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We report on the fabrication and microspectroscopy imaging of femtosecond laser written
double-filament based Nd**:MgO:LiNbO; optical waveguides. The waveguiding high
refractive-index regions are identified by blueshifts of the Nd** ion fluorescence lines with no
deterioration in the fluorescence efficiency, whereas filamentary low-index regions are identified by
both a Nd** line redshift and a fluorescence efficiency reduction. The lattice structural
micromodifications at the origin of both waveguide formation and Nd** fluorescence changes have
been investigated by means of confocal micro-Raman experiments. We have found that the direct
laser written filaments are mainly constituted by a large density of defects, together with a marked
axial compression perpendicular to the filaments (along the optical c-axis). Conversely, the
high-index waveguiding regions are characterized by a pronounced anisotropic dilatation of the

LiNbO; lattice xy-planes. © 2009 American Institute of Physics. [DOI: 10.1063/1.3168432]

I. INTRODUCTION

Lithium niobate (LiNbOj, hereafter LN) is one of the
most attractive dielectric media in modern optoelectronics
due to its excellent nonlinear and electro-optic coefficients
which make it an outstanding system for efficient optical
conversion with the additional possibility of electrical driven
index modulation.' LN crystals can also be doped with mag-
nesium oxide and neodymium ions (Nd**:MgO:LiNbOs;,
hereafter Nd:MgO:LN), in such a way that the crystal be-
comes a photorefractive-damage-resistant laser  gain
medium.”™ In addition to this, the fabrication of waveguides
in Nd:MgO:LN crystals, and the subsequent light confine-
ment achieved, would increase the nonlinear frequency con-
version efficiencies and would simultaneously lead to a re-
duction in the laser threshold. Up to now, several methods
have been applied to the fabrication of waveguides in LN
crystals including thermal in-diffusion of Nd**, Ti** and
Zn02,678 ion implantation,g’10 uv irradiation,11 proton
exchange,12 or direct laser writing (DLW) with ultrafast laser
pulses.13 Among the different methods, the DLW technique
presents clear advantages such as reduced fabrication times,
direct three-dimensional (3D) design possibilities, and the
absence of sample manipulation, or any multistep fabrication
process. DLW of channel waveguides in LN crystals has
been already demonstrated under different experimental con-
ditions and conﬁgurations,”‘17 In particular, highly symmet-
ric waveguides preserving the original nonlinear coefficients
of the LN matrix and featuring strong resistance have been
reported by the so-called double line design. This waveguide
fabrication approach is based on the direct inscription of two
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parallel low refraction-index channels which are surrounded
by strained high-index LN, in such a way that the region
between them leads to a highly symmetric and homogeneous
waveguide channel.'®" Despite previous works, the particu-
lar patterns of strain which arise from this kind of processing
of the LN matrix have not yet been measured, and little is
still known about the exact refraction-index change mecha-
nisms.

The application of the double line approach to the fabri-
cation of laser waveguides in Nd** doped LN crystals has
been not hitherto been explored. Rare-earth ion doping is of
special interest not only for elucidating the extent to which
the applied fabrication method deteriorates the fluorescence
properties of neodymium laser ions, and hence to determine
the potential application of the obtained waveguides, but also
because of the possibility of using the fluorescent ions as
optical probes through the analysis of their luminescence
properties, which can be used in order to gain further knowl-
edge over the microstructural changes induced in the crystal
lattice, and over the refractive-index change mechanisms. In
the case of LN, understanding the laser induced refractive-
index changes is far from being simple, as such a change can
be caused by different processes such as local changes in the
molar polarizability and in the molar density, by local modi-
fications of the spontaneous polarization, by changes in the
local composition, or by creation of local lattice damage in
the LN network.”*%

In this work we have fabricated highly symmetric double
line waveguides in a neodymium doped MgO:LiNbOj; crys-
tal. Scanning confocal microphotoluminescence (u-PL) ex-
periments have been carried out in order to elucidate how the
Nd** fluorescence is affected by the ultrafast inscription pro-
cedure and how these changes are related to the index change
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FIG. 1. (Color online) (a) Optical transmission micrograph of the double-
filament structure fabricated by femtosecond laser writing in a Nd:LiNbO;
crystal. (b) Near-field intensity distribution of the waveguides’ modes at
632.8 nm.

mechanism. The spatial localization and extension of the dif-
ferent induced microstructural modifications obtained from
the fluorescence images have been compared with the spatial
extension and location of the waveguides’ modes. To under-
stand and relate these results, confocal micro-Raman
(u-Raman) experiments have also been performed, which
allow getting deeper detail over the ultrafast laser inscription
process and refractive-index change mechanisms, and ex-
plain the observed Nd** fluorescence changes.

Il. EXPERIMENTAL

The buried channel waveguides under study in this work
were fabricated in x-cut Nd:MgO:LiNbOs crystals with a
Nd3* and MgO concentrations of 0.3 at. % and 5 mol %,
respectively. Waveguides were fabricated by using an ampli-
fied Ti:sapphire laser system providing 120 fs pulses at 796
nm and 1 kHz of repetition rate. The laser beam was focused
with a 10X microscope objective (numerical aperture, NA
=0.3) and the translation of the sample was performed by an
XYZ motorized stage with a spatial resolution of 0.2 wm.
Under these conditions the waveguides are then fabricated in
the nonthermal regime.14 The linear focus of the objective
was located 500 um below the sample surface. The two
damage tracks were written separated by 20 um and by
translating the sample with a speed of 50 um/s in directions
parallel to the crystallographic y-axis. The polarization of the
writing femtosecond laser beam was perpendicular to the
translation direction, i.e., parallel to the optical c-axis. The
peak laser fluence was set to 35 J/cm? corresponding to a
pulse energy of 1 wJ, which led to the creation of =20 um
length filaments. Figure 1(a) shows a microscope optical
transmission image of the double line waveguide’s end-face.
The ability of the resulting structure as an optical waveguide
was investigated by end-coupling experiments using a
He—Ne laser (632.8 nm).

Due to the high fluorescence quantum yield of Nd**
ions, confocal u-PL allows for a fast and direct imaging of
the intensity, linewidth, and energy spatial distributions of
the emission peaks of Nd** laser ions at the waveguide’s
cross section. For this purpose, an Olympus BX-41 confocal
microscope was used in combination with an XY motorized
stage with a spatial resolution of ~100 nm. The 10 mW
continuous wave 488 nm radiation from an argon laser was
focused 10 um deep from the sample surface by using a
50X objective with numerical aperture NA=0.75. In this
configuration the 488 nm laser radiation excites the Nd**
ions from their ground state (*Iy,) up to the G, excited
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FIG. 2. (Color online) Typical a u-luminescence (a) and u-Raman (b) spec-
tra obtained from the Nd:LiNbO; system in our experimental conditions.
The different Raman modes contributing to our u-Raman spectrum are
properly labeled in (b).

state. Then the subsequent *F;,— *Iy, emission band from
Nd** ions is back-collected by the same microscope objec-
tive and analyzed on a high resolution spectrometer [see Fig.
2(a)]. The same microscope setup was used for u-Raman
backscattering measurements, with an additional set of notch
filters and polarizers. Figure 2(b) shows a typical u-Raman
spectrum corresponding to the y(zz)y configuration. In this
figure the main four Raman modes contributing to the spec-
trum have been labeled according to prior works. ™ 3D
spectral maps [line intensity, full width at half maximum
(FWHM), and energy] were obtained by fitting the collected
spectra and plotting the obtained values with the aid of LAB-
SPECO and WSMPO softwares.”®

lll. RESULTS AND DISCUSSION
A. Waveguide optical characterization

Figure 1(b) shows a composed image of the near-field
intensity distributions of the three waveguide modes ob-
served. Waveguiding occurs at the laterals of each filament,
so that in this configuration it led to two types of
waveguides: between filaments (quasisymmetric central
mode) and at their external laterals (asymmetric lateral
modes). These three waveguiding areas could only be ex-
cited individually by translating the sample, so that evanes-
cent coupling was not observed. In the three cases waveguid-
ing was observed for both TM and TE polarizations. Figure
1(b) reflects the fact that the refractive index has been in-
creased at both sides of the filaments. The absence of eva-
nescent coupling suggests an important refractive-index de-
crease at filaments. This is, in fact, in agreement with the
refractive-index map previously assumed for double-filament
LN Waveguides.27
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FIG. 3. (Color online) Spatial distribution of the intensity (a), linewidth (b),
and position (c) of the main Nd** luminescence peak within the *Fs,
— %14, band located at around 11 100 cm™.

B. Microfluorescence

The fluorescence images of the double-filament based
waveguide are shown in Fig. 3. Figure 3(a) shows the spatial
distribution of the integrated intensity of the Nd** fluores-
cence main emission peak at around 11 100 cm~!. From this
image it is clear that the fluorescence intensity is only inho-
mogeneous at the filaments, where a significant reduction has
been experimentally observed. This local fluorescence reduc-
tion is accompanied by a relevant linewidth increase, as
shown in Fig. 3(b). Both intensity reductions and line broad-
ening indicate that filaments are constituted by a partially
damaged volume characterized by a higher defect density
and by local disordering of the Nd:MgO:LN network.”®
These observations are in agreement with the conclusions
recently extracted from the microspectroscopy analysis of
similar waveguides fabricated in Nd**:YAG ceramics.”
From Fig. 3(a) it is clear that the fluorescence efficiency of
Nd3* ions is, however, very well preserved at the waveguide
volume (i.e., between filaments and at their laterals). The
absence of any Nd** fluorescence quenching surrounding the
femtosecond laser focal regions is also a characteristic fea-
ture of the ultrafast DLW method, and it also reflects the fact
that the laser properties of Nd** ions at waveguiding region
are not deteriorated, and thus that the fabricated waveguides
are reasonable good candidates for low-threshold integrated
laser sources. This fact constitutes a significant advantage
over other waveguide fabrication methods previously applied
to the Nd**:LN system, such as proton exchange, which
have been found to cause significant deterioration of the
Nd** fluorescence properties.30

While the intensity and linewidth of the emission peaks
of Nd** ions are only observed to change inside the femto-
second laser focal volumes, the spectral position of the Nd**
emission lines can react to changes not associated with dam-
age, but to extremely small alterations of the crystal field
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FIG. 4. (Color online) Spectral shift induced in the main Nd>* luminescence
peak within the *Fj,— *I,, band (located at around 11100 cm™') as ob-
tained along the horizontal scan schematically shown by a solid arrow on
the top image. The position of filaments is indicated by the vertical shaded
lines.

symmetry and strength around the Nd** ions. In this case
[see Fig. 3(c)] the damaged filaments are characterized by a
strongly marked redshift of the Nd** emission lines, whereas
a blueshift is observed at both sides of them, matching with
the waveguiding high refractive-index regions. For easier vi-
sualization of the effect, Fig. 4 shows a cross section of the
fluorescence energy shift map. According to previous works
a red-/blueshift of the Nd** emission lines in LN can be
unequivocally related to a local increment/reduction in the
crystalline field affecting the Nd** ion sites. 28!
quence, data of Figs. 3(c) and 4 indicate that, in a first order
approximation, the crystal field affecting Nd** ions has been
increased at filaments (where refractive index has been re-
duced) and decreased at the waveguides’ location (where re-
fractive index has been increased). Thus, it is reasonable to
link, in this particular case, the mechanism at the origin of
crystalline field reduction to the mechanism causing a local
refractive-index increment at waveguides’ location. How-
ever, no conclusions about the origin of waveguiding can be
obtained so far from these observations, as the spectral shifts
in the Nd** fluorescence can be attributed to a large variety
of processes, such as anisotropic compressions or dilatations
of the LN network, slight changes in the Nd** ion site loca-
tion within the LN unit cell, ionic rearrangement of the LN
network constituents, or to changes in the local LN
a:omposition.28’31_34 In order to elucidate in which way the
LN network has been perturbed in these modified areas, and
hence to elucidate the waveguide formation origin, we have
performed u-Raman measurements (described in Sec. III C).
p-Raman spectral analysis is a powerful tool for the detec-
tion of local lattice modifications in chemical composition,

As a conse-

unit cell volume, ionic displacements, local disorder, or ex-
tended defects.
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C. p-Raman

The y(zz)y polarized u-Raman spectrum of Nd:MgO:LN
crystals is constituted by four transverse optical (TO) Raman
modes, as indicated in Fig. 2(b). According to previous
works these four modes correspond to vibrations along the
z-axis of Nb ions against the O sublattice leaving Li rela-
tively static (ATO, mode), antiphase vibrations along the
z-axis of Li and Nb ions with respect to the O ions (ATO,
mode), to rigid rotations of the whole O ion octahedron
along the c-axis (ATO5; mode), and to stretching vibrations
of the O octahedron along the xy-plane (ATO,
mode). 43730 A general response of all these Raman modes
to the presence of extended defects within the LN network is
a decrease in intensity.37 In addition, the presence of struc-
tural disorder in the LN lattice will broaden all the observed
Raman modes.™ Consequently, a detailed analysis of the
m-Raman properties could provide precise information about
what kind of lattice rearrangements and/or damage is present
in the DLW LN waveguides.

The variation in the Raman properties in the waveguides
and filaments has been studied by imaging the waveguide
cross section. From the obtained maps a linear cross section
crossing both the waveguides and filaments at their medium
point has been extracted, which are shown in Fig. 5. Figures
5(b) and 5(c) depict the integrated Raman intensity and the
FWHM of the ATO, Raman mode, respectively. Very similar
profiles were obtained when the other Raman modes were
analyzed. It is clear from these profiles that a sharp reduction
in the integrated Raman intensity is produced at the fila-
ments, this being accompanied by a relevant spectral broad-
ening of Raman modes. As previously mentioned, these two
facts indicate that a large density of extended defects has
been induced at filaments, in addition to a local disordering
of the Nd:MgO:LN network. This means that a slight degree
of crystal amorphization has been induced at filament loca-
tions. This conclusion is, indeed, in good agreement with the
simultaneous reduction and broadening of the Nd** fluores-
cence lines [see Figs. 3(a) and 3(b)]. The presence of a large
density of defects at the femtosecond laser focal volume has
been also observed in other ultrafast laser inscribed
waveguides fabricated in undoped LN and LiTaO;
crystals.3 839 In this sense, it is clear that filaments are con-
stituted by a partially damaged Nd:MgO:LN volume which,
according to previous studies, is characterized by a reduced
refractive index.”’

In Fig. 6 we have included the profiles obtained for the
spatial distribution of the energy shifts of the Raman modes.
It is clear that the energy shift of the four Raman modes
depicts relevant modifications of dissimilar nature at the fila-
ments and at their surroundings, where waveguides have
been created. The observed changes in terms of the Raman
modes energy shifts can be summarized as follows.

(i) At filaments. All the Raman modes shift to higher vi-
bration energies with respect to their surroundings. A
net blueshift of the Raman modes with respect to bulk
nonirradiated zones is mainly observed for the Raman
modes involving only ionic displacements or rotations
along the c-axis (i.e., the ATO,, and ATO; Raman
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FIG. 5. (Color online) (a) Schematic drawing of the scan direction along
which Raman measurements have been done. Spatial dependence of the
integrated Raman intensity (b) and of the ATO, linewidth (c). Similar re-
sults, not shown for the sake of brevity, have been obtained when the spatial
distribution of the linewidth of the other Raman modes has been analyzed.

modes). The strong blueshift of the ATO,
(~2.15 cm™") can be interpreted in a first order ap-
proximation as an axial compression of the LN unit
cell along the optical c-axis, which in this case coin-
cides with the perpendicular plane to filaments. This
compression well explains the observed redshift of
Nd** ions at the filaments (see Figs. 3 and 4).

(i) At waveguide location. The ATO,, ATO;, and ATO,
Raman modes are significantly redshifted, whereas
the ATO, Raman mode shows a remnant blueshift as
a collateral effect to the nonisotropic compression at
the filaments. According to these spatial distributions
it is reasonable to conclude that at waveguides’ loca-
tion a nonisotropic distortion of the Nd:MgO:LN net-
work has been produced. This anisotropic distortion is
characterized by (a) an enlargement in the distances
between Nb ions and the O sublattice [denoted by the
redshift in the ATO, Raman mode (~-0.69 cm™)],
and in the distances defining the oxygen octahedron
lying in the xy-plane [denoted by the redshift in the
ATO, Raman mode (~-0.67 cm™!)], and (b) by a
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FIG. 6. (Color online) (a) Schematic drawing of the scan direction through
waveguide and filaments. (b) Spatial distribution of the energy shift of the
four Raman modes under study in this work. The vertical dashed lines
indicate the location of filaments.

slight reduction in the distance between Li and Nb
ions along the z-axis [denoted by the blueshift of the
ATO, Raman mode (~0.30 cm™")]. The fact that this
anisotropic distortion leads to a strong Nd** blueshift
[see Fig. 3(c)], in contrast to the redshift observed at
compressed filaments, let us conclude that the main
strain pattern responsible for the observed increased
refractive-index regions is that of a LN lattice dilata-
tion along the laser writing vertical direction, which in
this case coincides with the x-axis of the LN network.
This effect is, in fact, consistent with an overall incre-
ment in the distance between Nd** ions and their clos-
est neighbors that explains the observed blueshifts at
the waveguides location.

Thus, the analysis of the w-Raman image profiles de-
notes that in the double line waveguides under study in this
work, a dominant anisotropic compression/dilatation of the
Nd:MgO:LN network has been produced at filament/
waveguiding areas characterized by a refractive-index
decrease/increment. This scenario is quite different to that
previously assumed for double line waveguides fabricated in
LN crystals.27 In that case it was assumed that a volume
increase was taking place at filaments (i.e. at the laser focal
volume), and this density decrease was assumed to produce
the observed refractive-index reduction at filaments. The fo-
cal volume expansion was then stated to induce a local com-
pression of the LN network at the sides of the filaments,
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causing an elasto-optic refractive-index increment which
could explain waveguiding for TM polarization.27 In our
case, the mechanism leading to waveguide formation for
both polarizations (TM and TE) appears to be different. At
filaments, an anisotropic axial compression has been ob-
served, whereas at waveguide position an anisotropic lattice
dilatation is observed. Although it is not possible to un-
equivocally conclude from our data the general mechanism
of the local increment in the refractive-index, we state that
the refractive-index increment has been likely caused by a
local variation in the spontaneous polarization and electronic
polarizability due to the nonisotropic distortion of the LN
network. This mechanism has been also assumed to be at the
origin of the refractive-index modification in ion implanted
LN waveguides,40 and it was also assumed to be responsible
for the formation of waveguides in LN crystals fabricated by
ultrafast inscription in the thermal regime with high-
repetition rate infrared lasers, where similar redshifts of
about —0.7 cm™' in the Raman ATO, and ATO, modes were
also observed at waveguide location.*® In addition, a similar
assumption of slight ionic rearrangements in the LN lattice
was also previously accepted as the most plausible mecha-
nism for waveguide formation after ion implantation.41 Fi-
nally, it is worth noting that this proposed waveguide forma-
tion mechanism entails only a very small Raman
modification at waveguide position, and therefore suggests
that the Nd:MgO:LN lattice well preserves its original non-
linear and photorefractive propertie:s.42

IV. CONCLUSIONS

In summary, we report on the fabrication and microspec-
troscopy characterization of Nd**:MgO:LiNbO; optically
active waveguides by the ultrafast “double-filament” DLW
technique in the nonthermal regime. We have demonstrated
that the ultrafast inscription method does not modify the
fluorescence efficiency of neodymium ions at waveguides’
volume, making the fabricated structures promising candi-
dates for the future development of multifunctional inte-
grated laser sources. The combination of microluminescence
and p-Raman analysis has been used to elucidate in detail
the microstructural anisotropic modifications induced in the
lithium niobate network as a consequence of the ultrashort
pulse laser processing. We have found that the DLW fila-
ments constitute anisotropically compressed volumes in
which a slight lattice amorphization induces the strong
refractive-index decrease. While this anisotropic compres-
sion at filaments is observed to be linked to a significant
redshift of the Nd>* ion emission line, the laser induced lat-
tice defects and disorder are associated with the Nd** ions
fluorescence efficiency reduction. On the other hand, the
situation at the laterals of filaments, where the refractive-
index increment and waveguide have been created, is found
to be significantly different; in these areas the nonisotropic
distortion of the lithium niobate network mainly consists on
a dilatation along the xy lattice planes in complete absence of
any induced lattice disorder or defects. This different strain
pattern is also observed to be accompanied by a marked
blueshift of the Nd** ion emission. Based on these observa-
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tions we have stated that the mechanism at the origin of the
refractive-index increment is likely to be a change in the
electronic polarizability and in the spontaneous polarization
of the lithium niobate network. Further investigations need to
be done in order to unveil the exact process underlying the
observed refractive-index increments.
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