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Abstract

In this paper, it is presented a method of fabrication of
waveguides using femtosecond writing. This method uses
a 220 fs pulse laser with a pulse repetition rate of 500 kHz,
a pulse power of 10 W and at a wavelength of 1030 nm,
in its 2nd harmonic (A=515 nm). The material where the
waveguides were written was a fused silica glass substrate.
It was written 7 linear waveguides at 100 um below the
surface of below the surface of the sample, with a varying
power of the laser beam in the range of [50,200] mW. Fur-
thermore, the characterization studies carried out with
the written waveguides are described. These studies in-
clude an analyse of the propagation loss as a function of
the power of writing and an examination of the intensity
profile. The studies were made with an infrared laser of a
wavelength 1.5 ym and by coupling the fabricated wave-
guides with single mode optical fibres (SMF). It was veri-
fied that the optimal waveguide was written with a power
of 125 mW, having a loss of 1.62 dB. All waveguides had
a Gaussian mode profile equivalent to the optical fibre
profile used. The optimal waveguide written had a mode
profile with a width of, approximately, 7.50 ym in the X
direction and 7.35 ym in the Y direction. The coupling
loss was equal to 0.48 dB.

1 Introduction

Many areas of scientific research need a high level of
miniaturization of optical devices. Integrated optical
and photonics circuits can find applications in com-
munications, medicine and in a collection of other

areas. With the invention of the laser, this light
source has been the base of micro-fabrication pro-
cesses. Femtosecond lasers (ultrafast laser pulses)
allow fabrication of three-dimensional integrated op-
tical circuits with sub-micrometer resolutions.

The process that occurs when a femtosecond laser
is focused inside a transparent dielectric material is
a non-linear interaction between light and matter.
Peak intensities can be of the order of TWem™. Such
intensities produce non-linear absorption. This is
verified by the production of a free electron plasma,
which is formed by photo ionization (non-linear and
avalanche). After the formation of the plasma, the
electrons transfer their energy to the lattice of the
dielectric material, therefore changing the physical
properties of the materials. This modification is not
well understood, but it can be divided in three out-
comes, depending on the energy associated with the
pulse. For low and intermediate energies, there is
an isotropic or birefringent refractive index change,
respectively. With sufficiently high energy, there is
void formation. These material modifications and the
physical interaction that occurs with the femtosecond
laser are illustrated in Figure 1.1 [4].

Consequently, it is possible to write regions with
permanent different physical properties directly in-
side a dielectric material. With this, simple writ-
ing processes can be developed to fabricate three-
dimensional optical elements, such as waveguides.
The dielectric material of choice is fused silica, due to
its high transparency and stable physical properties.
Furthermore, optical devices with low loss and stable
optical properties are produced with fused silica.
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Fig. 1.1: Nllustration of the physical process and
of the modification of material properties
caused by the interaction between femto-
second pulse and dielectric materials.

Waveguides can therefore be fabricated with femto-
second writing. It has been verified that properties of
waveguides highly depend on the writing parameters,
such as pulse power, writing speed and pulse dura-
tion. These properties are, for instance, the propaga-
tion loss and the mode profile. It is then possible to
tune the different parameters to obtain some inten-
ded property.

This paper proposes a method for femtosecond fab-
rication of waveguides inside a fused silica substrate.
Characterizations of waveguides are also discussed
and its properties studied.

2 Femtosecond fabrication of
waveguides

In this work, a 220 fs pulse laser, with wavelength
of 1030 nm, a pulse repetition rate of 500 kHz and
a pulse power of 10 W, was used to fabricate wave-
guides!. The laser was linearly polarized. In order
to take advantage of the previously described phys-
ical process (non-linear absorption), an experimental
setup was optimized and a repeatable method was
used to fabricate waveguides.

1 The waveguides were fabricated on the 202 of October of
2015.

2.1 Experimental setup

The experimental setup used is represented in Fig-
ure 2.1. The pulse laser was coupled to an harmonic
generator in order to be used in its 2nd harmonic,
with a wavelength A=515 nm. It was used in the
2nd harmonic because it was verified [5] that at this
wavelength, the refractive index had a larger change.
The setup can be divided in 5 parts, each one with
a certain function to optimize the writing process.
These parts are the following:

1. The first half-wave plate (HW1) and Brewster
angle polariser (BAP) were used to vary the
power of the beam. The HW plate was com-
puter controlled. The BAP works as a polariza-
tion beam splitter. With the change of angle of
polarization by the HW plate, the power of the
beams splitted could be tuned while maintaining
the linear polarization. One of the beams split-
ted was then used and the other was guided to
a beam dump.

2. A telescope composed of two lenses (L1 and L2)
(Thor Labs) was used to amplify the beam size.
This amplification allows for maximum incidence
at the lens which focused the beam at the sample
(L3).

3. The second HW plate (HW2) was used to change
the polarization of the beam to the writing dir-
ection. From previous results [1], it was verified
that the best waveguides were obtained with the
polarization in the direction of writing.

4. In order for the beam to be focused at the
sample, an aperture (Melles Griot) and a third
lens (L3) were used. To reduce the beam size to
fit the full width of the lens, the aperture had the
same opening as the lens. This lens was the ob-
jective lens that focused the beam at the sample.

5. For the process to be seen and small alignments
to be done, a CCD camera coupled to a filter
and a fourth lens (L4) was used. The fourth lens
collimated the beam at the camera. The filter
had to be used to reduce the intensity, because
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Fig. 2.1: Diagram of the femtosecond writing setup.
(HG: harmonic generator, HW: half-wave
plate, BAP: brewster angle polariser, M:
mirror, L: lens, CCD: CCD camera)

the original beam had an intensity that could
damage the camera.

Having the setup optimized, the laser and the setup
were aligned. First, all the mirrors had to be align for
a beam reflected at the sample to follow exactly the
same return path. Second, the last mirror before the
objective lens (M5) must be aligned such that the
beam is perpendicular at the sample. The sample
holder and the third lens also had to be perpendic-
ular to the beam. With this, the writing process is
uniform throughout the sample and the aberration
produced by the air glass interface is reduced. These
aberrations can change the shape of the waveguides
and deform the intensity profile.

With the CCD camera, it was possible to know when
the beam was focused at the surface of the sample.
With all the alignments well made, if the beam was
focused at the sample surface, a reflection occurred
and the reflected beam was well interfered at the cam-
era, where a point was then observed. It was possible
to see the two reflections corresponding to the two
surfaces of the sample perpendicular to the beam.

The sample was hold by vacuum in the computer con-
trolled air-bearing XY stage (Aerotech ABL10100).

The velocity and length of each step could be adjus-
ted. The controller programme used was also connec-
ted to the laser. With this, the movement and the
laser were coupled and the writing was more precise
and could be done without any problems with the
sample and with the laser operation.

2.2 Experimental method

With the setup aligned and the sample placed in
the XY stage, the writing process could begin. To
start with, the computer controlled HW plate was
calibrated to find the angles of maximum and min-
imum power of the laser beam arriving at the sample.
With the plate calibrated, the power could be selec-
ted automatically.

The sample was made of fused silica glass and had
the geometry represented in Figure 2.2, with dimen-
sions of 21 mm width and 1 mm thickness?. The
waveguides intended to write were lines across the
width of the sample. Considering the geometry of
the sample, it was decided that the waveguides writ-
ten would be separated by 125 ym and at an height
of 100 ym below the surface of the sample substrate
The height inside the sample was measured from the
top surface, using a pressure micrometer (Mitutoyo).
The top surface was found from the reflections ob-
served at the CCD camera. Furthermore, in order
for the writing process to be more stable and safe,
the laser would be turned on 2mm before and turned
off 2 mm after the sample. With this, it is certain
that the full width of the sample is written. This is
also represented in Figure 2.2.

The sample was moved in the writing direction with a
writing velocity of 200 ums™. The mode of operation
was Single Waveguide, in which the laser is turned
on and off at the beginning and end of each step, re-
spectively. This mode was selected in the controller
programme of the XY stage. With these considera-
tions the process of writing was the following:

2 The total length of the sample is unknown because the
sample was shared with colleagues and each region of writing
available was different.
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Fig. 2.2: Sample geometry and important points in
fabrication method.

1. The sample stage was moved to the starting
point (point 1 in Figure 2.2) of the writing step
at a velocity of 20mms™: first, it was moved
in the x direction, the direction of writing, and
then moved the distance of waveguide separation
in the y direction. This step was done without
the laser on.

2. The power was adjusted for the intended power
of writing.

3. The velocity of writing, 200 pms™, was selected.
With the laser turned on in the mode already re-
ferred, the sample stage was moved 25 mm in the
x direction. When it reached the ending point
(point 2 in Figure 2.2), the laser was turned off.
The process was then repeated until all the in-
tended waveguides were written.

Using the process described, 7 waveguides were writ-
ten with a varying power in the range [50,200] mW.
The fabricated waveguides are summarized in Table
1.

3 Waveguide characterization

A waveguide can be characterized by its propagation
loss and by the intensity profile. These studies were
made with the fabricated waveguides®. Two measure-
ment setups were used and are represented in Figure

3 Studies made on the 27" of October.

Waveguide | Pyriting (mW)
1 50

75

100

125

150

175

200

| O O =Wl N

Tab. 1: Waveguides fabricated and writing power.

3.1 and Figure 3.3. Both experimental setups used
two lasers: ared laser with a wavelength of 633 nm for
alignment and an infrared laser (Santec TSL-210V)
for measurements with A=1.5 ym. The infrared laser
is used due to the transmission spectrum of silica,
which has a maximum in the infrared region [1].

3.1 Propagation loss

The loss was studied using the setup represented in
Figure 3.1. The waveguides written were coupled
to two single mode optical fibres (SMF), one con-
nected to one of the lasers (input of the system)
and the other one to a detector that measured the
power (output of the system). The sample was posi-
tioned in a workstation precision stage (Elliot Mar-
tock MDES881) under a microscope (Leica) and it was
hold by vacuum. The SMFs were placed in precision
stages in the same workstation. This stages could
be controlled by piezoelectric elements with a nano-
metre precision (Elliot Science E-2100). The sample
stage could be moved in the X direction and the fibres
stages in the X,Y and Z directions. The directions are
represented in Figure 3.1.

Each waveguide was then coupled to the fibres. This
coupling was made by the alignment of the positions
of every stage and by a index matching liquid (Car-
gille Series AA) to improve the coupling even further.
The alignment was made in two phases. First, it was
made with the red laser to see if guidance was hap-
pening and by the movement of the stages on the
micrometre scale. Second, using the infrared laser
and the measurement of the output fibre signal as
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Fig. 3.1: Diagram of waveguide propagation loss
measurement setup. (SMF: single mode op-
tical fibre).

orientation, the piezolectrics were used to make the
final adjustments.

The loss in dB in a waveguide is given by equation
(3.1). The P.ef is the reference power that is detec-
ted when the two fibres are coupled together without
the waveguide and the P4 is the output power meas-
ured when the waveguide is coupled to the two fibres.
With this measurement, the loss obtained include the
loss at the waveguide, at the fibres and at the coup-
ling between the fibres and the waveguide. The ref-
erence power P,.r gives information about the loss
at the fibres and at the coupling. The power guided
through the waveguide P, includes the same losses
plus the loss at the waveguide. The input power of
the infrared laser was 1 mW and the output power
was of the order of 100 uW (P.s=860 uW)

Pout

Loss = —101
085 0log Pros

(3.1)

In Figure 3.2, it is pictured the propagation loss as
a function of the writing power of each waveguide
Pyriting. It is verified that the waveguide with the
smallest losses is the waveguide that was written with
a power of 125 mW, having 1.62 dB of propagation
loss. It is seen that the waveguide made with 100
mW had some problems. It can be concluded that
this waveguide could have been badly written or that
the sample was dirty in the location of this waveguide.
Due to this, the tendency line of the loss was obtained
without considering this point. The overall results
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Fig. 3.2: Loss as a function of the writing power of
each waveguide P.

indicate that the best waveguides are obtained with
powers between 110 and 125 mW. Furthermore, the
overall propgation losses are small when compared to
other waveguides written with similar methods®.

3.2 Mode profile

The mode profile of the waveguide and of the SMF
was measured using the setup represented in Figure
3.3. As in the previous study, the sample was moun-
ted on the movable stage and hold by vacuum. The
input signal was delivered by a fibre also placed in
the piezoelectric stage already referred. In this study,
the output of the system was a lens (L1) (Nikon) that
collimated the beam at a CCD camera connected to
a computer. The lens was also placed in the piezo-
electric stage and, as in the previous study, could be
moved in the X, Y and Z directions represented in
Figure 3.3.

Two measurements were performed with the infrared
laser and by varying its power. The power was adjus-
ted to prevent saturation of the camera image. First,
the mode profile of the fibre was obtained. For this.
the sample was removed of its stage and the fibre was

4 This results were compared with results obtained by other
groups.
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Fig. 3.3: Diagram of intensity profile measurement
setup. (SMF: single mode optical fibre, L:
lens, CCD: CCD camera)

Fig. 3.4. Red laser beam guidance with the coupled
system of the optical fibre and one wave-
guide written.

coupled to the lens. To obtain the intensity profile of
the waveguides, they were coupled to the input fibre
and the lens, following the same steps as in the pre-
vious study. Figure 3.4 is a picture of the guidance of
the red laser beam in the SMF coupled to one wave-
guide. It is visible the absorption and loss both at
the SMF and at the waveguide.

With the camera connected to the computer, an im-
age of the intensity profile was obtained. Further-
more, a fit of the intensity was calculated using the
software LaseView. It was verified that all the wave-
guides had similar profiles. These profiles were also
similar to the optical fibre profile, which is Gaussian.

In Figure 3.4, it is pictured the images obtained with
the camera of the intensity profile of the SMF and of
the optimal waveguide found in the previous study

Fig. 3.5: Images taken from the CCD camera and
fits obtained with the LaseView programme
when it was being guided the infrared laser
wave: a) SMF (single mode optical fibre; b)
waveguide written with 125mW.

a/x ay a dx dy
Fit | 81.75 | 79.92 | 80.84 | 58.33 | 57.10
Real | 10.5 10.3 104 | 7.50 | 7.35

Tab. 2: Intensity widths at 1/e?obtained with the La-
seView software fit and its conversion to the
real Gaussian mode size.

(P=125 mW) and the fits obtained with the soft-
ware. From these fits, the widths at an intensity equal
to 1/e? were obtained and are presented in Table 2.
The profile of the fibre is used to calibrate the image
scale®. The mode size of the fibre is known to be 10.4
pum at the wavelength used (1.5 ym) [1]. With this,
the mode size of the waveguides can be estimated.
The value is 7.50 ym in the X direction and 7.35 um
in the Y direction.

Having estimated the mode profile width, it is useful
to obtain the mode mismatch losses. This exists due
to the difference between the mode field diameter of
the fibre and of the fabricated waveguides. The mode
mismatch losses can be quantized by the coupling ef-
ficiency, 7, that depends on the electric field mode
distribution of the coupling fibre and waveguide. For

5 In order to obtain the mode sizes more precisely, the cam-
era and the software used should be automatically and more
precisely calibrated by the intensity profile of the fibre. This
could not be done, because the characteristics of the camera
were not fully known.
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Gaussian mode profiles, the efficiency can be simpli-
fied and given by equation (3.2), depending on the
mode diameter of the single mode fibre ¢ and on the
mode diameters of the waveguide, d, and d,,.

_ 4a2d1dy
1T @A) 1 o)

(3.2)

Using equation (3.2), it is obtained that the coupling
efficiency of the fibre with the waveguide fabricated
with 125 mW is 0.89. The coupling losses, in dB, can
be obtained by equation (3.3) using the coupling effi-
ciency. The value obtained for the optimal waveguide
is 0.48 dB.

CL = —10log(n) (3.3)

4 Conclusion

In this work, it was developed and optimized a setup
and a method for femtosecond writing of waveguides
into a glass substrate. With this method, seven wave-
guides were fabricated. They were written with a
varying power in the range [50,200] mW.

Characterization studies were carried out with the
written waveguides. It was verified that the best
waveguide was written with 125 mW, having a loss
of 1.62 dB. It was concluded that in order to obtain
waveguides with the smallest loss, the writing power
should be between 110 and 125 mW.

Furthermore, it was observed that the waveguides
have a Gaussian intensity profile. With the wave-
guide written with 125 mW, it was verified that it
had a similar mode profile as the SMF, with an in-
tensity size of 7.50 ym in the X direction and 7.35 um
in the Y direction.. It was obtained, for this wave-
guide, a coupling efficiency of 0.89 and a coupling
losses of 0.48 dB.

To conclude, the method used allows one to fabric-
ate good quality waveguides inside materials as fused
silica glass. It is therefore possible to develop three

dimensional photonic structures and to produce in-
tegrated optical circuits that can find diverse applic-
ations in today’s technological world.
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