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Abstract. We report on waveguide lasers at 1064.5 nm in femtosecond laser-written double-cladding wave-
guides in Nd:GdVOQO, crystals. The cladding waveguides guide both transverse electric (TE)- and transverse
magnetic (TM)-polarized modes with considerably symmetric single-modal profiles and show good transmission
properties (propagation loss as low as 1.0 dB/cm). The detailed structure of the single and double claddings has
been imaged by means of u-Raman analysis, and the observed slight fabrication asymmetries with respect to an
ideal circular cladding are in well agreement with the observed differences in TE/TM propagation losses.
Importantly, the Raman imaging shows the complete absence of lattice defect at the laser active volume.
Under the optical pumping at 808 nm, a maximum output power up to 0.43 W of the continuous wave waveguide
laser with a slope efficiency of 52.3% has been achieved in the double-cladding waveguide, which is 21.6% and
23% higher than that from a single-inner cladding waveguide. Furthermore, the maximum output power of the
waveguide laser is 72% higher than that of the double-line waveguide due to the double-cladding design. © 2014
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1 Introduction

Optical waveguide structures are the fundamental elements
in integrated photonics and modern telecommunication
systems, in which light could be confined in very small vol-
umes.! Compared with the bulk material, relatively high-
optical intensities could be reached in the structures.
Benefiting from the compact geometry and compressed
intracavity intensity, waveguide lasers possess a number
of advantages, such as reduced lasing thresholds and com-
parable efficiencies, with respect to bulk laser systems.’
Three-dimensional (3-D) femtosecond (fs) direct laser writ-
ing (DLW) has become a powerful and promising technique
to fabricate optical waveguides in various transparent optical
materials,” since the pioneering work of Davis et al. in
1996.* More importantly, compared with other techniques,
such as ion implantation, proton exchange, or surface etching
techniques, the fs-pulse DLW technique offers the unique
capability of constructing true 3-D waveguide circuits
with spatial resolution down to ~100 nm from the combina-
tion of modern sophisticated 3-D translation stages and laser
precision. The achievable types of index changes in a trans-
parent material include the case of so-called Type I wave-
guides (also called directly written structures, typically
with single or multiline writing, with positive refractive
index change in the written tracks to fabricate flexible
graded-index or step-index profiles, but difficult to find
the fabrication conditions from one material to another),
Type II waveguides (also called stress-induced waveguides,
typically with double-line geometry, locating a confined

*Address all correspondence to: Feng Chen, E-mail: drfchen@sdu.edu.cn
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mode in the region between two filaments, with negative
refractive index changes that act as horizontal cladding and
with a stress-optic index increase in the center that allows for
channel confinement), and depressed cladding waveguides
(also called Type III configuration, typically locating a
core surrounded by a number of low-index fs-laser written
filaments).® Type I and Type II structures have been realized
in crystals such as YCOB’ and LiNbO,® for Type I wave-
guides and YAG,” ' GGG," LiNbO;,* and vanadates'®!’
for Type I waveguides. Compared with Type I structures,
the depressed cladding waveguides possess a few unique fea-
tures such as good thermal stabilities and the well-preserved
bulk features in the waveguide area. The geometry of the
structures could be designed in almost arbitrary shape
with flexible scales, which may result in the high coupling
between the optical fibers and waveguides.'® In addition, the
guidance of light at longer wavelength (e.g., at mid-infrared)
is realizable for larger-diameter cladding waveguides,'**
which is not possible for Type II waveguides. More interest-
ingly, the Type III cladding waveguides may support
relatively balanced guided modes along both transverse elec-
tric (TE) and transverse magnetic (TM) polarizations, which
is one of the unique features of depressed cladding wave-
guides. As of yet, Type III cladding waveguides have already
been fabricated in a number of optical materials, e.g., Nd:
YAG single crystals and ceramics,'*?*?! BiB;0g,*
Nd:YVO,,” Nd:LGS,** and ZBLAN glass.'3>>26
Neodymium-doped gadolinium vanadate (Nd: GdVOy,) is
one of the well-known rare-earth ion-doped gain media for
solid-state laser systems. It is also known to be an efficient
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7®)-material for ultrashort-pulse Raman lasers’’ through
stimulated Raman scattering (SRS) processes. Owing to
its high-thermal conductivity, high-damage threshold, and
excellent spectroscopic properties, specially to the higher
laser slope efficiencies compared with the Nd:YAG or
Nd:YVO, gain media, Nd:GdVO, crystal is of great rel-
evance for the development of solid-state lasers.”®"
Channel waveguides have been fabricated in Nd:GdVO,
crystals by swift heavy-ion irradiation,> pulse laser deposi-
tion,*” and double-line fs-laser inscription.'” In this work, we
report on the fabrication of Nd:GdVO, circular cladding
waveguides constructed with multiple fs-laser damage tracks
and the efficient continuous wave (cw) output laser oscilla-
tion at 1064.5 nm in the cladding waveguides. We compare
the guiding properties and laser performances of the wave-
guides fabricated with different volume configurations.

2 Experiments Details

The a-cut Nd: GdVO, crystal sample (doped by 2 at.% Nd3+
ions) was cut with sizes of 2 X 3.7 X 8 mm? along a, b, and ¢
axes, respectively. The circular-depressed double-cladding
waveguides were produced by using the laser facility of
the Universidad de Salamanca, Spain, in which a system
of a Ti:Sapphire regenerative amplifier (Spitfire, Spectra
Physics, Santa Clara, California) was used as a laser source.
It delivered linearly polarized pulses of 120 fs and 795-nm
central wavelengths at a 1-kHz repetition rate as in previous
works.!”?!* The maximum available pulse energy was
1 mJ, but it was reduced with a calibrated neutral density
filter placed after a half-wave plate and a linear polarizer,
in order to get a fine control of the incident energy.
During the fabrication process of the tubular cladding
waveguides, the pulse energy was set to 1.68 uJ, the laser
beam was focused with a 40x microscope objective (NA
~(0.65) to an approximate 1.5-ym diameter focal spot at
1/€?, and the focusing depth was set at 150 um beneath
one of the 8 x4 mm? surfaces. The sample was scanned
at a constant velocity of 500 ym/s in the direction parallel
to the 4-mm edge, producing a damage line along the sam-
ple. This scan speed implies a pulse-to-pulse spatial separa-
tion of around 500 nm and a spot overlapping of around
66%, which means that the stress accumulation is strongly
minimized while maintaining a continuous cladding track.
The laser writing process under a 1-kHz repetition rate
can also be considered as a cold laser inscription process,
because each incoming pulse is separated from the rest by
an arrival time of 1 ms, which is much longer than the cool-
ing time of the focal volume (around 0.5 us). The absence of
any thermal accumulation and annealing implies that the
writing process will induce maximum crystal lattice damage
(refractive index decrease) at the cladding. The line scan pro-
cedure was repeated consecutively at different depths and lat-
eral positions of the sample, following the desired circular
geometry, as the design shown in Fig. 1(a), with a lateral
separation of 3 ym between each two adjacent tracks.
Under these conditions, a depressed-double-cladding wave-
guide with cross-sectional diameters of 150 ym for out clad-
ding and 30 pym for inner cladding structures (hereby
referring to waveguide WG1), and for comparison a single
inner cladding configuration with diameter of 30 ym, was
also fabricated [see Figs. 1(b) and 1(c) for images of the
cross-sections], respectively. Some cracks can be observed
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Fig. 1 Double-cladding waveguides in Nd:GdVO, at cross-section:
(a) schematic plot, microscopic images of the double-cladding wave-
guide (b) with diameters of 150 and 30 ym and single-cladding wave-
guide (c) with a diameter of 30 um.

under the microscope at the surroundings of the waveguides
because of the large stress induced in the crystal, but they do
not affect the waveguide core.

With the measurement of the NA of the waveguides and
using the formula reported before,® we obtained the maxi-
mum change of refractive index of the waveguides, which
was estimated to be 2 x 1073, In spite of the method itself
being a rough estimation, this value was in good agreement
with those reported for other cladding waveguides.'>!"->
The backreflection method™ was used to measure the propa-
gation losses of the cladding waveguides at a visible wave-
length of 632.8 nm with a polarized He-Ne laser as a light
source. For the depressed double-cladding waveguides
(WG1), the propagation losses for TE-mode propagation
were determined to be ~0.9 dB/cm. Meanwhile, the TE
mode loss of WG2 (inner cladding alone) at 632.8 nm was
slightly higher of ~1.1 dB/cm. The difference in propaga-
tion losses between TE- and TM-polarized modes is within
15% for all cases, that is to say, the transmission loss at TE
polarization was lower than that at TM polarization.

Polarized confocal pg-Raman surface mapping characteri-
zation of the waveguide facets was also performed using a
Renishaw inVia Reflex microscope attached to a 514-nm
Argon laser and a 50X focusing Leica objective. Spectral
data analysis was performed with WiRE 3.4 Renishaw soft-
ware. The A; ,() phonon mode was analyzed following
previous u-Raman investigations in DLW-fabricated wave-
guides in Nd:GdVO,."” A tunable cw Ti:Sapphire laser
(Coherent MBR PE, Santa Clara, California), which gener-
ated a polarized light pump beam at 808 nm, was used in the
end pumping system to perform the cw waveguide laser-
operation experiments at room temperature. A spherical con-
vex lens with a focal length of 50 mm was used to couple the
pump laser beam (with waist radius of ~40 uym) into the
waveguide. To achieve the Fabry-Perot cavity for the
1.06-um laser emission in the waveguides, a thin optical
film with high reflectivity at 1.06 yum (>99%) and high
transmission at 808 nm (~98%) was coated only on the
input end-face of the crystal, while no film or additional mir-
ror was attached on the output face (i.e., the reflectivity of the
output end face was 10% due to Fresnel reflection, because
the refractive index of the Nd: GdVOy crystal is ~2). In this
way, the out coupler of the cavity was ~90%. We used a 20x
microscope objective lens (NA = 0.4) to collect the gener-
ated waveguide lasers and an IR CCD camera to image the
laser beam through an aperture. A spectrometer with a res-
olution of 0.2 nm was used to analyze the emission spectra of
the generated laser beam.
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3 Results and Discussion

3.1 Depressed Cladding Structures and Lattice
Distortions Analyzed by p-Raman Mapping

Only the energy shifts and broadening of the most SRS-
active A 4(v1) phonon mode are presented here. This pho-
non has been previously assigned to totally symmetric
stretching optical vibration modes of the tetragonal VO3~
ionic groups of the vanadate tetragonal crystal,** and there-
fore its energy blue/red shift can be associated to hydrostatic
compression/dilatation of the crystal lattice. In the case of
laser-written tracks, it is known, however, that the strain/
stress fields surrounding the damage tracks are not iso-
tropic.”® Normally, a uniaxial compression along the hori-
zontal transverse cross-section of each single track is
observed, which comes from the volume expansion of the
elongated elliptical shape of the focal volume of the fs
pulses. This uniaxial compression along the horizontal trans-
verse axis comes along a dilatation or tensile stress for the
perpendicular (vertical) transverse direction. Because this
biaxial stress distribution is not equal to hydrostatic pressure,
we cannot associate the phonon-mode energy shifts with
axial stress as there is no detailed information of how the
frequency of the A ,(v,) phonon-mode changes with aniso-
tropic stress fields. Even though, the direct measurement of
the Raman shifts along the waveguide cross-sections is
extremely important in order to know the spatial extension
of lattice distortion, lattice defects, and possible stress-optic
attributed index changes. With these means, we have ana-
lyzed the two-dimensional cross-sections of three types of
cladding waveguides, an outer cladding alone, double-cladding
waveguide WG, and the WG2 inner cladding alone.
Figures 2(a)-2(c) shows the cladding structures as
observed through the phonon broadenings [full width half

Outer cladding only

Ag(v1) FWHM (cm™?)

A.(v4) energy shift (cm™?)

W1 Double cladding

maximum (FWHM)]. Because of the fact the lattice damage
only occurs at the laser written tracks and not on its sur-
roundings, the mapping and visualization of the phonon
broadening allow to directly image the depressed-cladding
structure, which is extremely useful in order to demonstrate
that these waveguides are indeed depressed-cladding tubular
structures capable of channel confinement. Because the
lower side of the images corresponds to the closer side to
the sample surface, the focused laser pulses typically induce
a slightly higher level of damage. This can be seen on the
higher level of FWHM that the cladding structures have
on this side. This effect can be easily improved by slightly
decreasing the laser power for that given section of cladding
structures. Although it is not observable under the inspection
microscope (see Fig. 1), Figs. 2(b) and 2(c) clearly show that
the cladding structure is stronger in the upper and lower parts,
and this higher amount of lattice damage could be a source of
anisotropy for the TM/TE modes propagation losses.

The most important result from the FWHM maps is the
demonstration that the Nd:GdVO, crystal is completely
undamaged in the waveguiding volume (there is no phonon
broadening in the mode volume), which is a big advantage
for achieving high-laser efficiency. This feature makes clad-
ding structures the ideal design for integrated lasers, when
compared with Type II or Type I waveguides, because in
Type I waveguide the core region is directly modified and
in Type II waveguides the modes always have to be located
close to the damage tracks, therefore reducing the effective
active volume of the waveguide and furthermore increasing
the propagation losses because of light scattering.

Figures 2(d)-2(f) show the mapping result for the mode
energy shifts of the three types of cladding designs. These
phonon shifts indicate that a slight lattice distortion occurs
in the surroundings of the cladding tracks. Furthermore,

W2 Inner cladding

Fig. 2 Mapping results for the three types of cladding structures. (a—c) The depressed cladding through
the imaging of the phonon broadening. Inset numbers show the maximum and minimum FWHM values.
(d—f) The presence of lattice distortion associated with the damage cladding. Inset numbers show the

maximum and minimum energy shift values.
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although the stress biaxial field associated with the fabricated
claddings cannot be calculated with the available data, the
phonon shift images show how the sequential fabrication
of different tracks produces a strong effect of stress build-
up, which is extremely important in crystalline waveguides
and can entail crystal cracking. In order to better visualize the
stress build-up, which occurs due to the closely lying tracks,
Fig. 3 gives a closer view of a section of the cladding with the
DLW damage track coordinates superimposed.

Figure 3(a) shows how the waveguide is constructed by a
nearly continuous array of lower index lines, which constitute
the depressed cladding structure. The width of the tracks as
observed by the FWHM is of around ~2 pym. Figure 3(b)
shows the corresponding energy shift of the mode. It can
be observed that the phonon energy shift around the damage
tracks is complex and incompletely homogeneous. The maxi-
mum and minimum values of energy shift occur for the track
arrangements where the vertical distance between tracks is
maximum. When the tracks start to lie close horizontally,
the blue and red shifts are attenuated, most probably because
of a compensation of stress fields between closely lying tracks.
The effect of an asymmetric effect in the left (blue shift) and
right (red shift) of the A; ,(v;) phonon-mode energy is, at this
moment, still not fully understood. We disregard the effects
because of laser alignment, because this would not cause
such a strong asymmetry in the stress field. We state here
that this nonsymmetric effect could be because of the complex
crystalline structure of vanadate crystals, and the fact that the
response of the A; ,(;) phonon mode to anisotropic lattice
distortions has never been reported as far as we know.
Because the tetragonal VO3~ ionic group is fully sensitive
to 3-D lattice distortions, further studies on how the symmetric
stretching-mode frequency responds to axial or biaxial distor-
tions along the a, b, or ¢ axis need to be performed.

3.2 Laser Experiments

With the analysis of the emission spectra of the output light
(see Fig. 4), we found that the typical laser oscillation from
the core of the fs-laser inscribed Nd:GdVO, depressed-

Linewidth (cm™)
Depressed Cladding
B
Low indextracks

1064.5 nm

Intensity (arb. units)

1050 1055 1060 1065 1070 1075 1080
Wavelength (nm)

Fig. 4 Laser emission spectrum from the fs-laser inscribed
Nd:GdVO, depressed-cladding waveguides. Peak position stays
at 1064.5 nm and the FWHM is 0.6 nm.

cladding waveguides was achieved when the absorbed power
is above the lasing threshold. The central wavelength of the
laser emission from the cladding waveguide is at 1064.5 nm,
which corresponds to the main fluorescence of *F3 , — *I;;
transition in the Nd>* ions, with a FWHM of ~0.6 nm.
Figures 5(a)-5(d) show the distribution of the modal pro-
files of the laser oscillation generated from the depressed
cladding waveguides under 808-nm optical pumping at
room temperature. Figures 5(a) and 5(b) stand for the laser
mode generated in the waveguide WG1, and Figs. 5(c) and
5(d) stand for that generated in the waveguide WG2. The
horizontal and vertical arrows indicate the TE and TM polar-
izations, respectively. As it can be clearly seen in the figures,
for both waveguide diameters and polarizations, each of
the output modes exhibits highly symmetrical and circular
distribution. This is different from the Type II waveguides
in cubic crystals (e.g., Nd:GGG" or Nd:YAG”'""'*) and Ti:
sapphire,*® which only support guided lasers along the TM
polarization. For the core waveguide in the structure of
WGI1 and the single-cladding waveguide WG2, the wave-
guide laser at 1064 nm was demonstrated to only support

Fig. 3 Laser-written track coordinates superimposed on the Raman maps of (a) FWHM of the Raman
mode and (b) Raman energy shift of the phonon mode.
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Fig. 5 Distribution of the modal profiles of the laser oscillation col-
lected from the depressed-cladding waveguides [(a) and (b) for WG1
and (c) and (d) for WG2] at 1064.5 nm, respectively. (a) and (c) cor-
respond to the transverse electric (TE) polarization and (b) and (d) to
the transverse magnetic (TM) polarization. The dashed lines indicate
the spatial locations of the fs-laser-induced damage tracks.

zero-order mode, which makes the 30-ym diameter cladding
waveguide laser a single-mode system. Compared with the
dual-line Type II Nd: GdVO, waveguide lasers, the cladding
waveguide mode is more symmetric.'"® The circular-
depressed cladding structure makes an important contribu-
tion to the symmetric single-modal profile if compared
with the anisotropic stress field in the double-line waveguide
reported in our previous works.*’

With consideration of the transmittance and reflectivity of
the optical elements (e.g., microscope lenses) in the end-
coupling experiment, we calculated the launched powers and
the output powers.'* Figure 6 shows the output laser powers (at
wavelength of 1064.5 nm), when the spherical convex lens
with a focal length of 75 mm was applied, as a function of
the launched pump powers at 808 nm in the Nd: GdVO, clad-
ding waveguides WG1 and WQG2, respectively. From the linear
fit of the experimental data, for the double-cladding waveguide
WGTH in the Nd:GdVO, crystal, the maximum output power
and lasing thresholds are Pwg;e~043 W, Pwg i~
035W, Prgy=92mW, and Pryg =~ 105 mW, respec-
tively. Meanwhile, the extracted slope efficiencies of these
waveguides are @y e~ 52.3% and Pwg v ~49.4%,
corresponding to optical-to-optical conversion efficiency of
nwcite ® 47.3% and nwgi v ~ 38.5%, respectively. As
for the depressed single-cladding waveguide WQG2, the
slope efficiencies are ®wgy e~ 43% and Pwgy v & 36%
with maximum output power of 0.35 and 0.3 W, respectively,
which correspond to an optical-to-optical conversion efficiency
of nwea.1E & 33% and nwgy v & 26%. The reason for the per-
formances of laser oscillation in the core region of double-clad-
ding WGI being better than those of the cw laser generated in

500 400
A Dy=52.3%, Ppe,=0.43W (TE ) 350 | A Dyc,=43%, Prye=0.35W (TE)
400 |- Dy1=49.4%, Prn=0.35 W (TM) Dy=36%., Prmey=0.3 W (TM)
. < 300
= £
€ 300} = 250 |
- o
g 2 200}
o 200 g—
o S 150
H g
£ 100 O 100
(@)
50 |-
O e (a) (b)
1 1 ! | 0 L4edeA ” ! ! ! ! L !
0 200 400 600 800 1000 0 150 300 450 600 750 900 1050

Launched power (mW)

inner cladding alone WG2 might be mainly because of the
outermost cladding structure, which benefit the inner core
area with the large-area pump with enhancing the slope effi-
ciency and maximum output power. As the result of the ellip-
soid-shaped configuration for the core waveguide in WG1 and
WG2 companied with the stress-induced change in the wave-
guide area, the waveguide lasers at TE polarization show much
higher efficiency than those at TM polarization for both wave-
guides. Nevertheless, compared with our previous results on
Nd:GdVO, dual-line Type II waveguides (P ~ 0.25 W),
the output powers of the cladding waveguides of WG1 and
WG?2 are of 1.7 and 1.4 times of magnitude, respectively.'” The
stable features of the present system suggest that the W-level
waveguide lasing may be achieved by using higher-power
diode pumping. Furthermore, by analyzing the data from
Fig. 6, we could conclude that the cladding waveguides with
larger diameters have much higher output laser powers than the
smaller volume waveguide, which is in accordance with the
previous report.”> A rough explanation is that the smaller-
diameter cladding waveguides possess lower lasing thresholds
with lower coupling efficiency and synergy the effect of the
round-trip cavity loss exponential factor 6 and the effective
pump area A of the waveguide laser system, as their impacts
on the lasing threshold Py, as the Py, « & - A2, In addition,
one may note that the diameters of the cladding waveguides are
comparable with those of the multimode fibers, which are fun-
damental to construct highly efficient fiber-waveguide laser
systems for integrated photonic applications.

4 Summary

We have fabricated circular-depressed double cladding
waveguides with diameters of 150 and 30 ym in Nd:GdVO,
crystals by multiplying inscription of fs-laser pulses. High-
symmetry and high-output power (~0.43 W) laser oscilla-
tion were generated under an optical laser at 808-nm exci-
tation. The waveguide lasers show great performance with
a peak slope efficiency of 52.3% and a threshold of
92 mW. The excellent guiding and laser operation indicate
the potential applications of the fs-laser inscribed
Nd:GdVO, double-cladding waveguides as new efficient
laser devices for integrated photonic applications.
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