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Abstract—We report on a one-step fabrication method of hor-
izontal dual-line waveguides supporting TE guidance in LiTaO3

crystal utilizing multiple refocusing mechanisms of the femtosec-
ond laser. Through the nonlinear process, multiple foci can be
formed spontaneously with the interval of a few micrometers along
the laser propagation direction. The number and the separation of
focal spots, even the entire length of laser-induced tracks, could be
modulated by varying the laser parameters. Taking advantage of
this spontaneous phenomenon, we further implemented the multi-
scan technique to write two parallel damage lines along transverse
direction, realizing stress-induced waveguides by horizontal light
confinement. Moreover, using this method, one-step two-channel
guidance could also be demonstrated by adjusting the pulse en-
ergy. The fabrication details and waveguiding performances were
studied by both experimental and computational methods. This
paper opens the alternative way to construct complex integrated
platforms in LiTaO3 crystal by using femtosecond laser writing.

Index Terms—Laser materials processing, lithium tantalate,
nonlinear optics, optical waveguides.

I. INTRODUCTION

O PTICAL waveguides fabricated by femtosecond laser
writing provide a miniaturized platform for versatile in-

tegrated photonic devices, in which could confine light prop-
agation within dimensions of micrometric or sub-micrometric
scales [1]. Therefore, the optical features of nonlinear responses
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and lasing performances, could be enhanced in various waveg-
uiding structures [2]–[7]. In recent years, femtosecond laser
writing has been consolidated as a powerful technique to fabri-
cate various three-dimensional microstructures in diverse trans-
parent materials [8]–[11]. For large laser powers, severe damage
is produced with a refractive index decrease in the laser-induced
tracks (the so-called Type-II material modification). However,
due to the stress induced during the laser-matter interaction, a
refractive index increase is created in the vicinity of the damage
lines, that can be used for waveguide fabrication usually con-
structed with two parallel damage tracks (dual-line technique) in
order to improve confinement. Such waveguides seem to be more
advantageous compared with the standard direct writing geom-
etry based on weak material modifications (Type-I) in which the
guiding core is located at the damaged region [12] Firstly, the
dual-line waveguides preserve well the luminescence and non-
linear properties of the bulk material. And secondly, the stress-
induced waveguides are stable and even not removed under high-
power applications [13].

However, the configuration of dual-line usually elongate
along the propagation direction of laser pulse (longitudinal di-
rection), thus, only TM polarization is well guided for dual-line
waveguides in some cubic crystals like Nd:YAG [2], or even
trigonal crystals like LiNbO3 [3] and LiTaO3 [14]. As a result,
achieving horizontal dual-line geometry supporting TE polar-
ization is more challenging as the sample is translated perpen-
dicular to the laser beam, but is further crucial to achieve 2D
guidance. For this purpose, there is a method to fabricate two
parallel lines oriented in horizontal direction supporting TE po-
larization via a shaped femtosecond laser pulse by a spatial light
modulator, nevertheless, with the drawback of the roughness of
the laser-induced tracks at cross-sections [15]. With this moti-
vation, more practical fabrication methods to achieve guiding
confinement of horizontal polarization is desirable.

In our work, we introduce a novel method to fabricate such
waveguides making use of the complex non-linear dynamics
of ultrashort pulse propagation. With short pulses, high peak
intensities are achieved in a small volume with modest en-
ergy per pulse [16]. Therefore, the dielectric medium is readily
driven into a nonlinear regime, dynamically changing the tem-
poral, spatial, and spectral properties of the laser pulse, lead-
ing to spectacular new effects [17]. For instance, self-focusing
occurs due to a non-permanent local refractive index change
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self-induced by the laser field because of the 3rd-order nonlin-
earity (Kerr nonlinearity) of the medium when the laser power
exceeds a critical power Pcr, which may lead to catastrophic
collapse of the beam. This process, together with plasma gen-
eration by nonlinear photoionization, results in a continual lo-
calization of a high-intensity spot of the pulse along the prop-
agation direction [18]–[21]. As a consequence, these nonlinear
processes have often been regarded as a problem to be avoided
due to the existence of undesirable effects and a distortion of the
waveguide shape [22]. However, self-focusing of femtosecond
lasers could also be demonstrated an easy and flexible method
for producing periodic sub-micron and nano-scale structures
used as photonic elements such as photonic crystals and mi-
crogratings. Up to now, the self-fabrication of void array by
femtosecond laser irradiation has been reported in fused silica,
borosilicate glass, BK7 glass and PMMA [23]–[26]. Compared
with these materials, optical crystals are important platforms
for very different applications. However, the spontaneous phe-
nomenon has been reported only in sapphire (Al2O3), CaF2 and
SrTiO3 crystals [27]–[29]. It is valuable to explore the sponta-
neous phenomenon in various crystals to realize the potential
applications.

Lithium tantalate (LiTaO3) is a well-known multifunctional
crystal belongs to the trigonal 3 m (C3υ) crystallographic point
group similar to LiNbO3, which has wide nonlinear applications
in optical parametric amplifiers and generators, frequency dou-
bles because of a high χ33 nonlinear coefficient, a shorter UV
absorption edge value (0.26 μm) and a low coercive field for
ferroelectric domain inversion [30], [31].

In this work, we report a novel strategy to fabricate horizontal
dual-line waveguides supporting TE-polarized light taking ad-
vantage of multiple refocusing mechanisms. Our interest is in
applying these multiple foci formed spontaneously by the non-
linear dynamics of ultrashort pulse propagation, assisted with
multi-scan technique to write two or multiple parallel lines ori-
ented in the transverse direction, realizing horizontal light con-
finement. Moreover, two-channel guidance consisted with three
parallel lines would also be demonstrated by using this method.
The dependence of the foci number and the interval between
two consecutive spots on the laser parameters, including pulse
energy and focal depth has been investigated. The influence of
laser writing parameters (pulse energy and focal depth) on the
guiding properties and modal profiles of the waveguides have
been characterized.

II. EXPERIMENTS IN DETAILS

Fig. 1 depicts the schematic fs-laser-writing process of
horizontal-polarization waveguide in LiTaO3 crystal. The z-cut
1 mol% MgO: stoichiometric LiTaO3 crystal (MgSLT) sample
used in this work was cut into wafers with dimensions of 0.5 (z)
×5 (y) × 10 (×) mm3. During the laser writing process, an opti-
cal fiber laser system (Origami-10 XP, OneFive) was utilized, in
which linearly polarized pulses (420 fs duration, 1031 nm central
wavelength, 50 μJ maximum energy, and 10 kHz repetition rate)
were generated. The pulse energy was controlled by a rotatable
half-wave plate and a Glan-Taylor polarizer. The femtosecond

Fig. 1. The fabrication of horizontal-polarization optical waveguides in
MgSLT. (a) Schematic plot of the fabrication process with the femtosecond laser.
(b) The schematic diagram of multiple foci modification and configuration of
single-channel and two-channel optical waveguides.

laser beam was focused 150 μm below the largest surface (5 mm
× 10 mm) by a 40 X microscope objective (NA = 0.60). During
the writing process, the sample was placed at a 3D motorized
stage with a spatial resolution of 0.1 μm. Then, the sample was
scanned at a constant velocity of 4 mm/s. A damage line inside
the sample was performed with the scanning direction parallel to
the laser polarization which was aligned with the 10-mm edge.
Under this condition, many different pulse energies were carried
out to vary the geometry of the damage microstructures.

A microscope (Axio Imager, Carl Zeiss) was utilized to pho-
tograph the cross sections of the horizontal-polarization wave-
guide in LiTaO3 crystal. To experimentally investigate the char-
acterization of the waveguides, confocal μ-Raman mapping
imaging and guidance have been carried out. For the confocal μ-
Raman mapping analysis, a fiber coupled confocal microscope
(Olympus BX-41) integrated with a single-mode 488-nm Argon
laser is used as excitation source. The laser beam was set to a
power of 30 mW and was focused onto the optical-grade polished
surface of the sample with 50 X MPlan (NA= 0.55), microscope
objective lens for micron resolution imaging, respectively. The
back-scattered Raman signal was collected with the same lens
and, after passing through a confocal aperture, was coupled into
a 50 μm core fiber connected to a high-resolution spectrometer.
The sample was positioned on precision XY motorized stages
with the written waveguide parallel to the analyzing beam such
that a spatial Raman spectral map of the waveguide cross sec-
tion was generated. The focus of the pumping laser was moved
with a step of 1 μm and the scattered Raman signal was along
the z-axis of the MgSLT crystal. For the guiding performance of
the different channel waveguides, a typical end-coupling system
has been employed with a linearly polarized He-Ne lasers at a
wavelength of 633-nm. The laser was coupled into the end-face
of the MgSLT sample by an objective lens (NA = 0.40). Then,
another identical objective lens was utilized at the output of the
waveguide, and the modal profile was captured via CCD. A half-
wave plate was used to change the polarization of input light.
The polarization guiding properties were characterized. With the
above arrangement, the propagation losses were determined by
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Fig. 2. Optical image of the cross sections of laser induced microstructures
at pulse energies 0.87, 1.10, 1.28, 1.63, 1.80, and 2.03 µJ from left to right,
corresponding to (a)–(f), respectively. (g) Dependence of the distance between
the spots on laser pulse energy with fixed focal depth at 150 µm.

directly measuring the light powers coupled into and out of the
end-faces.

III. RESULTS AND DISCUSSION

We first investigated the influence of incident pulse energy on
the generated spot array. Fig. 2(a)–(f) show the cross-sectional
microscope images of aligned damage microstructures with dif-
ferent pulse energy at a fixed geometrical focal depth of 150 μm.
The number of focal spots increases with increasing the pulse
energy. The underlying physical mechanism of the multiple foci
could be attributed to the dynamic competition between the self-
focusing caused by the Kerr effect and the defocusing caused by
the plasma generated [19].

The Kerr nonlinearity (the 3rd-order nonlinearity) results in
an intensity-dependent refractive index change that follows the
spatial intensity profile of the laser. Generally, the nonlinear
refractive index n2 of most materials is usually positive in the
femtosecond laser direct-write regime, thus, this index change
acts as a self-induced lens and causes the beam to focus [17].
This is predicted to occur as the peak power of the laser beam is
above the critical power Pcr, given by [18].

Pcr =
3.77λ2

8πn0n2
(1)

where λ is the central wavelength of the pulse, n0 is the lin-
ear index of refraction, and n2 is the coefficient of the Kerr

Fig. 3. Optical microscope image of double spots at different focal depths.
Two tracks are written at one depth with same laser writing parameters. The
pulse energy was fixed at 0.87 µJ.

nonlinear index of refraction. In the case of MgSLT, the value
of Pcr ≈ 0.82MW, with the n0 = 2.13 and n2 = 0.91 ×
1015 cm2 W−1 [32]. Peak power of the self-focused pulses is
Pp = 0.88Ep /τ , Ep is pulse energy and τ is pulse width. The
value of Pcr corresponds to a pulse energy of 0.3 μJ and the
minimal peak power used in our work was P ≈ 3Pcr, Thus,
the phenomenon of multiple foci is expected to occur due to
the energy excess above the threshold. As the laser beam self-
focuses, the intensity increases giving rise to the generation of
free electrons through strong-field photoionization processes.
The generated plasma modifies itself the refractive index, act-
ing as a defocusing lens that competes with the self-focusing
effect. The cycle of focusing-defocusing repeats as peak power
is higher than the threshold power of self-focusing [20]. As a
result, the damaged areas consist of several point-like structures
where the pulse has been strongly focused, or longer structures
where self-focusing and plasma defocusing are nearly compen-
sated (filamentation) [33].

In order to understand the relationship between the distance
of two consecutive spots and the laser pulse energy, we plotted
the interval of the spots as a function of the pulse energy in
Fig. 2(g). The average interval of two neighboring spots in each
damage track is determined by the position of the highest peak
in its Fourier spectrum. As can be seen in Fig. 2(g), the interval
between the spots decreases with the increasing pulse energy.
This phenomenon agrees well with the result in fused silica and
BK7 glass [25]. This is probably because the higher input energy
of pulse, the shorter the cycle of beam oscillation, and the shorter
distance between the spots [20].

We then investigated the influence of the focal depth beneath
the surface on the induced spots array by moving the crystal
along the propagation direction of the laser beam at seven dif-
ferent focal depths (100 μm, 150 μm, 200 μm, 250 μm, 300 μm,
350 μm and 400 μm). Fig. 3 shows the microscope image of the
spots array with 0.87 μJ pulse energy at various depths. It is
observed that there is no detectable damage spot at depth of
100 μm and 400 μm. Particularly, there is only one spot at the
deeper depth of 350 μm. The multi-foci phenomenon is then
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Fig. 4. The characterization of the horizontal-polarization optical waveguides
in MgSLT. Optical microscope image of the cross section of multiple foci via
femtosecond single-scan (a) and (d), horizontal-polarization waveguides by 15-
scans, No.1, single-channel (b) and No. 2, two-channel (e). (c) and (f) Measured
near-field modal profiles of waveguides No. 1 and No. 2 for TE polarizations at
633 nm.

limited within a depth range of 150 μm to 300 μm. This phe-
nomenon is understood to be as follows: for the shallower fo-
cal depth, the propagation distance in the crystal is not large
enough to induce self-focusing in the pulse, so that there is no
observation of damage tracks when focusing near the surface
(100 μm) [34]. For the deeper focal depth, two effects may con-
tribute to decrease the peak intensity of the pulse, and conse-
quently to suppress damage: on the one hand, the linear dis-
persion of the pulse that makes the pulse duration to increase
with propagation in the sample [28], and, on the other hand,
the spherical aberration (degradation of the focal spot due to
refraction at the air-crystal boundary) whose effect increases
with the focal depth, thus lowering the peak power of the pulse
[29]. When the peak power becomes smaller than the Pcr, the
self-focusing would not happen, as a result, there is only one
focal point. In addition, the interval between the two spots in-
creases slightly from 17.59 μm to 19.22 μm with the increase
of focal depth, which could be explained by the decreased pulse
peak power. The lower the input peak power, the longer the cy-
cle of beam oscillation, and the longer distance between two
spots [20].

In order to construct horizontal dual-line waveguides sup-
porting TE guidance, we used the two and three damage spots
(Fig. 4(a) and (d)) inscribed by laser single-scan, further imple-
mented the multi-scan technique to write two parallel damage
lines along transverse direction. The pulse energy was 0.87 μJ
and 1.12 μJ, corresponding to waveguides No.1 and No.2, re-
spectively. The focal depth is 150μm. Fig. 4(b) demonstrates the
microscope images of horizontal dual-line optical waveguides
in MgSLT via multi-scan procedure. Particularly, one-step two-
channel writing has been realized as shown in Fig. 4(e). The
laser-induced tracks show a smooth structure, contrasting to the
roughness of tracks inscribed by a slit-beam shaping technique

Fig. 5. Confocal Raman intensity spatial mapping of multiple foci modi-
fication (a) (top) and horizontal-polarization waveguide (bottom) in MgSLT.
(b) and (d) Raman intensity profile obtained along the longitudinal scan direc-
tion depicted in (a) and (c).

via a spatial light modulator [15]. As expected, both waveg-
uides (single-channel and two-channel) have shown better guid-
ance along the TE polarization as exhibited in Fig. 4(c) and (d),
whereas the standard Type II waveguides reported before in trig-
onal crystals only supported guidance along TM polarization.

To obtain additional evidence supporting the waveguide mor-
phology, we have also performed μ-Raman mapping experi-
ments. Fig. 5(a) and (b) illustrate the confocal Raman intensity
spatial mapping of multiple foci modification and horizontal-
polarization waveguide. The Raman mode intensities show three
clear damage zones, which correspond to the spots labeled in
Fig. 1. The local reduction in the TO4 mode (ω = 600 cm−1)
phonon mode intensity has been shown of up to 43%. In ad-
dition, the TO4 phonon mode normalized intensity profile has
been obtained along the longitudinal scan as shown in Fig. 5(b)
and (d). Clearly, the periodic reductions of the Raman signal
at damage spots are observed. This phenomenon could be as-
sociated to high density defects creation in those regions, as a
consequence of laser-induced micro-explosions at several high
intensity excitation focal volumes caused by self-focusing of ul-
trafast pulse, which disrupt the crystal structure and leads to a
decrease in the Raman intensity. This fact supports the presence
of periodic damaged high-intensity spots.

We carried out the refractive index contrast between the dam-
age lines and the waveguide region using the technique devel-
oped by Siebenmorgen et al. By assuming a step-index profile,
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Fig. 6. (a) Reconstructed refractive index profile at the cross section. (b) Cal-
culated modal profile of horizontal dual-line waveguide along TE polarization
at 632.8 nm. (c) Output power as a function of all-angle light transmission with
the same launched power of waveguide No. 1.

the maximum refractive index change could be roughly esti-
mated via measuring the numerical aperture of the waveguides,
using the equation [35]

Δn =
sin2θm
2n

(2)

where θm is the maximum incident angular deflection at which
no transmitted power change occurred, n is the refractive index of
LT at 633 nm. In this work, the calculated index changes Δn for
waveguide No. 1 was estimated to be 3.7 × 10−3, along the TE
polarization. With this change, the refractive index profile was
reconstructed by using the method from the measured near-field
intensity introduced by I. Mansour et al. [36]. The numerically
calculated near-field profile could be found analytically starting
from Maxwell’s equations, and was used to calculate the refrac-
tive index profile. The distribution of refractive index change
could be given by

Δn(x, z) =

√
n2
s − f

1

k2A
∇2

tA− ns (3)

where k( = 2π/x) is the propagation constant, and A is the nor-
malized electric field intensity, which can be calculated

A(x.y) =

√
I(x, z)

Imax
(4)

Fig. 6(a) shows the reconstructed 2D refractive index pro-
file. According to this, the calculated modal profiles has been

Fig. 7. Optical microscope images of signal-channel at different focal depths,
(a) 200 µm, (b) 250 µm and (c) 300 µm. Measured near-field modal profiles
of waveguides for TE polarizations at 633 nm. The pulse energy was fixed at
0.87 µJ.

demonstrated in Fig. 6(b) by using the commercial program
BeamPROP (Rsoft, Inc), which is based on the finite-difference
beam propagation method (FD-BPM) [37]. The calculated
modal profile shows a good agreement with the experimental
data. Based on the end-face coupling system, we have estimated
propagation losses of the waveguides in MgSLT crystal by using
the equation

α=
−10

L
log10

[
Pout

ηPin(1−R)2

]
(5)

where Pin is the input power, Pout is the output power, for the
two-channel waveguides, the output power is the addition of
powers of both channels. L is the sample length and R is the
reflectance. η is the mismatch coefficient, which could be ob-
tained by FD-BPM algorithm (Rsoft Beam PROP). The obtained
value for TE modes at 632.8 nm is 2.9 dB/cm and 2.3 dB/cm
for waveguides No. 1 and No. 2, respectively. For the purpose of
investigating the polarization effects of guidance, all-angle light
transmission was shown in Fig. 6(c). When polarization angles
are 90° and 270°, corresponding to TE polarization, the output
power reaches maximum, showing good guidance for the TE
polarization.

In order to investigate the influence of laser parameters, such
as laser pulse energy and focal depth on the guiding properties
and modal profiles of the waveguides, we first fabricated waveg-
uides at different focal depths with fixed pulse energy. Fig. 7(a)–
(c) illustrates the optical microscope image of signal-channel
at different focal depths with a fixed pulse energy. The corre-
sponding near-field modal profiles are shown in Fig. 7(d)–(f),
respectively. The propagation losses of each waveguides at dif-
ferent depth are 1.9 dB/cm, 1.7 dB/cm and 2.0 dB/cm, corre-
sponding to 200, 250 and 300 μm, respectively. It is observed
that there exists an optimal focal depth of 250μm. We then fabri-
cated waveguides with different pulse energy at the optimal focal
depth of 250 μm. Fig. 8 shows the influence of pulse energy on
the guiding properties of two-channel waveguides. Fig. 8(a)–(e)
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Fig. 8. Optical microscope images of two-channel with different pulse ener-
gies of 1.02, 1.12, 1.32, 1.42 and 1.48 µJ, from left to right, corresponding to
(a)–(e), respectively. Measured near-field modal profiles of waveguides for TE
polarizations at 633 nm. The focal depth was fixed at 250 µm.

demonstrate optical microscope image of two-channel with dif-
ferent pulse energies of 1.02, 1.12, 1.32, 1.42 and 1.48 μJ at a
fixed depth of 250 μm. The near-field modal profiles are shown
in Fig. 8(f)–(j). The propagation losses of each waveguides are
2.5 dB/cm, 2.3 dB/cm, 2.6 dB/cm, 2.9 dB/cm and 2.7 dB/cm.
According to this, the optimal pulse energy is 1.12 μJ.

IV. CONCLUSION

In conclusion, self-formation of aligned multiple foci induced
by multiple refocusing of femtosecond pulses in LiTaO3 has
been experimentally observed. The number of the high-intensity
spots and the period could be controlled by selecting the laser
parameters in a desirable way. Based on the spontaneous phe-
nomenon, we have demonstrated the design and one-step fabri-
cation of Type II waveguides, which supported better guidance
along TE polarization by implementing multi-scan technique.
In particular, one-step two-channel guidance has been realized
using our method. Confocal μ-Raman spatial mapping investi-
gations depict the periodic reductions of the Raman signal at the
damage spots revealing high density defects creation in those re-
gions. This configuration of horizontal-polarization waveguides
by laser writing may also be implemented in other optical crys-
tals thus expanding the potential applications of femtosecond-
induced waveguides.
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