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Abstract: The fabrication of optical waveguides by direct femtosecond laser irradiation in
Er’*/Yb** oxyfluoride nano-glass ceramics is investigated. Following the strategy of single
line irradiation, a wide range of laser parameters can be used to obtain single-mode waveguides
with nearly-gaussian modal profiles, in the visible and near-infrared. Measured propagation
loss is 1.6 dB/cm for the optimum parameters (0.34 uJ/pulse and 20 um/s scanning velocity),
with no annealing after irradiation, and the induced refractive index contrast is An~0.006 (at
800 nm). The multi-scan technique is used to gain control of the refractive index profiles thus
producing multimodal structures. The active behavior of the waveguides is induced under
~800nm seeding and the co-propagating guidance of the erbium emission is demonstrated.
The integration of photonic elements such as Y-splitters, both in 2D and 3D, as well as Mach-
Zehnder interferometers, is also shown. Results demonstrate the optimum behavior of Er3t/Yb3+
oxyfluoride nano-glass ceramics as a host material for the integration of complex active photonic
devices by femtosecond laser irradiation in the low repetition rate regime.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The use of ultrashort laser pulses for the inscription of optical waveguides in transparent dielectrics
has attracted great attention since the first demonstration [1] due to the intrinsic properties of the
technique: the fabrication is direct and can be applied to almost any transparent dielectric, it does
not require any specific sample preparation and, more remarkably, it allows the implementation of
3D structures [2]. Among the different substrates used for waveguide inscription by femtosecond
laser irradiation, glasses have been the most widely studied provided they show excellent optical
properties and, moreover, the fabrication is particularly simple: the interaction with the laser
creates, in most of the cases, a refractive index increase at the focal volume that, as it is scanned
along the sample, may produce an efficient light-confining structure. Depending on the repetition
rate of the fabrication laser it can be distinguished between two working regimes [3]: non-thermal,
in which there is no neat heat accumulation in the irradiated region (low repetition rate of ~1 kHz
or below) and thermal [4], in which the time between pulses is so short that thermal diffusion do
not carry the heat away from the focus before the next pulse arrives so that melting is produced
(high repetition rate of ~100 kHz or above). Although the properties of the waveguides generated
in both regimes are different, both of them have an enormous interest in the development of
complex devices for applications such as, for instance, astrophotonics [5], or for the integration of
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opto-fluidic elements in lab-on-a-chip devices [6]. In addition to these “passive” applications in
which waveguides act as light conducting channels, active devices [7] have been also implemented
in doped glasses as light amplifier or waveguide lasers.

Transparent glass-ceramics (GCs) are constituted by crystals of micrometer or nanometer size
embedded in a glass matrix, showing intermediate properties between glasses and ceramics:
the embedded crystalline phase enhances certain properties of the matrix glass or introduces
new properties, making GCs very interesting in photonic applications [8] or laser cooling
[9]. Particularly, oxyfluoride nano-glass ceramics containing rare-earth (RE) doped fluoride
nanocrystals combine the good mechanical and chemical stabilities of oxide glasses with the
low phonon energy of fluoride crystals (300-400 cm™!), which prevents non-radiative losses by
multiphoton relaxation thus being of great interest in the operation of active devices. These
glass-ceramics contain fluoride nanocrystals with size between 10 to 40 nm, after an adequate
heat treatment of the precursor glass. The RE ions can be incorporated into the nanocrystals
in oxyfluoride GCs [10], by means of a diffusion-controlled process, highly dependent on the
temperature.

The inscription of waveguides by femtosecond laser irradiation in RE (Er**) doped oxyfluoride
GCs has been demonstrated in the high repetition-rate regime [11]. The inscribed waveguides
showed an “W” shape refractive index modification, leading to irregular modal profiles, and
then a thermal treatment was applied to reduce the residual stress created in the waveguide.
In the present work we analyze the potential of transparent oxyfluoride nano-glass ceramics
co-doped with Er¥*/Yb** ions [10,12] for the integration of 3D photonic devices by femtosecond
laser inscription. We demonstrate that, operating in the low repetition rate regime, efficient
planar and 3D waveguides can be implemented in this material, and no thermal treatment
post-fabrication was needed to obtain nearly gaussian intensity profiles. The waveguides were
optically characterized, and our results suggest that this target material is an excellent host for the
integration of active photonic devices.

The paper is organized as follows. In Section 2 we describe the main experimental techniques
and methods utilized along the work, both in the sample preparation and in the waveguide
fabrication and characterization. The main results obtained are presented in Section 3. We firstly
optimize the laser writing parameters (pulse energy and scanning velocity) and then different
Y-splitting structures are implemented. Section 4 is devoted to the conclusions of the work and
final remarks.

2. Experimental setup and methods
2.1. Samples preparation and characterization

Glasses of composition 55Si0,-20A1,03-15Na;O-10LaF3 (55Si-10La) doped with 0.5E3*-
2Yb3* (mol %) have been prepared by the melt-quenching technique using as raw materials:
SiO;, (Saint-Gobin 99.6%), Al,O3 (Panreac), NayCO3 (Sigma Aldrich, >99.5%), LaF3 (Alfa
Aesar, 99.9%), ErF; (Alfa Aesar, 99.99%) and YbF; (Alfa Aesar, 99.99%). The batches were
calcined at 1200 °C for 2 h, melted at 1650 °C/min for 1.5h and then quenched onto a brass
mould. The batches were melted again for 30 min and then quenched onto a cold brass mould to
improve glass homogeneity. An annealing process at 600 °C for 30 min was performed on the as
made glasses to eliminate residual stresses. Glass-ceramics samples have been obtained upon
heat treatments of glass pieces at 620 °C-40h, using a heating rate of 10 °C/min. Finally, the
samples were cut to dimensions of ~10x12x3 mm? and were optically polished.

High resolution electron microscopy (HR-TEM), including Scanning Transmission Microscopy-
High Angle Annular Dark Field (STEM-HAADF) were recorded on a JEOL 2100 field emission
gun transmission electron microscope, operating at 200 kV and providing a point resolution
of 0.19nm. TEM analysis clearly demonstrates the formation of LaF; nanocrystals in the
heat-treated samples. As an example, Fig. 1 shows the micrograph of the glass-ceramic sample
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co-doped with 0.5Er**-2Yb** (mol %) where phase separation droplets are observed. Several
crystals grow inside phase separation droplets already present in the starting glass. The mean
crystal size is around 11 nm, in agreement with the value obtained from XRD [10], instead the
mean droplet size is around 30 nm.

Fig. 1. TEM micrograph of glass-ceramic sample codoped with 0.5Er3*-2Yb3* (mol %)
treated at 620 °C-40h and its corresponding particle size distribution.

2.2. Waveguide fabrication

An amplified femtosecond laser system (Spitfire, Spectra-Physics) was used for the inscription of
the 3D optical waveguides in the glass. The laser emitted linearly-polarized pulses with 120 fs
duration at a low repetition rate of 1 kHz (non-thermal regime). The central wavelength of the
pulse was 795 nm (~10 nm spectral width). The control of the pulse energy was done by using,
firstly, a half-wave plate and a linear polarized, and secondly, a calibrated neutral density filter.
The sample to be processed was placed in a XYZ micro-positioning stage, and the beam was
focused by a 40x microscope objective (N.A. =0.65) at a depth of ~100 um beneath the sample
surface in a transversal writing geometry [13].

The initial study consisted on the inscription of single straight lines at different conditions of
pulse energy, from the minimum value at which a slight modification is observed when inspecting
the sample with the optical microscope (~0.07 wJ) to a value of 0.68 uJ at which severe damage
is evident. A wide range of scanning velocities (20-250 um/s) is also tested for each incident
pulse energy. The polarization of the laser was kept perpendicular to the scanning direction.
In another set of experiments, we used de multi-scan technique [14] in order to increase the
transverse size of the optical waveguides, by performing 4 parallel scans with a lateral separation
of 2 um between adjacent scans. The same energies as before were used, and scanning velocities
of 50 and 250 pm/s.

To analyze the possibility to fabricate stress-induced waveguides [15] in this substrate, pairs of
lines were also inscribed with separations of 15 and 20 um, increasing even further the pulse
energy (up to 1 pJ). Moreover, cladding-type structures [16] were tested, that consisted of parallel
tracks with a lateral separation of 2 um following a circular geometry with radius of 10 and 15 pum.
In these cases, the scanning velocity was taken to be 250 wm/s, and the pulse energy was varied
between 0.17-0.68 uJ.

Finally, complex photonic structures such as 1x2, 1x4 (2D), 1x4 (3D) Y-splitters, and Mach-
Zehnder interferometers, were fabricated based on the single line strategy using a pulse energy of
0.34 wJ and a scanning velocity of 50 um/s.
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2.3. Optical waveguide characterization

The output modal profiles and waveguide losses were measured with an end-fire coupling setup
seeded at two different wavelengths: 633 nm (He-Ne laser) and 800 nm (Ti-Sa laser). The Ti-Sa
ring laser (0.4 cm™! linewidth) emits in continuous wave and can be tuned in the 770-920 nm
spectral range. Light injection was done by focusing the beams with a 10x (0.25 NA) microscope
objective, and the output modal profiles (near-field) were imaged onto a CMOS camera (IDS
uEye SE) through a 20x (0.40 NA) microscope objective. A flip-mirror allows the alternative
use of other diagnosis elements as a power-meter or a spectrometer. Particularly, fluorescence
emitted from the optical waveguides was measured by blocking the injected light with a long pass
filter and locating the tip of an optical fiber connected to a mid-IR spectrometer (Hamamatsu
C9913GC) at the focal plane of MO2 (see Fig. 2). Linear polarizers and half-wave plates were
used to control both the input light polarization and the input power. When required, a white-light
LED was used to illuminate the sample through the input microscope, thus obtaining microscopic
pictures of the waveguide outputs: this technique is very useful to identify the guiding region in
the laser modified track. To analyze propagation loss, we used the scattered-light method [17] by
imaging the longitudinal section of the coupled waveguide onto another CMOS camera (IDS
uEye SE). From the pictures, the decay of the transmitted power along the waveguide could be
extracted.

He-Ne Ti-Sa
633 nm 800 nm
WP WP
bp PC
Spectrometer — g \
Power-meter €™~ -\ ‘ [U M
FM Mo2 WGs MO1 M
FW

Fig. 2. Setup for waveguide characterization. WP: half-wave plate, PC: polarizing cube,
DP: dichroic polarizer, M: mirror, FM: flip mirror, MO: microscope objective, FW: filter
wheel, L: lens (f=20 mm). The inset shows the up-conversion from a straight waveguide
injected with 800 nm light.

2.4. Refractive index contrast

From the modal profiles of the waveguides, we reconstructed the refractive index profiles by
using the inverse Helmholtz technique [18]. The noise of the pictures was reduced by applying a
Gaussian filter, and then the index profile was estimated from the intensity distributions /(x, y)
with the expression:

VZA(x, y)

An(x,y) =
n(x5) 2nk%A(x,y)

)]
where A(x,y) ~ /I(x,y), n is the refractive index of the unprocessed material at the incident

wavelength A (ne33=1.5339 and nggo=1.5294), and k = 277/ 1- The index contrast is taken as the
maximum range of An obtained in the guiding area.
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3. Results and discussion
3.1.  Single line waveguides

All the irradiation conditions that we tested for the inscription of the single line scans with pulse
energy equal or above to 0.17 pJ, lead to light confinement both in the visible (633 nm) as in
the near infrared (800 nm). We will focus the attention in the results for the near infrared due
to interest of the waveguides as active elements operating in this spectral range. In Fig. 3 we
summarize some of the results obtained for that wavelength in single line waveguides. The first
column (Fig. 3(a))) corresponds to the near-field intensity profiles at 800 nm of the waveguides
fabricated with three different pulse energies, 0.17 pJ, 0.34 uwJ and 0.68 uJ, and the minimum
scanning velocity (20 um/s). In the three cases the waveguides behave as single mode at 800
and 633 nm and show very good confinement. The insets show the microscopic pictures of the
waveguides cross section. At the highest energy severe damage is evident at the track, but light
guiding is still observed at the tip of the track, and for this reason the modal profile has no radial
symmetry and shows a dip in the upper part. The effect of increasing the scanning velocity (not
shown in the figure) was a worse light confinement and a degradation of the modal profiles,
although even at 250 um/s the lines inscribed with the three energies behave as waveguides.

v=20 um/s

a)
. 0.17 10
* |08
0.6
04
. 0.34 0.2
‘ 0
reconstruction An
0.006
).005
- 0.68 -
).004
0.003
. 0.002
0.001

Fig. 3. a) Normalized near-field modal profiles (800 nm) of single line waveguides fabricated
with writing conditions as indicated. Inset: microscopic pictures of the waveguides. b)
Enlarged view of the waveguide cross-section (20 mm/s, 0.34 mJ/pulse) indicating the
guiding region. c) Near-field modal profile. d) All-angle polarization dependence of the
waveguide transmission. e) Laser-induced refractive-index reconstruction.

The best results obtained in terms of propagation loss were obtained for the waveguides
fabricated with 0.34 uJ pulse energy and 20 pm/s scanning velocity: 1.7 + 0.3 dB/cm at 633 nm,
and 1.9 + 0.4 dB/cm at 800 nm. For the calculation of these values it was taken into account the
absorption of the sample at the respective wavelength due to the presence of the doping ions
in the glass. Increasing the scanning velocity for waveguide fabrication had the effect of an
important increase in propagation loss, as expected from the worse confinement: 5.0 + 1.0 dB/cm
(633 nm) and 4.1 + 0.8 dB/cm (800 nm).

Our results cannot be compared with the previous work on waveguides fabricated in RE
doped oxyfluoride GC [11] provided that the propagation loss was not reported in that paper.
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Concerning the studies performed in oxyfluoride glass [19], the comparison is not direct provided
that the reported value of the optimized case (3.2 dB/cm) was measured at 1550 nm.

The enlarged picture of the waveguide cross section and modal profile corresponding to the
best result in terms of loss (20 pm/s, 0.34 wJ/pulse) can be seen in Fig. 3(b) and (c), where the
guiding region is marked with the white circle in the lower part of the track. The dependence
of the propagation loss with the input laser polarization was also studied in this case, showing
almost no dependence as it can be seen in the polar plot of Fig. 3(d), what is very interesting for
the operation of the waveguides as amplifying elements. From the modal profile (Fig. 3(c))) we
extracted the refractive index modification in the guiding region (Fig. 3(e)), leading to a maximum
refractive index increase of ~6-1073. This value is twice the refractive index increase reported in
[11] for the waveguides fabricated in oxyfluoride GC in the high-repetition rate regime.

In the range of energies in which light guiding has been found (>0.17 pJ), the laser damage
tracks consist of non-uniform structures with a strongly damaged zone (dark region in the upper
part of Fig. 3(b)) followed by a narrow and smoother track (bright region in the middle of
Fig. 3(b)). This kind of structure, with an elongated shape along the pulse propagation direction
even though the beam was focused by a large numerical aperture lens, evidences the dynamics of
non-linear filamentary propagation [20] near the focal region.

The waveguide is formed in the region of weak modification under the strongly damaged area
(see dotted circle in Fig. 3(b)). However, we have not been able to find light confinement in the
laser tracks produced with a pulse energy smaller than 0.17 pJ, for which no optical breakdown is
produced and only weak modification appears (pictures not shown). It means that severe damage
is required to produce a significant refractive index increase near the strongly affected region able
to produce light confinement. On the other hand, the modal profile (Fig. 3(c)) and the refractive
index reconstruction (Fig. 3(e)), are spatially wider than the light region of the weak damage
track: the mode is highly symmetrical and does not follow the elongated shape of the track. Then,
we think that, in addition to the modification directly induced in the GC by the laser pulse in
the guiding region, the stress created in the highly damaged part of the track may contribute
to increase the refractive index in this region. This effect of guiding at the tips of a strongly
damaged region is very usual in crystalline materials (see for instance [21]).

3.2. Multiscan, double-line and cladding waveguides

The technique of multiscan for waveguide fabrication [14] allows the shaping of the refractive
index profiles, thus controlling the modal behavior of the waveguide (monomode/multimode),
extending the operation spectral region to longer wavelengths [22] and, in some cases, reducing
the propagation loss of the waveguide [23]. The typical strategy consists of using a lateral
separation between consecutive scans smaller than the transverse size of the track (less than
1 wm), thus requiring a very large number of laser scans, increasing a lot the processing time. In
our study, we pursued the possibility to produce the shaping of the modal behavior but trying
to keep reasonably low the processing time for a single waveguide. For that reason, we used
a considerably large separation between adjacent tracks (2 wm) in order to enlarge laterally the
refractive index modification to about 7-8 um (see inset in Fig. 4(a)). In this case we obtained a
multimodal waveguide at 633 nm (TE;p shown in Fig. 4(a), column on the left) and a single mode
with horizontally stretched profile at 800 nm (Fig. 4(a), column on the right). The propagation
loss did not improve the value reported for the single-line waveguide, but we got the desired
control of the mode.

On the other hand, the fabricated double-line structures did not produce light guidance between
the damage tracks neither in the visible nor in the near infrared, even though the pulse energy
used for fabrication was increased up to the pJ level. Light is confined mainly at the ends of the
damage tracks and only a residual component remains in the central region (results not shown
in the figure), suggesting that the refractive index increase that could be created due to local
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Fig. 4. a) Normalized near-field modal profiles (633 nm and 800 nm) corresponding to
multi-scan waveguides fabricated with 0.17 pJ at 50 um/s. Inset: microscopic picture of
the waveguide cross-section. b) Normalized near-field modal profiles (800 nm) of cladding
waveguides (radius 10 um and 15 um) fabricated with 0.34 puJ at 250 wm/s. Inset: microscopic
pictures of the waveguides cross-section.

compression in the region between both laser scans has smaller magnitude that the increase
produced directly at the laser tracks.

Finally, the circular-cladding structures lead to light confinement mainly in the cladding region
for 800 nm wavelength (profiles shown in Fig. 4(b)) for the two radius, 10 and 15 um), evidencing
the fact that cladding exhibits an enhanced refractive index. Only some guidance appears in the
core (Fig. 4(b), right panel), at the neighborhood of the tracks, that may be due to residual stress
created near the cladding. At 633 nm, no guidance at all is produced probably due to the presence
of damage at the tracks.

3.3. 3D photonic devices

To address the suitability of the glass as substrate for the integration of complex photonic elements,
we implemented several splitter designs both 2D as 3D (see the sketch in Fig. 5, column on the
left) using a pulse energy of 0.34 uJ and a scanning velocity of 50 um/s. The modal profiles
at output preserved the single mode behavior at 633 and 800 nm (see normalized intensity for
800 nm in Fig. 5, central column). In the 1x2 splitter and MZ interferometer the modes are very
well confined although in the 1x4 cases (2D and 3D) some spurious light appears out of the
waveguide core, probably due to radiation in the secondary splitting transition of the structure.

The splitting losses were estimated by comparing the total output power (adding the power at
the output of each of the 2/4 arms, P;) with the output power of a straight waveguide fabricated
under the same irradiation conditions (Py):

P

=-10-log; | — ()
n Z10 Po
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Fig. 5. Schematics of the implemented photonic elements (column on the left), normalized
near-field modal profiles at 800 nm (central column), and microscopic pictures of the output
facet (column on the right). From top to bottom, 1x2 splitter, Mach-Zehnder interferometer,
1x4 splitter (2D), and 1x4 splitter (3D).

Results are shown in Table 1. The splitting ratios can be tuned by slight changes in the position of
light coupling at the entrance of the waveguide, but precise equalization between the waveguides
output was not always possible in 1x4 structures, probably due to some asymmetry created
during the laser writing process.

Table 1. Additional losses of complex devices at 800 nm
(losses in dB)

1x2 MZ 1x4 (2D) 1x4 (3D)
2.0 4.0 3.7 4.4

3.4. Fluorescence measurements

The near infrared emission spectrum of the Er¥*/Yb3* co-doped sample was obtained in the
900-1700nm spectral range by exciting with ~800 nm light. By tuning the incident wavelength
of the CW Ti:Sa laser, we were able to detect a strong on-axis co-propagating fluorescence
signal excited during the pump propagation in the waveguide. Figure 6 shows the fluorescence
spectrum for the Er’*/Yb** co-doped GC sample obtained by exciting at 800 nm in resonance
with the *Io 2 (Er’*) level. After excitation of this level, the next lower levels are populated by
multi-phonon relaxation. The spectrum shows, in addition to the Er** emissions, corresponding
to the 4111/2—>4115/2 and 4113/2—>4115/2 transitions the one corresponding to the 2F5/2—>2F7/2
transition of Yb>*. The presence of the Yb>* emission around 1000 nm indicates that an energy
transfer from Er’* to Yb3* ions takes place. When the pump power output of the laser approaches
100 mW, a visible green-yellow up-conversion can be observed along the waveguide as shown in
the inset of Fig. 2.

It is worthy to mention that the on-axis co-propagating fluorescence excited in the waveguide,
shown in Fig. 6, exhibits the same spectral features as those obtained by exciting the bulk GC
[10], which demonstrates that, in the waveguide region, there is no significant influence of the
laser writing process on the GC nanostructure.
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Fig. 6. Fluorescence signal recorded on-axis at the output of the waveguide.

4. Conclusions

We have demonstrated the fabrication of 3D optical waveguides in Er**/Yb** oxyfluoride
nano-glass ceramics by femtosecond laser pulses in the low repetition-rate regime (1 kHz).
The fabrication is not critical, finding a wide range of irradiation conditions (pulse energy and
scanning velocity) in which guiding structures are produced, supporting high-quality modes. The
optimum parameters in terms of propagation loss were found to be 0.34 uJ/pulse and a scanning
velocity of 20 pm/s scanning velocity, for which a value of 1.9 + 0.4 dB/cm was measured at
800 nm. Under these conditions, the refractive index increase produced in the waveguide was
~6-1073. The technique of multi-scan inscription was successfully applied to tailor the refractive
index profile of the waveguides, obtaining multimodal structures. Concerning the active operation
of the waveguides, fluorescence of the Er3*/Yb3* was detected on-axis by seeding the waveguides
at ~800 nm in resonance with the *Io /2 (Er**) level. These results, together with the possibility
to produce 3D Y-splitters demonstrated in our work, suggest that this material is an excellent host
for the integration of 3D active photonic circuits by direct femtosecond laser irradiation.
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