µGRIN as described above has
been written simultaneously with a waveguide (with no spacing between them) that is also made
up of ∆n channels on the same hexagonal mesh, but with an identical irradiation time τ of 100
ms and then the same ∆n for all channels. It has a diameter of 23 µm to minimize propagation
losses [33] and a length of 15 mm. Another guide was also inscribed in the same glass substrate
and with the same experimental parameters, but without the µGRIN. We use this guide as a
reference to compare the power carried by our µGRIN and waveguide combination (G-WG)
with conventional injection into an identical guide using an external lens. When testing the G-
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WG device, the beam was also slightly focused for a better covering of the surface of the µGRIN
in order to facilitate the measurements and to improve their accuracy. On the other hand the
front face of the sample has been polished to form a slight 6◦ wedge to avoid retro-reflection of
the beam towards the QCL laser. However, this leads to non-optimal injection conditions which
implies that the coupling efficiency could reach a higher value than the one reported here.

After the waveguide, the beam is collimated using a ZnSe lens with a focal length of 12.7
mm. The coupling efficiency is evaluated by measuring the output power of the guide at a dis-
tance of approximately 1 m using a powermeter. The measured values were normalized to the
power carried by the simple guide (without µGRIN). The results obtained for different µGRIN
thickness values are represented by circles in Fig. 6. As evidenced in this figure, there is an op-
timum thickness value which leads to a coupling efficiency that is even higher than that obtained
with conventional injection. The maximum absolute efficiency measured experimentally is 54%,
corresponding to 70% after correction for reflection losses on the input and output faces.

This high value can be attributed to several factors. The first is the perfect lateral position-
ing of the lens in respect of the guide. Secondly, there is also a very good match between the
dimensions of the focused beam and those of the guide. It should be noted that the diameter
of the guide is suited to single-mode propagation with minimal propagation losses. Agreement
with the dimensions of the focused beam is achieved by adapting the amplitude of the µGRIN’s
refractive index profile. The focal point is also optimally positioned with the guide entry, by
adjusting the thickness of the µGRIN. Finally, the beam divergence after focusing is low, which
facilitates injection.

Figure 6: Measured transported power (circles) normalized to conventional injection with focusing optics positioned in
front of the waveguide, and simulated coupling efficiency (solid line) for a µGRIN and waveguide assembly.

The evolution of the coupling efficiency with the thickness was also numerically simulated.
The simulations were carried out under the same conditions as for the µGRIN alone, in particular
assuming that the incident light is a plane wave. The calculated coupling efficiency is represented
by the solid line in the figure 6. So the two vertical axes in this figure represent two slightly
different things, but the superposition of the experimental values and the simulations clearly
shows the concordance of the measured and simulated behaviors. As one might expect, the
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results of these simulations show that the optimum thickness of the µGRIN corresponds to a
focus at the entrance to the guide, as illustrated in figure 7. It can be seen in the figure 7a that
when the thickness is too small, focusing takes place after the entry face of the guide, resulting
in scattering at this point and therefore a reduction in the energy transported. On the other hand,
when the thickness is too large (Fig.7c), the focal point is located in front of the guide entrance.
The beam diverges before entering the guide, which also results in a reduction in transported
power. The figure 7b represents the best situation, with focusing just at the entrance to the
waveguide.

(a) 1400 µm

(b) 2000 µm

(c) 2600 µm

Figure 7: Numerical simulations of the coupling efficiency for different thicknesses. The vertical and horizontal dashed
lines delimite the µGRIN and the waveguide, respectively. All the figures are horizontaly aligned on the input face of the
waveguide.

On the other hand, the coupling efficiency depends also on the matching between the focusing
conditions and the numerical aperture of the waveguide. To illustrate that point, we simulated
the guided power for different values of the refractive index variation ∆n. We use the same
value of ∆n for the waveguide and for the central value of ∆n in the µGRIN. The results of
these simulations are shown in figure 8. These values correspond to those obtained with the
optimum thickness for each index contrast. The figure shows that the coupling efficiency can
reach 85% for a structure with the characteristics used in our experiments. However, our ex-
perimental conditions do not allow us to obtain a value of ∆n corresponding to the maximum
coupling efficiency, but it should be emphasized that the values measured are already higher than
those achieved by conventional injection. These results are therefore very encouraging for the
experimental achievement of even higher coupling efficiencies.
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Figure 8: Simulation of coupling efficiency as a function of the refractive index variation amplitude ∆n.

4. Conclusion

We have presented a new method for producing graded-index microlenses. The focusing prop-
erties of these micro-elements can be tailored simply by adjusting the thickness or amplitude of
the refractive index contrast. When the µGRIN is placed on top of a waveguide, it forms a very
compact and stable device that shows an improvement in the coupling efficiency compared to
conventional injection with an external lens.

Numerical simulations show that this coupling efficiency can be as high as 85%. Moreover
the design of the µGRIN that we used, is very simple but since it depends only on the irradiation
duration τ, the refractive index profile of the coupling optic is not limited to parabolic. Therefore
more complex profile like aspheric one or freeform lens, could be elaborated by use of inverse
design technique [34] to further improve the coupling efficiency.

Finally we point out that we have chosen to highlight the behavior of our device in the mid-
infrared spectral range in order to demonstrate the technique’s potential for applications in this
domain that would require efficient coupling of free-space light to a photonic circuit [35, 36,
37]. However, these results are not limited to this wavelength range, since the glass of the used
composition is also transparent in the visible range, and photo-induced refractive index variation
has also been demonstrated there. The concept of our device could therefore be extended to the
near infrared and visible wavelengths.
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