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a b s t r a c t

We report on the fabrication of the dual-line waveguides and cladding waveguide in z-cut MgO:LiNbO3

crystal by femtosecond laser inscription. Due to the diverse modification of refractive index along TE/TM
polarization induced by femtosecond laser pulses, the two geometries exhibit different guiding perfor-
mances: the dual-line waveguides only support extraordinary index polarization, whilst the depressed
cladding waveguide supports guidance along both extraordinary and ordinary index polarizations. The
measured optical damage of these waveguides at the wavelength of 532 nm is higher than that of the
previously reported ion-implanted waveguides in Zr-doped LiNbO3. The propagation loss of depressed
cladding waveguide is measured as low as 0.94 dB/cm at 632.8 nm wavelength. It is found that the
optical damage threshold (~105 W/cm2) of the dual-line waveguide is one order of magnitude higher
than that of the cladding waveguide (~104 W/cm2).

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

As one of the most well-knownmultifunctional crystals, lithium
niobate (LiNbO3 or LN) has been widely applied in a variety of
photonic devices including switches, modulators, multiplexers and
waveguide amplifiers, owing to its unique electro-optic, acousto-
optic, piezoelectric, and nonlinear properties [1e5]. In integrated
photonics and modern optical communication systems, optical
waveguides are fundamental elements that could confine light
propagating within extremely small volumes with size of several
micrometers, in which the optical intensities can reach a much
higher level with respect to the bulk. Benefiting from the small size
of the configurations, it is easy to combine compact optical circuits
or chips with other photonic components for quite various appli-
cations [6]. Although the conventional pure LN crystals possess
large nonlinear optical properties, the relatively lowoptical damage
threshold prevents its application in high-power circumstances [7].
It has been demonstrated that doping of 4.6 or more atomic percent
hen@sdu.edu.cn (F. Chen).
of Mg2þ into LN has the ability to improve the optical damage
resistance about one hundred times as great as pure LN [8].

Several techniques have been applied to fabricate diverse
waveguides in various materials, such as metal-ion indiffusion [9],
ion implantation/irradiation [10e12], and ultrafast laser writing
[13e17]. The microprocessing with ultrafast lasers with tens or
hundreds of femtoseconds (fs) pulses has recently become one of
the most powerful and efficient methods to construct direct
waveguides in various transparent optical materials, including
amorphous glasses, single crystals, polycrystalline ceramics,
organic polymers, etc. [18e21]. The refractive index modification of
the targets by fs-laser inscription is impacted by both the laser
parameters (pulse duration, repetition rate, and pulse energy,
scanning speed, focusing condition) and material properties
[22e25]. According to the relative position from the fs-laser-
induced tracks, the fs-laser written waveguides can be classified
into three types: Type I (directly writtenwaveguides, which located
inside the fs-laser-induced tracks with positive refractive-index
changes), Type II (stress-induced waveguides or dual-line wave-
guides locating in the adjacent regions of the fs-laser-induced
tracks with negative refractive-index changes), and depressed
cladding waveguides consisting of a core surrounded by a number
of low-index tracks (sometimes called Type III guiding geometry)
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[26]. In crystals, compared with geometry of Type I modification,
the dual-line and depressed cladding waveguide configurations
have two advantages. One is that the bulk features in the wave-
guides may not be affected conspicuously owing to the waveguides
core locating in the region between the damaged tracks; the other
is that the dual-line waveguide and depressed cladding waveguide
structures can more easily control the refractive-index change of
the tracks. As of yet, structures of Type I to III have all been realized
in LiNbO3 crystals by fs-laser writing technique [27e29].

In this work, we fabricated dual-line waveguides and depressed
cladding waveguide by femtosecond-laser inscription in the z-cut
MgO:LiNbO3 crystal. The optical guiding properties along different
polarizations, optical damage properties and micro-Raman spectra
of the dual-line waveguides and depressed cladding waveguide in
MgO:LiNbO3 crystal were investigated in detail.

2. Experiments in details

The optically polished z-cut MgO:LiNbO3 crystals (doped by
6.5 at. % Mg2þ ions) used in this work was cut into wafers with a
size of 7.24 (x) � 9 (y) � 1 (z) mm3. Three dual-line waveguides
(labeled by WG1, WG2, and WG3, respectively) and one depressed
cladding (labeled by WG4) with circular cross section were fabri-
cated by utilizing the laser facilities at the Universídad de Sala-
manca. An amplified Ti:Sapphire laser system (Spitfire, Spectra
Physics, USA) was employed as a laser source which generated
linearly polarized pulses of 120 fs, 1 mJ maximum pulse energy at a
repetition rate of 1 kHz and the central wavelength of 795 nm. The
pulse energy used to irradiate waveguide was controlled by a
calibrated neutral density filter, a half-wave plate and a linear
polarizer. During the irradiation, the sample was placed at a micro-
positioning 3-axes motorized stages with the setting velocity and
direction controlled by the computer. One 20 � microscope
objective (N.A.¼ 0.40) was applied to focus the laser at the depth of
75 mm under the largest sample surface (dimensions of
7.24 � 9 mm2). Several tests at different pulse energies and scan-
ning velocities were performed, and we looked through an optical
microscopy (in transmission mode) to assess the damage tracks
produced in the sample. Finally, the pulse energy was fixed to 2.1 mJ
for all waveguides, and the scanning velocity was set to 20 mm/s,
50 mm/s, 100 mm/s, 500 mm/s along x-axis for WG1-WG4, respec-
tively. Afterward, to improve the waveguides qualities, we
employed thermal annealing treatment at 260 �C for 1 h in open air.

The microscope images of the waveguides cross sections were
observed by a polarized microscope (Axio Imager, Carl Zeiss). To
investigate the near-field modal profiles of the waveguides, we
used an end-face coupling arrangement with a linearly polarized
HeeNe laser at a wavelength of 632.8 nm. A pair of microscope
objective lenses (N.A. ¼ 0.4) were utilized to couple the light beam
into and out of the waveguides. Afterwards, a CCD which was
connected to a computer recorded the modal profiles along both TE
and TM polarizations. To calculate the propagation losses of the
waveguides, we measured the input and output light beam power
of the waveguides by using a powermeter, and estimated the
coupling efficiency (e.g., the overlap of waveguide modes and
incident light beam profiles) and the Fresnel reflection of wave-
guides. We also measured the N.A. of the waveguide to get the
maximum value of refractive index changes of the waveguide by
adjusting the position of the incident coupled light.

Based on the end-face coupling system, we estimated the optical
damage resistance of MgO:LiNbO3 waveguides by using a Coherent
Verdi-8 laser source to generate 532 nm light as probe beams.
Additionally, an optical attenuator was employed to control the
intensity of incident laser beam. Afterward, we employed a pow-
ermeter to measure the input and output light power every 5
minutes.
In order to study the physical mechanism of femtosecond laser

written MgO:LiNbO3 waveguide formation, a confocal micro-
Raman spectra-meter was used to measure the Raman properties.
A continuous-wave laser beam at wavelength of 531.89 nm was
focused onto the end facet of dual-line waveguide (WG1),
depressed cladding waveguide (WG4) and bulk regions,
respectively.

3. Results and discussion

Fig. 1(a)e(d) show the optical microscope images of the cross
sections of the MgO: LiNbO3 dual-line waveguides and depressed
cladding waveguide, respectively. As we can see from Fig. 1(a)e(c),
three dual-line waveguides WG1-WG3 have two tracks with sep-
aration of 15 mm. The core of the dual-line waveguides is located
between these two filaments. As depicted in Fig.1(d), the depressed
cladding waveguide core is located in the circular geometry region
and surrounded by a number of parallel femtosecond laser inscri-
bed tracks with a lateral separation of ~3 mm between adjacent
scans. The diameter of the depressed cladding waveguide (WG4) is
~30 mm.

As the MgO:LiNbO3 sample is z-cut, the TM modal distributions
correspond to the extraordinary index (ne) polarization, while the
TE modal distributions correspond to the polarization along ordi-
nary index (no). As one can see, for the dual-line waveguides WG1-
WG3 the near-fieldmodal distributions exhibit fundamental modes
for ne polarization at 632.8 nm, which are shown in Fig. 2(a)e(c).
However, whether before or after the annealing treatment, we can
not achieve the near-field modal profile along no polarization,
which is in agreement with the theoretical estimation from the
guided-wave optics [30]. Fig. 2(d) and (e) depict the measured
near-field modal profiles of the TM and TE modes of depressed
cladding waveguide WG4. As one can see, WG4 shows multimode
along the two polarizations. However, WG4 shows better sym-
metric quasi-circular distribution along TE polarization than that of
TM polarization.

By assuming a step-like refractive index profile and measuring
the numerical aperture of the waveguides, we estimate the
refractive index contrasts of MgO:LiNbO3 dual-line waveguides and
depressed cladding waveguide. We measure the maximum inci-
dent angle Qm at which no change of the transmitted power is
occurring. Finally, we can approximately calculate the maximum
refractive index change in the waveguide using the formula [31].

Dn ¼ sin2Qm

2n
(1)

where ne ¼ 2.2022 and no ¼ 2.2864 are the refractive index of the
bulk at 632.8 nmwavelength. In our work, the calculatedmaximum
refractive index alternations (Dne) are ~3.96 � 10�3, ~3.24 � 10�3,
and ~2.31 � 10�3 for the TM modes of MgO:LiNbO3 dual-line
waveguides WG1-WG3, respectively. It could be clearly seen that
the three dual-line waveguides fabricated with the same energy
and diameter but different scanning velocities (v1 <v2 < v3) exhibit
different refractive index alternations (Dn1 > Dn2 > Dn3). It is to say
that the refractive index alternations increase by reducing the
scanning velocity. For the depressed cladding waveguide WG4, the
value of refractive index alternations for ne polarization is
1.45 � 10�3, which is smaller than that for no polarization
3.13 � 10�3. Experimentally, the larger value of refractive index
alternations may lead to the superior guiding properties along no
polarization, which could obviously be seen from Fig. 2(d)
comparing to Fig. 2(e).

Based on the obtained Dn, the 2D refractive index profiles of the



Fig. 1. Optical microscope images of the cross sections of the dual-line waveguides (a) WG1 (b) WG2 (c) WG3 and (d) the depressed cladding waveguide WG4.

Fig. 2. Measured near-field intensity distributions for the TMmodes of the dual-line waveguides (a) WG1 (b) WG2 (c) WG3, and that of the cladding waveguide at (d) TM mode and
TE mode. The dashed lines and circles indicate the spatial locations of the boundaries of the waveguide structures.

Table 1
Propagation losses a of MgO:LiNbO3 waveguides WG1eWG4 for ne and no polari-
zations at 632.8 nm after annealing treatments.

Waveguides Propagation loss (dB/cm)

TM (ne) TE (no)

WG1 2.73 _
WG2 3.28 _
WG3 4.42 _
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dual-line waveguides could be reconstructed with the same tech-
nique introduced in previous work [32]. We reconstructed 2D
refractive index profile at the cross section ofMgO:LiNbO3 dual-line
waveguide WG1 along the ne polarization, as shown in Fig. 3(a).
Afterwards, we simulated the light propagation at 632.8 nm by
using BeamPROP (Rsoft®) software, which is based on the recon-
structed 2D refractive index profile and the theory of the finite-
difference beam propagation method (FD-BPM) [33,34]. Fig. 3(b)
shows the calculated modal profile of WG1 along the TM polari-
zation in MgO:LiNbO3 crystal. By comparing Fig. 3(b) with Fig. 2(a),
one can see that the calculated profile is in agreement with the
Fig. 3. (a) Reconstructed 2D refractive index profile at the cross section and (b) calculated m
experimental result. Therefore, it is proved that the reconstructed
odal profile of dual-line MgO:LiNbO3 waveguide WG1 of TM polarization at 632.8 nm.

WG4 2.57 0.94
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refractive index profile of the dual-line waveguide is reasonable.
Table 1 shows the propagation losses (a) of the dual-line

waveguides WG1-WG3 on TM polarization and depressed clad-
ding waveguide WG4 along both TM and TE polarizations at
632.8 nm. For dual-line waveguides, the coupling loss is estimated
to be ~1.7 dB for all waveguides and the propagation losses show
a3 > a2 > a1 along ne polarization. For depressed cladding wave-
guideWG4, the coupling loss is estimated to be ~1.2 dB for both TM
and TE polarizations and the propagation loss along ne polarization
is larger than the valuesmeasured along no polarization. It indicates
that as the refractive index alternation of the waveguide increases,
the propagation loss becomes lower. Through the comparison, one
can see that the propagation loss of depressed cladding waveguide
is smaller than those of the all dual-line waveguides, which is in
good agreement of the previous work [35]. Fig. 4 shows the all-
angle output light power to investigate the thorough information
of the polarization effects of the guidance with the input light po-
wer of 1.585 mW. As one can see, for all the dual-line waveguides
and depressed cladding waveguide, the output light intensity will
change accordingly with the change of the light polarization angle,
which shows the sensitivity of polarization guidance. Fig. 4(a) de-
picts the output power of the dual-line waveguides showing
P1 > P2 > P3. Particularly, comparing Fig. 4(a) with Fig. 4(b), there is
distinct characteristics of polarization sensitive between dual-line
waveguides and depressed cladding waveguide. For the dual-line
waveguides, the output power approaches zero when the polari-
zation angles are 0� and 180�, while the output power reaches
maximum with 90� and 270� of the TM polarization, as shown in
Fig. 4(a). It means that the refractive index change along TE polar-
ization is so small that it cannot confine the light propagation
efficiently, while the refractive index change along TM polarization
is large enough to guide the light propagation. However, for the
depressed cladding waveguide, Fig. 4(b) depicts the polarization
direction of themaximum and theminimum of the output power is
contrary to the dual-line waveguides. These results are in agree-
ment with the theoretical estimations from the guided-wave optics
[30].

Fig. 5(a) and (b) depict the measured output intensity as the
function of the input intensity at 532 nm from the MgO:LiNbO3
dual-line waveguides WG1-WG3 and cladding waveguide WG4,
respectively. The diverse dots and lines are the experimental data
and linear fits, respectively. As shown in the two figures, one can
see that as the input intensity increase, the output intensity is no
Fig. 4. The Polar images of the output light power of (a) the dual-line waveguides WG1-WG
with the input light power of 1.585 mW.
longer proportional to the input intensity, which means that they
reach the optical damage thresholds of these waveguides. From the
linear fit of the experimental data, we have determined that the
optical damage thresholds are ~1.03 � 105, ~1.14 � 105, and
~1.38 � 105 W/cm2 for the dual-line waveguides WG1-WG3,
respectively, and that is ~2.40 � 104 for the depressed cladding
waveguide WG4. In previous works for LiNbO3, the optical damage
thresholds of the 4 mol% Zr4þ-doped LiNbO3 planar waveguides
and 5 mm-width ridge waveguide produced by proton implantation
are 2.8 � 103 W/cm2 and 9.2 � 104 W/cm2, respectively [36]. As of
yet, the measured the optical damage threshold of the MgO:LiNbO3
(doped by 6.5 at.% Mg2þ ions) 15 mm-width ridge waveguide
fabricated by swift O5þ ion irradiation is 5.6 � 103 W/cm2. The
results for the waveguides inscribed by femtosecond laser exhibit
higher optical damage resistance than those of the ion implanted
pure LiNbO3 waveguides.

Fig. 6 shows the micro-Raman spectra of the MgO:LiNbO3
crystal at the regions of the dual-line waveguide (WG1), cladding
waveguide (WG4) and the bulk at room-temperature. In the range
of Raman shift from 100 to 800 cm�1, the sharp peaks at 153, 239,
264, 325, 370, 436, 580 and 634 cm�1 are detected and labeled. As
one can see, the spectra of WG1 andWG4 have similar peak widths
and peak positions with respect to those in the bulk region, while
the peak intensities of WG1 andWG4 averagely increase about 30%
and 8% with respect to the bulk, respectively. It indicates that there
is lattice modification to some extent induced by femtosecond laser
inscription, which is below the lattice changing threshold of
MgO:LiNbO3 crystal.
4. Conclusion

We report on the fabrication of dual-line waveguides and
cladding waveguide in MgO:LiNbO3 crystal by femtosecond laser
inscription. The dual-line waveguides support only extraordinary
index polarization, while the depressed cladding waveguide sup-
ports guidance both along extraordinary and ordinary index po-
larizations. The experimentally measuredmodal profile of the dual-
line waveguide is in good agreement with the result based on the
simulation. The optical damage threshold of the dual-line wave-
guide is larger than that of the cladding waveguide, and as the
scanning velocity increases, the optical damage threshold becomes
larger. In addition, compared with ion-implanted waveguides in
Zr:LiNbO3 and MgO:LiNbO3, the MgO:LiNbO3 waveguides by
3 and (b) the cladding waveguide WG4 and the corresponding fits (lines) at 632.8 nm



Fig. 5. Intensities of output light as function of those of the input light of the (a) the dual-line waveguides WG1-WG3 and (b) the cladding waveguide WG4 of MgO:LiNbO3.

Fig. 6. Confocal micro-Raman spectra obtained from the dual-line waveguide region
(WG1, red solid line), cladding waveguide region (WG4, black solid line) and bulk
region (blue solid line) in the MgO:LiNbO3 crystal. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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femtosecond laser micromachining exhibit higher optical-damage
resistance, which indicates that the laser written Mg2þ-doped
LiNbO3 waveguides will be excellent candidates for chip-scale
nonlinear applications.
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