3D laser-written silica glass step-index high-contrast
waveguides for the 3.5 um mid-infrared range
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We report on the direct laser fabrication of step-index
waveguides in fused silica substrates for operation in the
3.5 pm mid-infrared wavelength range. We demonstrate
core-cladding index contrasts of 0.7%, enabling bends,
low-loss coupling to commercial fluoride fibers, and
propagation losses of 1.3 (6.5) dB/cm at 3.39 (3.68) pm,
close to the intrinsic losses of the glass. We also report on
the existence of three different laser modified SiO: glass
volumes, their different micro-Raman spectra, and their
different temperature dependent populations of color
centers, tentatively clarifying the SiO: lattice changes
which are related to the large index changes.

OCIS codes: (130.2755) Glass waveguides; (140.3390) Laser materials
processing; (220.4000) Microstructure fabrication.
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The advent of intersubband cascade lasers in the mid-90s [1-3] and of
interband cascade lasers (ICL) more recently [4] played a crucial role
in the development of mid-IR optical instruments (from around 2.5 to
20 pm) [5]. Likewise, due to the high interest in deploying remote mid-
IR sensors, a huge work has also been done in the field of fiber growth,
with fluoride and chalcogenide glasses as the most widespread solid
fiber materials [6-8]. Yet these glasses have mechanical and corrosion
limitations which make them unsuitable for long exposure to the
environment. Chalcogenide glasses have a much lower fracture stress
limit than fused silica glass, are susceptible to water corrosion, have
low optical damage thresholds, and typically have toxic arsenic as
primary component. Fluoride glasses also share similar mechanical,
water corrosion and optical damage limitations [9]. Fused silica glass
on the other hand is well known to be mechanically and thermally
resilient, chemically resistant to non-fluorinated acids, solvents or
plasmas, and it is currently ubiquitous in many industries, from optical
fibers to microfluidic systems, microelectromechanical systems
(MEMS), high temperature glassware, microscope slides, or in
thermonuclear reactors as long-lifetime vacuum windows capable of
withstanding high neutron and gamma irradiation levels [10-12].

Fused silica glass is however also frequently thought to be “opaque” for
wavelengths above around 2.5 pm, though this is not the case for high
purity fused silica glass, which maintains its high transparency to
around 3.5 pm wavelength. Since novel surface sensing schemes based
on dielectric loaded plasmonics [13] allow for short optical path
lengths, the benefits of having a robust fused silica glass chip as light
loading interface for point sensing could outweigh the limitations of
intrinsic absorption losses of the material. In this letter we explore the
fabrication of three-dimensional (3D) waveguides (WGs) inside silica
for single-mode operation around 3.5 pm wavelength, with capability
for bends with radii below 15 mm, and low numerical aperture so as to
provide low-loss fiber interconnects.

In order to have embedded WGs with 3D architectures capable of
interconnecting fibers as well as having on-chip functional WG circuits,
the 3D direct laser writing technique (DLW) has become the standard
technique after almost 20 years of research, being fused silica the
considerably most studied material [14-20]. Our DLW setup consisted
on an fs-fibre-laser amplifier (Tangerine, Amplitude Systemes)
delivering ~450 fs pulses at 1047 nm and at a rate of 500 KHz. The
laser power was kept at 400 mW by means of neutral density filters
and the beam was circularly polarized. The laser beam was focused
inside Suprasil 300 (S300, Heraeus) high purity silica using an aspheric
lens with 0.4 NA. The sample was translated at a speed of 1.5 mm/s,
and the multiscan approach was used [16], with a scan separation of
0.4 um. For this work we performed a study of WG depth fabrications
down to 1480 pm, so as to evaluate the potential for inscribing “on the
fly” 3D circuits. After WG fabrication the sample facets were polished
to optical quality, characterized under bright-field microscopy, and
characterized in a mid-IR guiding setup. Our guiding setup consisted on
a 1.5 mW HeNe laser (3.39 um) and a 3 mW ICL tunable laser (from
3.57 to 3.68 pum). Both lasers provided vertically polarized beams. A
pair of lenses with NA=0.18 (Thorlabs C021TME-E) were used for in
and out-coupling laser light from the WGs. A Thorlabs (PDA20H-EC)
PbSe amplified detector was used in combination with a FLIR SC700
camera for imaging the output WG modes. COMSOL software was used
to simulate the WGs modes assuming step-index profiles and the
measured core sizes from bright-field microscopy. By changing the
corerefractive index the simulated mode field diameters (MFDs) could
be made to match the experimentally found values, therefore obtaining
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approximate inferred values for the core index changes An=ncore-
Ndadding for all WGs.
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Fig. 1. Mid-IR at 3.39 um wavelength vertically-polarized guiding
characterization of WGs: (a) horizontal -x- and vertical -y- mode field
diameters, (b) output near-field images, (c) bright-field transmission
images of WGs, (d) inferred approximate core index changes.

Figure 1 shows a summary of the characterization results
performed at 3.39 pm. Fig. 1(a) shows the measured MFDs for
horizontal (x) and vertical (y) directions, and for 5 different WG depths.
As it can be seen the MFDs only changed within +1 pm for all depths.
Fig. 1 (b) shows the near-field images of the 5 WGs and the MFD’s
vertical to horizontal ratios (R). The mode ratios are measured to be
almost constant at R=1+5%, which is fundamental for ensuring low-
loss coupling to optical fibers. Fig. 1(c) shows the bright field images of
the WGs at different depths. Three different zones observed in the WGs
are labelled I to III. The first two zones (I and II) are well known and
correspond to Type Il and Type | index modifications, respectively [21,
22]. Type I modifications consist on index increased volumes and Type
Il regions are typically depressed index zones with a strongly
anisotropic nanograting inner structure. The core waveguiding region
is assumed to be zone Il and perhaps also zone III. The brighter third
region (11I) is here reported for the first time to our knowledge, in fused
silica. Finally, Fig. 1 (d) shows the corresponding estimated An values
for different fabrication depths, which in average is of 0.01 +0.0015.
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Fig. 2. Simulated intensity profiles comparison between two bent
comparable WGs with high An = 0.01 (a), and low An = 0.002 (b).

The NA of these WGs NA=(ncore>-ndad?)'/2 is of NA~0.17, allowing for
low loss coupling to commerecial fluoride optical fibers, which also adds
to the advantage of reduced Fresnel losses between fused silica and
fluoride glasses. Importantly, a value of An=0.01 with the low cladding
index of 1.4095 of silica at 3.39 pm, indicates that these WGs have a
high index contrast C%=An/ncre of ~0.7% for DLW WGs. This contrast
value at 3.39 um is higher than previously reported values for DLW
WGs in chalcogenide glass (~0.55%) [23] and borate crystals
(~0.29%) [24], allowing for tighter bend radii without significant

losses. It is also appropriate to indicate that the typical values of An for
multiscan DLW WGs in silica are lower of around 2E-3 [25].
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Fig. 3. Measured transmission spectrum of S300 sample together with
the WG propagation loss values at different wavelengths.

The key importance of increasing the contrast with step-index WGs
is depicted on Figure 2 with a comparison of two equivalent s-bent
WGs performed using the Beam Propagation Method (BPM) with the
RSoft BeamPROP package. Fig. 2 (a) shows a simulation of the WGs
with core sizes of ~13 pm, An=0.01 and a normalized frequency
parameter V=2.026, which for two s-bends with radii of 15 mm yield a
total radiation loss of only 0.5 dB, whereas a peer step-index WG with
reduced index An=0.002 and same V parameter loses all the light
before starting the first bend. It is also important to note that previous
studies in DLW multiscan WGs in borate crystals have shown that the
index increase in the modified region is wavelength dependent, as it
was estimated to be the double at shorter (1.9 pm) than at longer (3.4
um) wavelengths [23]. This indicates that the fabricated WGs could
have increased An values at the near-IR or visible range.
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Fig. 4. Optical bright-field (a), back-scattered electrons (b), and
secondary electrons (c) images of a WG. Volumes I, I[, and IIl indicated.

The insertion losses (IL) were measured for all the WGs. The
coupling losses (CL) were estimated using the overlap integral
between the measured WG mode and the measured focal spot of the
input/output lenses. The propagation losses (PL) were then obtained
from PL=(IL-2 CL)/L, where L is the WG length. Figure 3 shows the
measured transmission spectrum of the S300 sample and the WG PLs
at550 pm depth. The PLs follow closely the transmission of S300, being
of 1.3 (6.5) dB/cm at 3.39 (3.68) um wavelength. In order to evaluate
the thermal resistance of the WGs, the sample was also submitted to a
two-step annealing process: a first annealing step for 2h at200°Cand a
second one at 400°C were performed. After the annealing the WGs
were almost unmodified and only the PL at 3.68 pum was observed to
slightly deteriorate by +0.55 dB/cm (see Fig. 3).
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Fig. 5. Micro-Raman spectra inside and outside of the WG: (a)
excitation at 514 nm yields a dominant emission of 3 color centers, (b)
excitation at 532 nm yields Raman and emission from NBOHCs, (c)
excitation at 785 nm yields clear Raman with no luminescence
background. All graphs are in logarithmic scale for clarity of all spectral
features.

The fact the WG PLs are 0.5 dB larger than the glass intrinsic
absorption at 3.39 um, and even 1.0 dB larger at the longer wavelength
of 3.68 um, suggests that a larger mode would have a further extension
in the nanograting zone I, where light scattering is likely to happen. To
better understand the morphology of the multiscan WGs a detailed
analysis of the WGs was performed. Figure 4 shows optical bright-
field, back-scattered electrons (BSE), and secondary electrons (SE)
micrographs of the WG output facet. These images allow to better
differentiate volume I (nanogratings regions), Il (index increased core),
and I1L. The BSE image clearly shows that the core region (II) and region
III correspond to densified SiO: glass.
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Fig. 6. Micro-mapping of NBOHCs. (a, d) As fabricated WG, (b, €) after
200°C first annealing, (c, f) 400°C second annealing, (g) compared
vertical cross-sections of the 3 maps.

Further information on these micro-modifications can be obtained
from micro-spectroscopy mapping of the WG facet. With this aim we
first performed micro-Raman confocal measurements both in the
center of the WG core (zone II) as in unmodified glass volume (see Ref.
[23] for further experimental setup details). Figure 5 shows the
Raman and luminescence spectra obtained at three different excitation
wavelengths. Gaussian fits were used to deconvolute the different
broad emission bands of luminescent centers. Excitation at 514 nm in
unmodified S300 produces broad emission of oxygen deficiency
centers (ODCs) with peak intensity at 546 nm (2.27 eV),as well as of an
unknown laser induced defect (LID) at 576 nm (2.15 eV) [22]. At the
WG core however, strong emission from non-bridging oxygen-hole
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centers (NBOHCs) is also observed. When exciting at 532 nm only
NBOHCs are observed to emit both from unmodified S300 glass and
from the WG core, although the emission peak intensity coming from
the core is almost 20-fold more intense. Lastly, when exciting at 785
nm no color center is excited and the Raman spectrum is accurately
measured (Fig5 (c)). Figure 6 further presents a summary of the
NBOHC emission mapping of the WG cross-section before and after the
annealing process, revealing that in the as-fabricated WG the highest
concentration of NBOHCs is located at region III, but after thermal
annealing NBOHCs are remarkably activated atregion I (nanogratings)
and almost erased from other volumes. This confirms that the origin of
the step An at the WG core (zone II) is not originated by NBOHCs but
from the higher density observed from brighter BSEs (see Fig. 4(b)).

A micro-Raman map (Figure 7) was also performed in the WG,
before and after annealings, in order to evaluate the lattice changes
produced at each modified volume. Results were very similar in both
cases so after-annealing results are not shown for the sake of brevity.
Fig. 7(k) shows representative spectra at: unmodified S300 glass, top
of the core (region III), core (region II), and at the bottom
(nanogratings) region 1. The integrated area map of the broad R
phonon band (Fig. 7 (b)) shows a decrease of 26% from normal to zone
I, indicating that at zone I (nanogratings) indeed bond breaking occurs.
Moreover, a phonon at 707 cmr! with narrow crystal-like FWHM of
only 13.5 cm? is detected at zone I only (Fig. 7 (d)) (and which
disappeared after 400°C annealing), indicating that fundamental
structural transformations of the SiO: glass structure occur at this
nanostructured volume. This phonon has never been reported in SiO2
glass to our knowledge, and we tentatively assign it to the identified Ag
mode at 705 cm! from Si-O-Si characteristic bending vibrations of
ordered SiO2 polyhedra in Jadeite [27]. Fig. (e) to (j) show the maps of
phonon energy, FWHM and area of D1 and D2 rings. At region IIl higher
phonon energies for both D1and Dz are observed, indicating a probable
higher compaction level of these ring defects, compared to region IL
Finally, we also analyzed the ratio of integrated areas of D1 and D> rings,
finding a clear trend in which the depressed index zone I has a high
ratio value of ~3, while positive An zones Il and 11l show a much lower
value of ~1.85 down to ~1.1. The use of this ratio coefficient could
prove useful as indicator of refractive index increased areas in DLW
fused silica glass.

In conclusion, we have demonstrated the 3D DLW of step-index
WGs in SiOz glass capable of guiding at around 3.5 pm range. We have
proved these WGs can sustain temperatures of up to 400°C, and can
provide low-loss coupling to mid-IR fluoride fibers. We have also
studied the microstructural changes associated with the femtosecond
pulse laser modified glass, identifying three different states of SiO2 glass
state.
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Fig. 7. Raman characterization of WG: (a) bright-field and BSE images,
(b) integrated area of R mode, (c) ratio of the areas of D1 and D> defect
modes, (d) area of the 707 cm! (Ag) mode, (e) and (h) energy shifts of
D1 and Dz, (f) and (i) FWHM of D1 and Dz, (g) and (j) areas of the D1 and
D2, and (k) representative Raman spectra at non-modified normal
pointand at each of the 3 modified zones.
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