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We report on the buried channel waveguide laser at 1065 nm in Nd:KGW waveguides fabricated by fem-
tosecond laser writing with dual-line approach. A relatively high scanning speed of 0.5 mm/s enables
acceptable propagation loss less than 2 dB/cm. The fluorescence emission spectra of Nd>* ions measured
shows that the fluorescence properties were well preserved in the waveguide region. A stable continuous
wave laser at 1065 nm has been obtained at room temperature in the buried channel waveguides by opti-
cal pumping at 808 nm. A maximum output power of 33 mW and a slope efficiency of 52.3% were
achieved in the Nd:KGW waveguide laser system.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Waveguide lasers based on active media are the minor light
sources that play an important role in the integrated photonics
and telecommunication systems [1]. Owing to the confinement of
the light field within compact volumes, the light in optical wave-
guides can reach relatively high optical intensities; consequently,
laser oscillations in active gain waveguides may possess low lasing
thresholds and comparable efficiency with respect to those of the
bulk lasers [2-4]. Compared with one-dimensional (1D) (planar
or slab waveguides), the two-dimensional (2D) (in channel or ridge
configurations) waveguides can confine the light propagation in
2Ds, reaching higher optical density, and can possibly applied to
construct waveguides are possible applied to construct waveguide
platforms and achieve multiple functions [5]. There are many tech-
niques for fabricating 2D waveguides in optical materials reported
before, such as proton beam writing [6], ion exchange [7], ion
implantation combined with masking technique [8] and femtosec-
ond laser (fs-laser) writing [9-28]. Since the pioneering work of
Davis et al. in 1996 [9], the fs laser writing has become a powerful
technique for three-dimensional volume microstructuring of
dielectric materials [10-15]. The energy of the focused laser
is absorbed through nonlinear process such as two-photon or

* Corresponding author. Tel.: +86 531 88363007; fax: +86 531 88363350.
E-mail address: drfchen@sdu.edu.cn (F. Chen).

http://dx.doi.org/10.1016/j.0ptmat.2014.05.005
0925-3467/© 2014 Elsevier B.V. All rights reserved.

multiphoton absorption, inducing lattice stress, defect creation
and heat accumulation in a very short time [13-15]. Because of this
special feature, focused fs-laser pulses produce stress-induced
effect and lattice damage on a micro- or submicro-scale in the focal
volume inside the material, in which stable refractive-index
changes may be created [15,16]. In recent years, active waveguides
in different crystals and glasses have been produced by fs laser writ-
ing through stress-induced mechanisms that have been generated in
some of these samples, such as Nd doped YAG or GGG, Yb:YAG, Nd
doped YVO,4 or GdVO4 and Yb doped KGW or KYW [14-20]. The
dual-line configuration, which is so-called Type Il waveguide, is pop-
ular in crystalline materials, typically with a stress-induced guiding
region between the two tracks of negative index changes [17,19-24].
The Type Il stress-induced waveguides exhibit low-order-mode fea-
tures, and possess high thermal stabilities.

Neodymium-doped potassium gadolinium tungstate (Nd:KGd
(WO04), or Nd:KGW) is widely known as an effective laser gain
material for Raman laser due to the attractive features of this crys-
tal, such as high third-order nonlinear susceptibility, high thermal
conductivity and low lasing threshold with a broad and strong
absorption band [24-26]. The fabrication of dual-line waveguides
in Nd:KGW crystal has been realized, however, no lasing perfor-
mance has been reported [27,28]. In this work, we utilized
Nd:KGW channel waveguides with different separation between
the two track lines, investigating the near-infrared lasing proper-
ties of the waveguides.
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Fig. 1. Optical cross-sectional image (under transmission mode) of the channel waveguides in Nd:KGW fabricated by fs laser writing. Separation of the W1 and W2 are 15 pum

and 20 pum, respectively.
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Fig. 2. Distribution modeled of the refractive index (n,) at the cross section of the
Nd:KGW channel waveguide (W1).
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Fig. 3. Comparison of the micro-photoluminescence spectra corresponding to Nd**
ions at 4F3,2 - 419,2 transition obtained after 488 nm excitation at the waveguide
(red line), filament (green line) and bulk area (blue line) at room temperature. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

2. Experiments in details

The m-cut Nd:KGW (doped with 1 at.% Nd>* ions) crystal was
cut to 8(p) x 8(q) x 2(m)mm> and optical polished. The buried
channel waveguides were fabricated by fs laser writing, using the

facilities at University de Salamanca, Spain. A Ti:sapphire laser sys-
tem (Spitfire, Spectra Physics, USA) delivered a linearly polarized
laser with a repetition rate of 1 kHz and a temporal duration of
120 fs, inscribed the “dual-line” configuration waveguide. The laser
beam at a central wavelength of 796 nm (spectral width: 9 nm)
was focused by a 20x objective lens at a location of 150 pm
beneath the surface of the sample. The pulse energy incident on
sample was set to 0.42 i by using a calibrated neutral density fil-
ter, and a half-wave plate and a linear polarizer. Then the channel
waveguides (W1 and W2) were fabricated by the laser beam scan-
ning at a velocity of 500 pm/s on a XYZ motorized stage with sep-
arations of 15um and 20 pum. The propagation losses of the
waveguides W1 and W2 are less than 2.4 dB/cm and 2 dB/cm mea-
sured under 632.8 nm with the Fabry-Perot resource method [29].

In order to study the fluorescence properties of Nd>* ions in the
waveguide cross section as well as to evaluate the potential appli-
cations of the fs-laser inscribed dual-line waveguides as laser gain
medium, a fiber-coupled confocal microscope was utilized to mea-
sure the p-PL at the Universidad Auténoma de Madrid, Spain
(Olympus BX-41). A 488 nm continuous wave (cw) diode laser
was provided for the optical excitation, which is focused into the
sample by using a 50x microscope objective with a N.A. of 0.55.
The radius of the 488 nm spot formed at the sample’s surface
was estimated to be ~0.53 um. The subsequent backscattered radi-
ation signal (u-PL) generated by Nd>* ions was collected with the
same microscope objective and, after passing through a set of fil-
ters, lenses and confocal apertures (with diameter ~25 pum of the
confocal pinhole), it was spectrally analyzed by a high resolution
spectrometer (iHR320 Horiba Jobin Yvon). The sample was
mounted on a three dimensional motorized stage with a spatial
resolution better than 10 nm.

The laser experiments were performed under a typical end-
pumped arrangement as reported before. A tunable Ti:sapphire
laser (Coherent MBR 110) launched a cw 808 nm linearly polarized
pump beam, as the pump beam, which was coupled into the wave-
guide by using a convex lens (with focal length of 25 mm). Two
dielectric mirrors (the input one with reflectivity >99% at 1060-
1065 nm and 98% transmission at 800-810 nm, and the output
one with reflectivity >95% at 800-810 nm and ~60% transmission
at 1000-1100 nm) were adhered to the two end faces to construct
a Fabry-Perot oscillating cavity. The output coupler of the wave-
guide laser system was then determined to be 60%. The length of
the laser cavity was 8 mm. We used a 20x microscope objective
to collect the output lasers from the waveguide’s exit facet after
a filter with high reflectivity at 790-810 nm and an IR CCD to
image the generated laser radiation at IR wavelength, while a spec-
trometer and a powermeter were used to characterize the spec-
trum and output power.
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Fig. 4. (a) Calculated TE modal profile of the waveguide W1 at 632.8 nm, (b) and (c) are measured near-field intensity distribution of the channel waveguide (W1) at TE and

TM mode. The dashed lines stand for the fs-laser inscription tracks.
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Fig. 5. The cw laser oscillation spectrum obtained from Nd:KGW channel wave-
guides with optical pumping at 808 nm at room temperature. The peak position
stays at 1065 nm and the FWHM is about 0.4 nm.

3. Results and discussion

Fig. 1 depicts the optical transmission microscope photograph
of the channel waveguides in Nd:KGW crystal. The separations of
the two filaments (the tracks of the fs laser writing) are 15 pm
and 20 pm, respectively. The Type II channel waveguides were
located at the central area between the two damage tracks.
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It is impossible to use the m-line technique to measure the
change of the refractive index as the channel waveguides were
located 150 pm beneath the boundary of crystal. We reconstructed
2D refractive index (ng) profile of the channel waveguide W1 as
shown in Fig. 2 based on the assumption of the distribution being
a step-like one and the measurement of N.A. of the waveguide. We
obtained an approximately maximum value of the refractive index
change in the waveguide region by using the formula

sin® Oy,

An = “5m (1)
where n is the refractive index of the bulk material, the ®,, is the
maximum incident angle at which the transmitted power is occur-
ring without any change [30]. As one can see, there is a positive
refractive index change An, =1.2 x 10”3 in the waveguide core
and a negative refractive index change Ang= —2.9 x 1072 in the fil-
aments due to the induced stress and lattice damage which will
cause a micro-modification to the unit cell volume [31].

To illustrate the influence of fs-laser micromachining process
on the fluorescence properties of Nd>* ions, we measured the
micro-photoluminescence spectra corresponding to the transition
“F3j2 — “loj2 of Nd®* ions after 488 nm excitation at the waveguide
which is displayed in Fig. 3.

With an overall spatial resolution better than 10 nm and the
horizontal width of the filaments being 600-700 nm, we obtained
the confocal PPL emission spectra from a non-processed area
(bulk), the center of the channel waveguide (WG1) and the track
of the fs-laser inscription. With the comparison of the emission
spectra, we found that the intensity of the emitted fluorescence
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Fig. 6. The cw waveguide laser (along TE polarization) output power as a function of the absorbed pump power at 808 nm collected from waveguides (a) W1 and (b) W2,
respectively. The inset graphs show the intensity distributions of the output light from each waveguide at 1065 nm.
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signals in the center of the waveguide reaches 85% of the values of
the bulk area, while that in the filament region decreases down to
only 65%. This obvious contrast means that the original PL features
have not been deteriorated in the fs-laser inscription process, and
well preserved PL properties suggests potential applications of the
fs-laser micromachining Nd:KGW system for laser generation.

Fig. 4(a) displays the calculated TE (q polarization) mode profile
of the waveguide (W1) with a separation of 15 pm at 632.8 nm.
The propagation of the light in the waveguide was simulated by
the finite-difference beam propagation method (FD-BPM) based
on the reconstructed refractive index distribution. The measured
TE and TM (m polarization) mode near-field intensity distribution
of the channel waveguide (W1) is displayed in Fig. 4(b) and (c).
Fig. 5(a) and (b) shows quasi-circular distribution of the profile
at TE mode with high symmetry, which is much better than the
TM mode displayed in Fig. 4(c). In addition, the comparison
between Fig. 4(b) and the calculated mode in Fig. 4(a) shows that
the experimental result is in good agreement with the expected
one, which demonstrates the accuracy and reasonability of the
reconstructed distribution of the refractive index in the waveguide
region shown in Fig. 2.

The measured emission spectrum around 1065 nm from the
Nd:KGW channel waveguide as obtained when pumping well
above threshold is shown in Fig. 5. The FWHM of the laser spec-
trum is about 0.4 nm. The emission line with peak position at
1065 nm clearly observed denotes a laser oscillation line, which
is relevant to the “Fs; — *I;1j2 fluorescence band of Nd** ions.

We measured the laser performance of the W1 and W2 wave-
guides with pumping at 808 nm by a typical end-face coupling
experiment at room temperature. All the experimental results for
channel waveguides were recorded under their respective opti-
mized conditions by using the same pumping system. Fig. 6(a)
illustrates the cw waveguide (TE mode) laser output power as a
function of the absorbed power at 808 nm collected from wave-
guide W1. According to a linear fitting of the data, the maximum
output power (Ppnaxwi1) is 22.5 mW with slope efficiency @y being
52.3% as shown in Fig. 6(b). Meanwhile, the maximum output
power (Pmaxw2) is 33 mW and the slope efficiency @& is 41.4%
calculated from the data of the waveguide W2 in Nd:KGW. The
thresholds of the waveguides are 157 mW and 141 mW, respec-
tively. The larger separation of the two filaments in waveguide
W2 lead to a higher optical conversion efficiency (w2 =14.3%)
compared with that of waveguide W1 (77 = 11%) making a contri-
bution of higher maximum output power and lower threshold.
Partly due to own lower coupling efficiency and higher loss than
the waveguide W2, waveguide W1 achieved a higher slope effi-
ciency. The inset graphs show the measured single mode near-field
distribution of the output laser beam at 1065 nm collected by the
IR CCD camera along TE polarization, while there was no laser
oscillation generated at TM polarization in the pumping experi-
ment as a consequence of the lower absorption coefficient at this
polarization.

4. Conclusion

In conclusion, we have fabricated channel waveguides by fs-
laser writing in Nd:KGW. The simulated and measured highly sym-
metric near-field intensity distribution shows good performance of
the waveguide. Stable cw laser oscillation at 1065 nm has been

obtained in the buried channel waveguides pumped by laser at
808 nm at room temperature with a maximum output power of
33 mW and a propagation loss of 2 dB/cm. The highest slope effi-
ciency about 52.3% has been achieved. The results here show a
potential application of fs laser micromachining in fabricating
channel waveguide in Nd:KGW crystals as cost-effective integrated
laser source. Further work would be performed on the Q-switching
of the waveguide system for the pulsed laser generation.
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