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We report on tubular cladding optical waveguides fabricated in Neodymium doped Wollastonite-
Tricalcium Phosphate glass in the eutectic composition. The glass samples were prepared by melt-
ing the eutectic powder mixture in a Pt-Rh crucible at 1600 °C and pouring it in a preheated brass
mould. Afterwards, the glass was annealed to relieve the inner stresses. Cladding waveguides were
fabricated by focusing beneath the sample surface using a pulsed Ti:sapphire laser with a pulse-
width of 120 fs working at 1 kHz. The optical properties of these waveguides have been assessed in
terms of near-field intensity distribution and transmitted power, and these results have been com-
pared to previously reported waveguides with double-line configuration. Optical properties have
also been studied as function of the temperature. Heat treatments up to 700 °C were carried out to
diminish colour centre losses where waveguide’s modes and transmitted power were compared in
order to establish the annealing temperature at which the optimal optical properties were reached.
Laser experiments are in progress to evaluate the ability of the waveguides for 1064 nm laser light
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generation under 800 nm optical pumping. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906963]

I. INTRODUCTION

Ultrafast laser inscription (ULI) has demonstrated its
feasibility and suitability throughout the last decade to fabri-
cate three dimensional waveguides inside dielectric materi-
als. Since the first work reported by Davis,' optical
waveguides have been produced in a great variety of optical
materials such as glasses and crystals, including rare-earth
doped dielectric materials with the purpose of fabricating
active integrated optical devices.>™

Ultrafast laser inscription uses focused femtosecond
laser pulses to induce a permanent positive or negative re-
fractive index change in the focal volume of the dielectric
media. When intense ultra-short laser pulses are tightly
focused inside transparent materials, nonlinear absorption in
the focal volume takes place, leading to different kinds of
lattice damage, modifying the local refractive index and
forming the so called “track” or “filament.””> Waveguides
produced by femtosecond laser inscription can be divided,
up to date, into four categories depending on the characteris-
tics in which the processing inscription is carried out.® There
are some materials in which waveguiding can be observed
directly in single written tracks, since the interaction
between ultra-intense laser pulses and the material gives rise
to a positive change in the refractive index. This is the case
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of several glasses and some crystals such as LiNbOs,” and
they are referred as Type I waveguides. Double-line configu-
ration, the so-called Type II waveguides, is produced by
scanning the laser focus along the sample producing two par-
allel damage tracks inside the sample. In this case, a refrac-
tive index decrease is generated in the damaged region by
using energies above the optical breakdown threshold, being
able to confine the light between the pair of tracks.
Moreover, a refractive index increase in the central volume
has been appreciated due to the stress induced during the
irradiation. In Type III waveguides, also called cladding
waveguides, a high refractive index region is produced by
surrounding this volume with femtosecond damaged tracks.
In Type IV waveguides, referred as ridge waveguides, high
intensity pulses are used to etch selected regions through the
ultrafast laser ablation. The fabrication of these types of
waveguides has been studied along the last decade in crystal-
line and glassy matrices.®™'®

With regards to the cladding waveguides, Type III, they
are composed by the core, which is the nonirradiated region
of the sample, and a surrounding cladding structure com-
posed of several parallel tracks with reduced refractive
index. The shape and the size of the cladding structure can
be tailored and adjusted just by positioning the tracks
adequately. These characteristics allow a better coupling to
the waveguides, a low propagation loss, and a more efficient
laser action in materials doped with Rare Earths (RE).K’_]9
Nevertheless, it is important to note that for small cladding

© 2015 AIP Publishing LLC
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waveguides, whose dimensions are in the order of the clad-
ding structure, as the cladding waveguides reported in this
work, there may exists an increase of the refractive index in
the core due to the mechanical stress induced by the laser
interaction with the glass.

In this work, we report on the fabrication of tubular
shaped cladding waveguides by ultrafast laser inscription in
CaSi05-Caz(PO,), eutectic glass doped with Nd>" ions. The
waveguiding properties have been evaluated for different
processing conditions, and compared to the double-line con-
figuration previously reported on this glass.?’ CaSiOs-
Ca;3(PO,), eutectic glass presents two interesting properties.
First, it is a bioactive material since tricalcium phosphate
(TCP), Caz(PO,),, is osteoconductive and bioactive (reasorb-
able),”! and wollastonite (W), CaSiOs, is bioactive with
osteostimulative properties.”* Second, RE ions in this eutec-
tic glass have excellent spectroscopic properties. In particu-
lar, lifetimes and emission cross-sections of the 1.06 um
(Nd*") and 1.5 um (Er’ ") emissions in this glass are compa-
rable to those of the best commercially used alkaline-silicate
glasses.”® Furthermore, it has been shown that its spectro-
scopic properties could be used as optical probe for biomedi-
cal applications.***>

Il. EXPERIMENTAL
A. Glass fabrication

The glass samples were obtained from the powder mix-
ture of wollastonite (high-purity reagent-grade CaSiOs,
99 wt. %, 200 mesh, Aldrich Chemistry, St. Louis, MO,
USA) and synthesized tricalcium phosphate (purity > 99.9%
and 1.50 Ca/P molar ratio, whose characteristics were
reported elsewhere”®) in the eutectic composition: 80%
CaSiO3, 20% Ca3(PO,), expressed in mol. %. Furthermore, a
1wt. % of Nd,O3 was added to the eutectic composite to
obtain the doped samples. The resulting powders mixture
was melted using a Pt-10 wt. % Rh crucible at 1600 °C in an
electric furnace for 1 h to ensure a homogeneous liquid. The
melt was poured onto a preheated brass mould obtaining a
homogeneous, bubble-free, and transparent bulk glass.
Afterwards, the glass was annealed at 795 °C for 30 min, and
then slowly cooled down to room temperature in order to
eliminate the stress formed during the fast cooling process
after pouring the glass.

B. Waveguide fabrication

Cubic samples of 5 x 5 x 5mm°® were obtained by cut-
ting the glass with a diamond blade. The surface to be proc-
essed was subsequently polished by means of sandpapers,
increasing the grade from 800 up to 2500, and diamond pol-
ishing abrasives up to 0.25 um. The cladding waveguides
were fabricated by using a pulsed Ti:sapphire laser system
that delivered transform limited 120 fs pulses with a central
wavelength of 795 nm at a repetition rate of 1 kHz. Such rep-
etition rate corresponds typically to the non-thermal process-
ing regime'> in which there are no heating accumulation
effects in the sample due to the large temporal separation
between consecutive pulses. The laser beam was focused by
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a 20x microscope objective (NA =0.4), and the sample was
placed in a XYZ motorized stage with spatial resolution of
0.2 um. Different processing parameters were investigated to
find the optimum conditions in terms of optical confinement
and propagation losses. The geometrical focus was located
either at 300 um or at 600 um beneath the surface of the sam-
ple, without seeing any relevant aberration problem due to
the depth. The pulse energy was varied between 0.54 and
0.72 uJ with the help of a calibrated neutral density filter, a
linear polarizer, and a half-wave plate. Under these condi-
tions, parallel tracks were written with a lateral separation of
3 um by scanning the piece at 500 um/s. The polarization of
the laser was kept in all the cases perpendicular to the scan-
ning direction. The waveguide’s diameter was varied
between 20 and 150 um. As an example, Figure 1 shows an
optical microscope image of a 120 um diameter waveguide
at a depth of 600 um beneath the surface, fabricated by using
0.72 uJ pulses, and with a separation between tracks of 3 um.

In order to eliminate the absorption by colour centres
induced during irradiation process, thermal treatments were
carried out on the sample between 200 and 750°C for
30 min, with heating/cooling rates of 900 °C/h.

C. Characterization techniques

The glass matrix composition was determined by means
of scanning electron microscopy (SEM) using a field emis-
sion JEOL JSM-7000F microscope with EDX analysis. The
amorphous character of the glass sample was confirmed by
XRD analysis by using an XPert Pro MPD diffractometer.

Near-field intensity distribution of the waveguide’s
modes was characterized by using a He-Ne laser with
15 mW of output power, working in continuous mode emit-
ting at 633 nm and using entrance and exit objectives DIN
20/0.40 and DIN 40/0.65, respectively, neutral filters with
different transmittances, two polarizers, and a CCD camera.

Lifetime and luminescence measurements were per-
formed by exciting the samples with a Ti:sapphire laser.

lll. RESULTS AND DISCUSSION

Waveguides with diameters from 20 to 150 um were
characterized by means of near field intensity measurement

FIG. 1. Cross-section optical image of the Type III waveguides fabricated
by fs laser writing with 0.72 uJ pulse energy.
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and transmission losses analysis. Before any thermal treat-
ment, near field modal analysis indicates good light confine-
ment in all the waveguides, and a clear correspondence
between the modal size and the dimensions of the waveguide
structure created by the low-index barrier region induced by
fs writing process. All the structures presented guided modes
in quasi-TE and quasi-TM propagation at 633 nm, showing
no remarkable differences dependent on the polarization,
due to the relatively low index contrast in this type of guides.
Only the 20 um waveguide has been found to be monomode
in both TE and TM polarizations. In consequence, only the
waveguides with a diameter lower than 40 um have been
subjected to a more detailed analysis. Also, in the range of
energies used in this work, no significant differences have
been found for waveguides processed at different pulse ener-
gies. Figure 2 presents the transversal intensity distribution
at the output for different waveguides, taken at 633 nm.

Following the procedure previously reported in double-
line waveguides fabricated in this material with similar fabri-
cation technique,20 isochronal thermal treatments have been
carried out in order to decrease the propagation losses by
removing colour centres created in the waveguides during
the laser writing process.”’ 2 In this way, 30-min isochronal
annealings have been applied starting from 200°C up to
750 °C with steps of 50 °C. After each treatment, the propa-
gation losses have been determined by measuring the trans-
mitted power along the waveguide. Besides, the intensity
distribution of the guided modes has been measured using a
CCD camera.

Figure 3 shows the transmitted power of the 20, 30, and
40 um waveguides after the thermal treatments as function of
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FIG. 3. Output power measured in guides with 20, 30, and 40 um diameters,
after heat treatments between 150 and 750°C.
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FIG. 2. Near-field intensity pattern of
the TE mode of guides fabricated with
0.72 pJ pulse energy and diameters of
20, 30, and 40 um.

the annealing temperature. It can be observed a continuous
improvement of the guiding light intensity for the three
waveguides up to an annealing temperature of 500°C. At
this point, the transmitted optical power increases in a much
more pronounced rate until a temperature of around 600 °C.
The improvement on the transmitted power is as high as a
factor 3 (compared to the values before any thermal treat-
ment). The intensity at the output of the waveguides remains
almost unaltered after the annealing at ~650 °C. Beyond this
temperature, the propagation losses of the waveguides
increase dramatically.

The behaviour of the transmitted power as a function of
the annealing temperature can be understood by a combina-
tion of two processes: a gradual decrease of the colour
centres and the partial recovery of the induced refractive
index change. The improvement of the guided power until a
processing temperature of ~600 °C could be explained by a
continuous removal of colour centres, and even by releasing
the stress generated during the fs-laser writing process. On
the other hand, the smoothing of the damaged region should
reduce scattering losses. The thermal treatments also readjust
the structure in the zones modified by the laser writing pro-
cess, and therefore induce a readjustment of the refractive
index profile of the waveguide. For annealing temperatures
higher than 650 °C, the optical barrier formed by the refrac-
tive index changes is reduced is such extent that tunnelling
losses™ become non-negligible. This extra mechanism of
losses is expected to be responsible on the reduction of the
transmitted power observed for temperatures beyond 650 °C.

Figure 4 presents the evolution of the FWHM of the
mode intensity in the 20 yum diameter waveguide as function

10.04
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FIG. 4. Full width at half maximum of 20 um waveguide TE mode, after
each thermal treatment between 200 and 750 °C.
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Index decrease, An__

of the temperature treatments. The analysis of the modal in-
tensity profiles reveals that the light confinement of the struc-
ture remains almost unaltered until an annealing temperature
around 600 °C, while for higher temperature treatments, the
data show clearly that the mode starts spreading. This tem-
perature agrees with the temperature where the transmitted
power started to decrease. These data are in accordance with
the tunnelling losses mechanism suggested above.

Following this idea, the losses due to tunnelling process
have been numerically evaluated in the frame of a 3D FD-
BPM analysis. The 20 um diameter waveguide structure has
been modelled numerically and the propagation of the funda-
mental mode at 633 nm has been simulated. The refractive
index profile used in the simulation is based on the index dis-
tribution generated by fs writing in Type II waveguides
tracks.’' The index modification for a single track centred at
(0,0) is assumed to be

An = —An Mexp (—y/o )2 (1)
max 1t (x/o_x)4 Y/0y) s

where An,,,, is the maximum reduction on the refractive
index in the track, and o, and o, are the width of the dam-
aged region along the horizontal and vertical directions,
respectively. While An,,,, depends on the laser pulse condi-
tions, o, and g, are related with the beam waist and the focus
depth of the focused beam inside the material, respectively.
Figure 5 (left) shows the refractive index map used in the
simulations, which is formed by 16 tracks centred along a
circle of 10 um of radius, with ¢,=1.5 yum and o, =4 um.
The losses due to the tunnelling trough the optical barriers
formed by the tracks are evaluated by computing the power
of the fundamental mode that remains inside the structure af-
ter 1 cm of propagation, as function of the maximum refrac-
tive index change An,,,., as shown in Figure 5 (right). The
numerical results indicate that a refractive index modifica-
tion greater than 5 x 10~ confines adequately the light in
the structure. The guiding properties decay dramatically for
index decrease lower than 3 x 1072, and for An,. lower
than 5 x 10~ the tunnelling losses are too high to properly
sustain light propagation in the structure. These values agree
with the increase in refractive index modifications reported
in this material,”® as well as the values reported in other
materials with similar fabrication process.?>

Comparing the experimental results of Figure 4 with the
numerical simulations, it is possible to conclude that the

i =
= 2 1.0 — —
L 9 °
§ £ oo
3 FIG. 5. Left: index profile of a 20 um
i S o6l . diameter waveguide for the 3D FD-
_g BPM simulation. Right: modeled out-
- g 04l put intensity of the waveguide after
- b 1 cm propagation length, in relation to
B g o2k . the maximum refractive index modifi-
e o cation generated by the fs-laser.
F . *—o—o ——‘/
l— 0.0 ' 1
Lo k| %) 10° 10* 10” 10°

X

index modification induced by the fs-laser processing
induced at least an index change of 5 x 10*3, which remains
unaltered until thermal treatments at 600 °C. Annealing tem-
peratures higher than 650 °C should recover the original ma-
trix, destroying the index modifications, and thus the
capability of light confinement inside the structure.

Comparing these waveguides to double track wave-
guides fabricated in CaSiO;-Ca3(PO,), as previously
reported,”” it can be noticed that it is possible to achieve
higher temperatures during the thermal treatments without
losing guiding properties. This point suggest that the tailor-
ing of the waveguide allows to maintain the mode confined
with a lower index increase, and thus, it is possible to
improve the quality of the waveguides by applying more
aggressive thermal treatments that in the case of the double
filament waveguides lead to the destruction of the wave-
guide.?® It is remarkable that Type II waveguides started to
present propagation loses due to tunneling processes at
350 °C, while in the case of Type III waveguides, the quality
of the waveguides improves continuously reaching the opti-
mum point in de region between 600 and 650 °C.

Finally, the spectroscopic analysis of the Nd*' ion
inside the waveguides has been performed. It has been found
that the luminescence spectra of the 4F3/2—> 4111/2 transition
presents no significant variations compared to the lumines-
cence measured in bulk, as it can be seen in Figure 6.
Lifetime of the 4F3/2—>4I” 52 transition was also measured,
obtaining a value of t =244 us, which is almost coincident

1.2

Waveguide|

1.0
0.8

0.6

Intensity (arb. uints)

1000 1050 1100 1150
Wavelength (nm)
FIG. 6. Emission of Nd** at 1060 nm under excitation at 808 nm, collected

from the bulk (dashed line) and from the fs-laser written waveguide (contin-
uous line).
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with the lifetime value of t =250 us as previously reported
in bulk.?® These data indicate that the spectroscopic proper-
ties of the rare earth ions inside the waveguide core are
almost unaffected by the fs-laser processing, thus making
this doped material a good candidate for active integrated
devices.

IV. CONCLUSIONS

The high optical quality Nd** doped CaSiO;-Cas(PO.),
eutectic glass samples have been manufactured by the cast-
ing technique. With the obtained samples, waveguides with
different dimensions have been successfully fabricated by
fs-laser writing technique. It has been found that the wave-
guides with diameters from 20 um to 150 um fabricated fol-
lowing this technique support TE and TM polarizations at
633 nm wavelength, and little influence of the pulse energy
has been found. Isochronal thermal treatments have been car-
ried out, where it was observed an improvement in the trans-
mitted power up to a 300% after an annealing temperature of
600 °C. This improvement is associated to a decrease of
absorption losses due to colour centres, a release of the stress
generated during the waveguide fabrication process, and a
decrease of the scattering losses by smoothing the damaged
region. Up to this temperature, no significant modification in
the modal intensity distribution was appreciated. It was also
determined that for annealing temperatures higher than
650 °C, the waveguides started losing their confining proper-
ties due to tunnelling losses. The experimental results have
been compared with numerical simulations using 3D FD-
BPM. This analysis suggests a refractive index modification
in the range of 5 X 1073 before thermal treatment, and an
index modification around 3 x 107> after the annealing at
650 °C. For lower index modification, the numerical model-
ling indicates an abrupt increase of the tunnelling losses
which is in accordance with the experimental results.
Finally, it has been found that the spectroscopic properties of
the Nd>* ion in the CaSi05-Caz(POy,), eutectic glass remain
unaltered inside the waveguides core, which make these
structures suitable for the development of integrated active
devices.
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