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The microstructural changes associated with the formation of lithium tantalate waveguides after
high repetition rate ultrafast laser inscription has been investigated by confocal micro-Raman
experiments. While the laser beam focal volume is characterized by significant lattice damage, no
reduction of Raman mode strength has been observed at the guiding region, suggesting the
preservation of the nonlinear optical coefficient in the waveguide. A general blueshift of the Raman
modes has been observed at the guiding region, suggesting lattice compression as the dominant
mechanism of waveguide formation. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3088852]

The ability of ultrafast laser pulses to precisely control
the refractive index of transparent media at the micron scale
is being extensively used for the fabrication of a great variety
of three-dimensional photonic devices.'™ Ultrafast direct la-
ser writing (DLW) is becoming one of the most versatile and
popular techniques for the fabrication of low loss optical
channel waveguides in glasses, crystals, and transparent
ceramics.'™ Although low repetition rates have been widely
used,®’ the use of high repetition rates (>250 kHz) has re-
cently been found advantageous for the fabrication of low
loss, highly symmetric waveguides. High repetition ultrafast
waveguide inscription was first demonstrated in glassesl’&9
and later in lithium niobate crystals.lo’11 In the latter case, the
use of high repetition rates has lead to the fabrication of
waveguides with a minimal modification of the lithium nio-
bate network and with the lowest propagation losses reported
for a DLW lithium niobate waveguide (0.6 dB/cm).'*!

Very recently, high repetition rate (250 kHz) ultrafast
DLW of channel waveguides operating in the telecommuni-
cation range has also been demonstrated in lithium tantalate
(LiTaO;) crystals.'"> The obtained waveguides were fabri-
cated without any degradation in the original nonlinear prop-
erties of the LiTaO; network making them of special rel-
evance for the future development of integrated nonlinear
and optoelectronic integrated devices. In addition, it has been
reported that the properties of the obtained waveguides (in
terms of spatial extension, symmetry, and location) can be
tailored by means of the writing conditions.

Despite the widespread interest in ultrafast DLW LiTaO;
waveguides, nothing is known about the photophysical and
photochemical mechanisms responsible for the formation of
these waveguides. The exact knowledge of these mecha-
nisms is required for the understanding of the involved pro-
cesses, being the first and essential step toward full control
over the waveguide properties. Micro-Raman (u-Raman)
spectroscopy has been found to be a very sensitive tool for
the detection of slight modifications in the LiTaO5 network,
thus making possible the recognition of compositional
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changes, lattice disorder, irreversible lattice damage, and
changes in the interionic distances, all with a submicron spa-
tial resolution.'*™"*

In this work, we report on confocal Raman imaging
of high repetition rate ultrafast DLW LiTaO; optical
waveguides obtained under different writing conditions. The
Raman images have been compared to optical images of the
waveguide cross section as well as propagation mode images
so that the possible mechanisms leading to waveguide for-
mation may be discussed and identified.

The waveguides studied in this work were fabricated
with a Coherent MIRA oscillator and a RegA regenerative
amplifier system producing 150 fs pulses at a wavelength of
770 nm and a repetition rate of 250 kHz. The writing beam
was focused into a Z-cut LiTaO; sample at a depth of
150 wm with a 40X aspheric lens (numerical aperture
=0.68). The LiTaO; sample was mounted on a three-axis
motorized stage and translated at speed of 1 mm/s allowing
inscription of waveguides parallel to the x crystallographic
axis. Pulse energy was varied from 100 nJ up to 1.6 ulJ.
Further details of the waveguide fabrication procedure can be
found elsewhere."”

Figure 1(a) shows a transmission image of the cross sec-
tion of a waveguide written with a pulse energy of 300 nJ.
Laser pulses were incident from the top of this image. A laser
modification track (=20 um long and =2 um width) is
clearly denoted by a reduction in the transmitted intensity.
Figure 1(b) shows the corresponding 1.55 um guiding mode
indicating the formation of a highly symmetric waveguide
just above the laser modified region. u-Raman investigations
were performed by using a Horiba Jobin Yvon fiber coupled
confocal microscope. The 488 nm excitation beam was fo-
cused into the waveguide’s cross section by using an oil
immersion 100X UplanSApo (numerical aperture=1.4) mi-
croscope objective. The spatial and spectral resolutions of
the confocal system were estimated to be 200 nm and
0.4 cm™!, respectively. The LiTaO; sample was positioned
on a two-axis stage allowing for a spatial Raman spectral
map of the waveguide’s cross section. Figure 1(c) shows a
typical x(zz)X pu-Raman spectrum as obtained from an un-
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FIG. 1. (Color online) (a) Optical transmission micrograph of the laser
modification track written with a pulse energy of 300 nJ at a translation
speed of 1 mm/s. (b) Near field mode profile from the adjacent guiding
region at 1550 nm wavelength. (c) x(zz)X u-Raman spectrum obtained from
the bulk and waveguide. Each Raman mode is properly labeled. Inset shows
a detail of the A,(TO,) Raman mode denoting the blueshift generated at the
waveguide.

treated LiTaO; region (bulk). The different A(TO) Raman
modes have been properly identified and labeled according
to prior works."? For the sake of comparison, the u-Raman
spectrum obtained at the waveguide’s location has been also
included in Fig. 1(c). Both spectra look very similar in terms
of overall intensity and number of active Raman modes, sug-
gesting the absence of relevant lattice damage (which would
lead to a decrease in the Raman intensity) as well as to a
nonrelevant crystal reorientation at the waveguide’s location
(which would lead to the appearance of Raman modes for-
bidden in this configuration). Nevertheless, a detailed inves-
tigation of both Raman spectra denotes a slight shift of the
Raman modes. As an example, inset in Fig. 1(c) shows a
clear shift toward larger vibration energies in the A;(TO4)
Raman mode. Similar shifts have also been found for the
A(TO1) and A;(TO2) Raman modes. In the case of the
A(TO3) mode, due to its weak intensity, the error associated
to the fitting procedure did not allow us to determine any
possible shift. According to previous works,'® the almost
general blueshift of the Raman modes suggests the presence
of a local compressive stress in the guiding region, as has
been recently reported in ultrafast DLW waveguides fabri-
cated in potassium gadolinium tungstate crystals.16 Accord-
ing to the Clausius Mossotti relation, * this compressive
stress would account for an increase in the local refractive
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FIG. 2. (Color online) Spatial map of the integrated Raman intensity (a), of
the induced shift and line-width of the A;(TO,) Raman mode [(b) and (c),
respectively]. Data correspond to the waveguide written with a pulse energy
of 300 nJ at a translation speed of 1 mm/s.

index and hence for the formation of the waveguide provided
the fact that the pressure induced change in the lattice den-
sity is dominant over the pressure induced changes in the
average electronic polarizability.18 In order to correlate these
changes with the waveguide formation, we have recorded
Raman images of the waveguide’s cross section. Results for
the integrated Raman intensity, Raman shift, and width of the
A(TO4) Raman mode are plotted in Figs. 2(a)-2(c), respec-
tively. Similar images have been obtained from the analysis
of the A;(TO1) and A,(TO2) Raman modes. Nevertheless,
the best images (in terms of contrast and signal-to-noise ra-
tio) were obtained from the analysis of the A;(TO4) mode
since it is well isolated from the other Raman modes, mini-
mizing the error in the fitting procedure. Figure 2(a) shows a
20% reduction of the overall Raman intensity in the laser
modification track, indicating the formation of a damaged
volume characterized by a large density of extended defects.
This conclusion is further supported by the broadening of
Raman modes at the focal volume [depicted in Fig. 2(c)]
denoting a local disorder. It is also in agreement with previ-
ous works indicating a remarkable deterioration in the non-
linear coefficients of the LiTaOj lattice at the focal volume.'?
Figure 2(b) denotes that the induced shift in the Raman
modes has an almost circular shape, and it is located a few
microns above the laser damage track, in accordance with the
waveguide location extracted from Fig. 1(b). From Figs. 2(a)
and 2(b), it is clear that the compressive stress (determining
the extension and position of the waveguide) has a negligible
spatial overlap with the damaged volume. This fact is of
special relevance since it ensures minimum propagation
losses (waveguide mode is not propagating through a dam-
aged volume).

Raman measurements shown in Fig. 2(b) provide telltale
information about waveguide formed by the ultrafast laser
writing process. First, there is no noticeable reduction of the
integrated Raman signal in the waveguiding region shown in
Fig. 2(a). This indicates the preservation of LiTaO; crystal-
line structures and its nonlinear optical properties, a neces-
sity for any waveguide fabrication approach used for electro-
optical device fabrications. Second the full width at half
maximum (FWHM) of the laser-induced Raman mode shift
shown in Fig. 2(b) provides better estimation of the size of
the waveguide. A Gaussian fitting yields FWHMs of 6.2 and
7.1 pm along vertical and horizontal directions, respec-
tively, for the induced Raman mode shift in the waveguiding
region. This is in contrast to the <2 wm lateral size of laser
damage track obtained by the optical microscope visual in-
spection. Third, the magnitude of the maximum induced shift
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FIG. 3. (Color online) (a) Optical transmission micrograph of the laser
modification track written with a pulse energy of 1 uJ at a translation speed
of 1 mm/s. Spatial map of the integrated Raman intensity and of the induced
shift in the A;(TO,) Raman mode [(b) and (c), respectively].

in the Raman mode shown in Fig. 2(b) can be also used to
get a rough estimation of the compression induced. Based on
the Griineisen parameter of the A;(TO4) Raman mode
(0.2 ecm™Y/ kBar),15 a maximum compressive residual stress
of ~10 kBar is estimated at waveguide’s location. The fact
that this local compression caused refractive index increment
suggests that the induced change in the LiTaO; unit cell
volume (estimated to be AV/V~-1072 from the averaged
Youngs modulus of LiTaO3)19 is dominant over the possible
pressure induced reduction in the electronic polarizability.
We have also obtained the Raman images of a wave-
guide written with higher pulse energies. Figure 3(a) shows
an optical transmission image of the cross section of a wave-
guide written with a pulse energy of 1 wJ. For this case,
butt-coupling experiments have revealed that the location of
the guiding mode is strongly dependent on the launching
conditions. In general, we have found that guiding is possible
above, below, and at both laterals from the laser modified
zone, which is in contrast with the well localized waveguid-
ing found in the previous structure written at 300 nJ [Fig.
1(b)]. The focal volume is characterized by a reduction in the
integrated Raman intensity, which is again related to lattice
damage at the focal volume [see Fig. 3(b)]. In the surround-
ings of this damaged core, a blueshift of the Raman modes is
observed, which can be seen in Fig. 3(c). Following the same
argument as in the case of the low-energy waveguide, Fig.
3(c) suggests that when the pulse energy is increased, the
femtosecond laser interaction generates local lattice com-
pression (refractive index increase) surrounding the focal
volume. This compression is accompanied by a slight dilata-
tion (refractive index decrease) generated within the focal
volume as well as below it, which is denoted by redshift
generated along the irradiation direction. If Ilattice
compression/dilatation is again related to a refractive index
increase/decrease, the refractive index map suggested by Fig.
3 is quite similar to that previously reported for high repeti-
tion rate ultrafast DLW waveguides in chalcogenide glasses
and well explains the possible light coupling at different spa-
tial locations in the surroundings of the focal volume.”’
Finally, it should be mentioned that the Raman images of
Fig. 2 are completely different than those recently obtained
for high repetition rate ultrafast DLW LiNbO; waveguides in
which the waveguide’s volume was characterized by a red-
shift of Raman modes.”' The different Raman images denote
the different mechanisms involved in the formation of the
waveguide. In the case of high repetition rate LiNbO; laser
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writing, waveguide formation was postulated to be created as
a consequence of a change in the spontaneous polarization
brought on by a slight ionic rearrangement, whereas in the
case of LiTaO; this work concludes that lattice compression
is the main mechanism causing the local increase in the re-
fractive index.

In summary, we report on the microstructural lattice
changes associated with high repetition rate ultrafast laser
written LiTaO; waveguides. We have found that femtosec-
ond laser interaction leads to a relevant lattice damage at the
focal volume accompanied by a local lattice compression in
its surroundings, which we believe is the origin of the wave-
guide formation (i.e., of the local refractive index increase).
The location and extent of the induced lattice compression
have been found to be strongly dependent on the writing
energy and have been used to explain the differences be-
tween the guiding properties of LiTaO; waveguides fabri-
cated with low and high pulse energies.
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