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We have performed high repetition rate femtosecond laser bulk modification of TiO,-SiO, based glass
(Schott N-SF8 glass), leading to a decrease in the refractive index near the focal volume. From pRaman
and X-ray microanalysis we have associated the decrease in the refractive index to a volume expansion
due to glass network modifications induced by the laser irradiation. By writing two lines close together
we have been able to confine the optical mode and obtain propagation losses of 0.7 dB/cm in the near

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Femtosecond laser microfabrication is a widely used technique
to form optical circuits [1—3], microfluidic channels [4] or period-
ical patterns on the surface [5] of a great variety of materials. In
particular, femtosecond laser pulses focused below the surface of a
transparent material produce a highly localized and permanent
change of the refractive index, through a nonlinear multiphoton
absorption at the focal volume [6,7]. Due to the nonlinear nature of
femtosecond laser-material interaction, the process has very high
repeatability, precision and can be realized in any transparent
dielectric.

Investigating the structural and compositional changes induced
by the femtosecond laser in the material that lead to the change in
the refractive index helps to understand the responsible physical
process and thus improving the technique and the outcome.
Various mechanisms have been proposed/observed to produce the
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increase in the refractive index in glasses: i) densification of the
melted glass by rapid cooling [8,9]; ii) formation of color centers
[10] or iii) ion-migration in multicomponent glasses [11—13]. There
are also a few examples in which the laser interaction produces a
decrease in refractive index of the glass (i.e. phosphate glasses),
where the decrease is associated to an overall expansion of the
glass network [14,15]. The appearance of these processes will
depend on the composition of the glass. In the case of crystals the
disruption of the ordered lattice produces a decrease in the
refractive index [16—18].

TiO, addition to the silica glass network is commonly used to
tailor the optical, mechanical or thermal properties of the glass.
Two main changes have been observed to occur with the addition
of titanium to a silica matrix, both attractive from the spectroscopic
point of view: the increase in the refractive index of the material
[19—21] and the lowering of phonon energy. The former property is
ideal for producing nonlinear optical devices [22,23] whereas the
latter is spectroscopically ideal for producing larger bandwidth and
longer wavelength operating lasers and devices [24,25]. TiO,-con-
taining glasses have been also used for the development of optical
fibers [26,27]. The low Abbe number [19] at relatively high
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refractive index make Ti-containing glasses good substitutes for Pb-
containing glasses for the fabrication of glassware or glass jewelry,
being titanium less contaminating. Finally, titania-silicate glasses,
with a few percent of TiO,, fabricated by a flame hydrolysis process
are used in applications where very low thermal expansion (~10~8
— 1072 K1) is required (i.e. astronomical telescopes, space satellite
applications, high-precision optics) [28,29].

In this paper we report the fabrication of low-loss type II
waveguides in N-SF8 glass (titanium sodium silicate based glass) by
high repetition rate femtosecond laser. N-SF8 glass is of great in-
terest due to its use as the cladding material in GLS chalcogenide
fibers, for applications in nonlinear photonics [30]. We pay special
attention to the changes produced in the structure of the glass, in
order to understand the relationship between the observed mate-
rial changes and the waveguiding behavior. We identify the
mechanisms responsible for the femtosecond laser-induced
morphology in N-SF8, allowing us to tailor the interaction to
obtain low loss waveguides.

2. Materials and methods

The samples used in this work were 5 cm x 5 cm x 1 mm N-SF8
glass acquired from Schott AG. The main raw oxide components of
this glass, as indicated in the datasheet provided by the company
[31], are: SiOp (40-50 wt.%), TiO; (20—-30 wt.%) and NayO
(10—20 wt.%). Smaller quantities of the follow oxide compounds are
also present, in a proportion of 1-10 wt.%: B,03, BaO, Ca0, K0,
Nby03, ZrO,. The presence of all these elements is confirmed by
energy dispersive X-ray microanalysis (EDX, Fig. 1). The average
composition of the glass, according to the EDX measurements, is:
35 wt.% of Si03, 20 wt.% of TiO,, 8 wt.% of Nay0, 7 wt.% of K50, 7 wt.%
of BaO, 2 wt.% of Ca0, 9 wt.% of B,03, 8 wt.% of Nb,O5 and 3 wt.% of
ZrO,, similar to the values provided by the manufacturer, con-
firming that the main oxide components of the glass are SiO, and
TiO, with alkali oxides and alkaline earth oxides as network
modifiers. Some of the physical properties of N-SF8 glass are listed
in Table 1.

A regeneratively amplified Yb:KGW system (Pharos, Light Con-
version) with a pulse duration of 230 fs was used for the fabrication
of waveguides in N-SF8 glass. The wavelength employed in the
writing was 515 nm, with the polarization perpendicular to the
scan direction. The repetition rate was 500 kHz. A high NA oil im-
mersion lens (1.25 NA, RMS100X-0 100x Olympus Plan Achromat
Oil Immersion Objective) was used to reduce the detrimental ef-
fects of self-focusing [33] and spherical aberration [34|. Computer-
controlled, 3-axis motion stages (ABL-1000, Aerotech) interfaced by
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Fig. 1. Typical EDX spectrum measured on the pristine glass, showing the elements
detected.

Table 1
Physical properties of N-SF8 glass [32].

Schott AG N-SF8 properties

Density 2.9 g/em?®
Refractive index @ 546 nm 1.69
Transmittance range 390—-2325 nm
Coefficient of expansion —30/+70°C 86 x 106K !

+20/+300 °C 99 x 10°5K!
Thermal conductivity 1.03 W/(m-K)
Ty 567 °C

CAD-based software (ScaBase, Altechna) with an integrated
acousto-optic modulator (AOM) were used to translate the sample
relative to the laser to form the desired photonic structures. All the
waveguides have been formed at a depth of 110 um below the
surface.

Laser-inscribed structures were characterized for their
morphology using white-light optical microscopy in transmission
mode with 10x and 40 x magnification objectives (Eclipse ME60O,
Nikon). For waveguide transmission measurements, high resolu-
tion 3-axis manual positioners (Nanomax MAX313D, Thorlabs)
were used. The four-axis central waveguide manipulator (Micro-
Block MBT401D, Thorlabs) enabled transverse displacement be-
tween sets of waveguides. Light source at 808 nm (S1FC808,
Thorlabs) was used to test the waveguides, and the light was
coupled to the waveguides using Thorlabs single-mode fibers
780HP (Mode Field Diameter of 5.5 + 0.5 pm at 850 nm wave-
length). To measure the near-field waveguide mode profile, a
60 x asphere (5721-H-B, Newport) was used to image the light to a
beam profiler (SP620U, Spiricon).

puRaman spectra were recorded using a Labram Aramis Jobin
Yvon Horiba pRaman system with a DPSS laser source of 532 nm
and equipped with a confocal microscope and an air-cooled CCD. A
100x objective was used to focus the laser on the sample as well as
to collect the Raman spectra, with a spatial resolution of about 1
pm. A wavenumber accuracy of about 1 cm™! can be achieved with
a 1800 line/mm grating.

Energy dispersion X-ray microanalysis (EDX) has been per-
formed in a Bruker Quantax 70 EDS system attached to a scanning
electron microscope Hitachi TM3000, operated at 15 kV. The en-
ergy resolution for this system is around 154 eV (for Cu Ka).

3. Results and discussion
3.1. Bulk modification in the glass induced by the femtosecond laser

The processing parameters that were used for the study on the
N-SF8 glass were an average power of 50—400 mW, a scan speed of
2—50 mm/s and a repetition rate of 500 kHz. We have observed that
for writing powers of 400 mW or higher the modification lines had
micro-cracks around them, which are undesirable for photonic
applications.

Fig. 2a shows the images from the white light transmission
optical microscopy of the longitudinal and transverse view of some
of the structures written. The dark regions in the structures are
attributed to lower refractive index regions due to the absence of
light guiding. To ensure that there are no shadows cast into the
region of interest resulting in ambiguous results, we have used
Kohler illumination technique to specifically and uniformly illu-
minate the area of interest. As can be seen in Fig. 2a, the transverse
width increased considerably with an increase in average power or
a decrease in scan speed. This indicates a good three-dimensional
heat flow during the waveguide inscription owing to the moder-
ately high thermal conductivity of the N-SF8 glass (1.03 W/m-K)
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Fig. 2. (a) Transmission optical microscope images (side and top views) of the laser-written structures obtained for different average powers (P) and writing velocities (v). (b) Near-
field intensity mode profiles (wavelength of 808 nm) measured for a structure formed with 50 mW and 50 mm/s, showing that the light can be guided on both sides of the dark
central region. (c) Near-field intensity mode profiles (wavelength of 808 nm) measured when light is coupled inside and outside a slightly larger structure written with higher net
fluence (200 mW and 2 mmy/s). All the scale bars are 10 pm. In the mode profile images, note the color linear scale varying from 0 (violet) to 1 (red) indicates the relative intensity of
the mode profile, normalized to the peak intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that is comparable to other silicate glasses like BK7 (1.11 W/m-K)
and Corning Eagle 2000 (1.09 W/m-K) [35,36].

For all the structures fabricated in N-SF8, it was not possible to
guide light in the dark central region 1. The near-field intensity
mode profiles at 808 nm wavelength for two different structures
are shown Fig. 2b and c. For the structure formed with 50 mW and
50 mm/s (Fig. 2b), it was possible to couple light on either side of
the depressed refractive index region, by lateral translation of the
input fiber.

A closer inspection of the structures with larger diameter shows
that the refractive index profile is not uniform. The white light
transmission optical microscopy images (Fig. 2a) are similar to
those reported in other glasses [35,37,38], but in the case of N-SF8,
the change in refractive index is the opposite. When observing the
side view of the structure formed with 250 mW power and 2 mm/s
scan speed, three different regions can be distinguished: 1) a cen-
tral elliptical region with a strong decrease in the refractive index,
indicated by a darker color compared to the pristine glass, 2) an
annular region (light grey) having a slightly higher refractive index
compared to the central region it surrounds, 3) an outer cladding
region (dark grey) with a refractive index greater than region 2, but
lower refractive index than the bulk.

For a structure formed with higher net fluence (200 mW and
2 mm/s), it is possible to couple light to both region 2 surrounding
the central core, and also on either side of the structure (Fig. 2c),
again by simply translating the input fiber laterally.

Waveguiding on either side of the modified region has been
previously observed in crystals such as lithium niobate [17] and
KGW [39] as well as in some glasses [14,15]. For these materials, the
structural changes produced by the laser irradiation induces a
volume increase that compresses the surrounding regions which
enables waveguiding. Therefore the fact that we see waveguiding
outside of the modification zone in N-SF8 is likely related to the
volume change/stress induced by the laser irradiation. Further-
more, the micro-cracks observed around the lines for higher
powers point to the creation of stresses in the glass.

3.2. Structural characterization of the laser-written lines

To understand the laser-induced structural changes observed in
the N-SF8 glass, first it is necessary to have an overview of the kind
of network that can be found in titanium silicate glasses. As many

previous works have pointed out [21,40—45], the glass properties
depend on the concentration of TiO, as well as on the composition
(binary system TiO2-SiO, or multicomponent system, see for
example [44] and references within). These works also reported
different coordination number for Ti cations depending on the Ti
concentration and glass composition. Looking at the oxides con-
tained in the N-SF8 glass (see experimental methods section), it is
mainly a titanium alkali/alkaline earth silicate glass. For titanium
alkali and alkaline earth silicate glasses, it is suggested that for low
concentrations of TiO,, titanium is incorporated with a coordina-
tion number of 4, forming 4 bonds with oxygen atoms in the same
configuration as Si cations (tetrahedra). As Ti concentration in-
creases, the coordination number increases also from [“ITi to [°ITj,
being coordination number of 5 dominant for high concentrations
of Ti (above 10—15 wt.% of TiOy) [40,44,46].

Farges et al. [40], propose a model for the glass structure of
sodium silicate glasses containing high concentration of Ti, which
they called the “percolation model”. In this model, Ti** cations are
incorporated forming square pyramids with 4 single bonds with 4
oxygen atoms and a double bond with a fourth oxygen, the titanyl
oxygen ((I°'Ti=0)04). These pyramids aggregate in clusters and,
due to charge compensation, they attract the Na ions from the
network, forming localized regions with high concentration of Ti
and Na. The addition of TiO, promotes further formation of these
clusters, meaning that there will be less Na around Si, reducing the
non-bridging oxygen population in the silica matrix. Then, the in-
crease in density and refractive index observed under the incor-
poration of TiOy to the glass can be associated to the mass
difference of Ti and Si ions (mrj/ms; = 1.71) as well as to the network
constraint due to the presence of these clusters with higher local
concentration of Ti and Na (percolation domains). This model of Ti-
rich regions in the network of the glass was also confirmed later in
Ti-bearing potassium silicate glasses [47]. In N-SF8 glass, there are
several network modifiers (Na*, K+, Ba?*, Ca®* ...), so we extend
this model visualizing the glass as having Ti-rich regions or
percolation domains with a higher concentration of network
modifiers than in the silica network.

The percolation model or Ti-rich regions in the glass has been
successfully applied to explain some of the properties change of
titanium alkali silicate glasses with temperature [41,48,49], or with
composition [21].

pRaman measurements and X-ray microanalysis have been
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performed to understand the structural and compositional changes
induced by the laser in the glass. The typical Raman spectrum for
the pristine N-SF8 glass is shown in Fig. 3a. It is composed of the
following bands (from low to high frequency): band 1 between 200
and 400 cm~!, centered at 290 cm™!; band 2 between 400 and
600 cm ™, centered at 535 cm™!; broad band 3 between 650 and
1000 cm ™!, where the component at 890 cm™! is visible (band 4);
and a band between 950 and 1100 cm~! (band 5).

Band 1 has been rarely reported in the literature, but it could be
associated to Ti related vibrations [21]. Band 2 is associated in al-
kali/alkaline earth silicate glasses to bending modes of the Si-O-Si
linkages [43,50]. The broad band 3 is expected to have several
components associated with the silicon network as well as with the
titanium network. In this frequency region it has been reported the
Si and Ti in their tetrahedral cage (at 800 and 720 cm™' [21],
respectively) and the vibrations of the Si-O-Ti linkages (reported at
840 cm! [51] for multicomponent system, as well as at around
950 cm ™! [52,53] for TiO2-Si05 binary system). Band 5 is related to
Si-O” non-bridging oxygen vibrations (Q% and Q? units, being Q' the
silicon tetrahedral and i the number of bridging oxygens) [43,50].

The well-defined band centered at 890 cm~! has been typically
observed in Ti-bearing alkali and alkaline earth silicate glasses,
showing an increase in its intensity with the addition of more TiO,
[43]. In studies done in Ti-containing glasses with high concen-
tration of titanium, it has been associated with vibrations of the
Ti=0 double bond [21,43,49]. Expected values for the titanyl Ti=0
vibrations are in the range of 850—910 cm~! [41,42,49], in good
agreement with the position observed for our band 4.

Once the overview of the Raman bands of pristine N-SF8 glass is
done, we now discuss the changes observed in the spectra from the
laser-written structures. The first effect observed is that the total
Raman intensity decreases inside the modification, suggesting the
breaking of bonds and the creation of defects. No crystallization is
produced by the irradiation of the glass with the laser [54], which
can increase the losses of the waveguide [55]. The change in relative
intensity compared to the pristine material of each component is
plotted in Fig. 3b. Almost all the components show a decrease in the
relative intensity inside the damaged region except the one cor-
responding to the band at 1065 cm™ .. The band at 535 cm ™! follows
the opposite behavior of the band at 1065 cm™ . Bands centered at
250 cm ™!, 700 cm~!, 830 and 890 cm~! show mainly a decrease in
intensity at the lower tip of the tear-shape structure. Fig. 4 shows a
two-dimensional map of the Raman intensity for the bands at 535,
890 and 1065 cm™! within modifications written with: a) 100 mW,
20 mm/s and b) 300 mW, 2 mmy/s. The 890 cm~! band is related to
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the formation of the PITi square pyramids, whereas changes in
535 cm~! (1065 cm™!) is due to the decrease (increase) of the non-
bridging oxygen in the silica matrix [21].

Changes observed in the Raman spectra could be related to
laser-induced alteration of the structure and composition of N-SF8,
as has been observed in other glasses [11,12]. To gain further insight
into the laser-induced compositional changes in N-SF8, EDX mea-
surements were performed. Over the range of laser processing
conditions tested (50—400 mW power, 2—50 mm/s speed), we did
not observe Z-contrast in the SEM, which suggests that the laser
irradiation did not induce a strong ion migration in the irradiated
glass network. If there were ion migration, it could be easily
observed in the backscatter-electron SEM images due to higher
atomic mass (Z) of titanium or the network modifiers compared to
silicon. From the EDX measurements, no significant changes in the
composition were observed and therefore we associate the
decrease in the refractive index within the laser-modified struc-
tures to a network expansion, an effect also proposed for phosphate
glasses [15], having a coefficient of thermal expansion
(11 x 108 K~ for Schott IOG-1 phosphate glass) close to the value
of the N-SF8 glass (see Table 1).

Heat accumulation at 500-kHz repetition rate results in high
temperatures within the focal volume [36], which leads to a
network expansion, confirmed in studies done in titanium alkali-
silicate glasses and melts (above Tg), where a density decrease
and an increase in volume is observed with increasing temperature
[48]. Following the percolation model, the increase of the tem-
perature produces the breakdown of the percolation domains,
producing a less constrained glass network with more non-
bridging oxygen as the modifier cations are dispersed more ho-
mogeneously in the melt structure [41,48]. The quenching of this
high temperature structure by the rapid cooling of the melted glass,
not allowing the re-formation of the percolation domains, will
produce the changes that we are observing in our laser-writing
structures, i.e., the fast quenching of the melted glass results in
an increase in the fictive temperature respect to the pristine ma-
terial, which for N-SF8 corresponds to an expanded network with
lower refractive index.

We propose the following explanation for the changes observed
in the Raman spectra in N-SF8 after high repetition rate femto-
second laser irradiation. In the structures written with lower net
fluence (Fig. 4a), three regions can be distinguished. In region I, at
the top part of the black region, we observe small changes in the
Raman spectra (Fig. 5), with a reduction of the intensity at 535 cm ™
and an increase in intensity at 1065 cm~!, and a slight intensity
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Fig. 3. (a) Raman spectrum measured on the pristine N-SF8 glass using 532 nm laser as excitation. The assignment for the main bands observed is also indicated. (b) Variation of the
relative intensity of the Raman bands inside the laser-modified region (100 mW, 20 mmy/s) with respect to the pristine glass. Each band is labeled with the wavenumber at its center.

The increase in intensity at 1065 cm™
breakdown and disorder of the units responsible of the vibrations.

1 is associated to an increase of non-bridging oxygens in the silica network, whereas the decrease in intensity of the other bands is due to
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Fig. 4. Typical pRaman intensity maps performed on laser-written lines inscribed with (a) lower net fluence (100 mW, 20 mmy/s); (b) higher net fluence (300 mW, 2 mm/s). Along
with the optical microscope images (left), it is shown the integrated intensity and the intensity of the 535, 890 and 1065 cm~! bands (from left to right) for both structures. The

intensity is expressed in a.u.

decrease of the 890 cm~! band. In region II, located in the lower
part of the structure, we obtain the largest changes in the Raman
spectra (Fig. 5). As in region I, we observe a reduction of the in-
tensity of 535 and 890 cm~! bands and an increase of the
1065 cm~! intensity. For both regions, this is associated with a
breakdown of percolation domains (decrease in intensity of
890 cm ™! band) that release the network modifiers, producing an
increase of non-bridging oxygens (increase in intensity at
1065 cm™!) in the silica network and more disorder in the Si-O-Si
angles (decrease in intensity of 535 cm~! band). This increase in
disorder is also supported by the decrease in intensity of the bands
related to Si and Ti vibrations in an oxygen cage (700—800 cm ™).
Larger changes in the Raman spectra will indicate a bigger change
in the glass structure in this region II, i.e. the increase in volume in
region Il is larger than in region L. It is in region III, located around
region II, where we have observed the appearance of guiding

1600
Region I
Region II
12004 Pristine
=
&
> 8004
= 4004
0 L w L] x LJ x v
200 400 600 800 1000 1200

Raman shift (cm™)

Fig. 5. pRaman spectra recorded at the different regions of the structure in Fig. 4a,
showing the change in the intensity of the different bands.

regions, and it is formed by the compressive stress generated when
region Il expands due to the structural changes of the glass.

The Raman changes observed in the structures written with
higher net fluence (Fig. 4b) are more complex. At the center of the
structure, higher expansion of the network is produced (higher
decrease of refractive index). Around it, a region with less pro-
nounced Raman changes can be found, similar to region 1 in Fig. 4b.
At the regions where we have been able to see lightguiding
(annular region, indicated with 2 in Fig. 2c), the 890 cm~! band
associated with the °ITi pyramids' population has higher intensity,
i.e. the refractive index is higher than in the surrounding material.
Also, the stress induced around it by the central expanded glass can
be contributing to the increased refractive index in the arc-like
structure and in the central small core.

3.3. Type Il optical waveguides

Similar to the strategy employed for the laser writing of wave-
guides in crystals [18], we employed a type Il geometry consisting
of two closely separated laser modification lines to produce a stress
induced waveguide, for better confinement of the optical mode.
The lowest insertion losses were obtained with a power of 80 mW,
speed of 20 mmy/s and separation of 14 pm (Fig. 6), yielding an IL of
9.2 dB (including coupling losses of 2.9 dB per facet and propaga-
tion loss of 0.7 dB/cm). The propagation losses are comparable to
those reported in other type-II waveguides [56,57]. The mode field
diameter of the waveguide 9 pm x 15 pm, significantly smaller than
mode size of the single line structure in Fig. 2b, having a mode size
of ~18 pm. Future work will explore more exotic configurations (for
example, 4-line [ 16] or circular structures [56]) to gain more control
over the mode size.

4. Conclusions

Waveguides in Schott N-SF8 glass have been fabricated using a
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10 um

Fig. 6. Transmission optical microscope image and near-field intensity mode profiles
(wavelength of 808 nm) of the type Il waveguide written with P = 80 mW, v = 20 mm/
s, and separation between lines of 14 pm. The scale bar is the same for the microscope
image and mode profile.

high repetition rate femtosecond laser. A decrease in the refractive
index of the material has been observed as a consequence of the
laser irradiation. EDX measurements show no significant changes
in the composition inside the irradiated volume, therefore we have
associated the decrease in the refractive index to an increase in the
volume of the glass due to glass network modifications. From the
Raman spectra, these network modifications are associated to the
breakdown of the Ti and network modifiers rich regions, producing
the release of the network modifiers and then increasing the non-
bridging oxygens in the silica network and the disorder of the Si-O-
Si angles. The increase in volume in the irradiated region creates
compressive stress in the surroundings, forming guiding regions
due to an increase in the refractive index. By laser writing two lines
separated by 14 pum we have been able to confine the optical mode
and obtain propagation losses of 0.7 dB/cm.
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