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Continuous wave laser generation at 1064 nm in femtosecond laser
inscribed Nd:YVO, channel waveguides
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We report on continuous wave 1064 nm laser generation from an ultrafast laser inscribed
neodymium-doped yttrium orthovanadate channel waveguide with pumping at 808 nm.
Single-mode stable laser operations have been observed with pump powers at threshold as low as 14
mW and with laser slope efficiencies as high as 38.7%. © 2010 American Institute of Physics.
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Neodymium-doped yttrium orthovanadate (Nd:YVO,)
is one of most used gain media for solid state laser genera-
tion owing to its outstanding features (high emission cross
section, broad absorption bands, good mechanical and ther-
mal properties).l’2 With respect to bulk lasers, waveguide
lasers offer reduced active volumes and consequently much
higher optical intracavity intensities, leading to low pumping
thresholds and enhanced efficiencies.’ This, in addition with
their micrometric sizes, makes waveguide lasers one of the
basic components of the modern integrated photonic
systems.‘"5 In practice, the two-dimensional (2D) waveguides
(i.e., in configurations of surface or buried channel/ridge) are
more popular than the one-dimensional guiding structures
owing to the stronger spatial confinement of light, reaching
higher optical intensities within more compact scales.™ Up
to now, ion implantation and Nd ion indiffusion have been
utilized to form waveguides in Nd: YVO, crystals.6’9 Par-
ticularly, waveguide lasers at 1064 nm were realized for C
ion-implanted Nd: YVO, channel Waveguides.10 Further im-
provement of the obtained laser performance are expected
from a three-dimensional (3D) waveguide that optimizes
light confinement and reduces propagation losses. Femtosec-
ond (fs) laser writing has recently emerged as one of the
most efficient techniques for direct 3D microfabrication of
transparent optical materials."' Indeed it has been applied to
fabricate buried channel waveguides in a number of optical
materials, including optical crystals, ceramics, glasses, and
polymers.lzf15 In addition, by using fs-laser inscription,
single-mode waveguides could be easily obtained with rela-
tively low propagation losses.'© Very recently, we reported
on the fabrication and characterization of Nd: YVO, channel
waveguides produced by the direct fs-laser inscription.17 The
well-preserved photoluminescence features in the guiding
structures suggested the potential applications of the formed
channel waveguides as efficient integrated laser generation
elements. In this paper, we report on the evidence of continu-
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ous wave (cw) laser actions from a fs-laser inscribed
Nd:YVO, channel waveguide.

We used an amplified Ti:sapphire laser system (120 fs,
796 nm, and 1 kHz repetition rate) to write buried channel
waveguides in the Nd: YVO, crystal (a-cut, doped by 1 at. %
Nd** ions). The waveguide inscription parameters were as
same as those used in Ref. 17 (ie., 13 wJ/pulse and
50 wm/s of translation speed). Figure 1(a) shows the 2D
refractive index profile of channel waveguides at the cross
section. Based on this index distribution, we have calculated
the modal profile of waveguides [Fig. 1(b)] by a so-called
finite difference beam propagation method."® Compared with
the measured near-field intensity distribution [Fig. 1(c)], one
can conclude that there is a reasonable agreement between
the calculated and experimental data. The propagation loss
of the channel waveguides was found to be as low as
~1 dB/cm.

The waveguide laser experiments were performed by us-
ing an end-face coupling system (see Fig. 2 for schematic of
the setup). A cw Ti:sapphire laser (Coherent MBR 110) gen-
erated a polarized beam at 808 nm. A 20X microscope ob-
jective lens (N.A.=0.4) focused this pump light beam (po-
larized along a-axis of the crystal) into the channel
waveguides. The generated laser beam at 1064 nm from the
waveguide’s output facet was collected by another 20X mi-
croscope objective and separated from the residual pump
through a dichroic beam splitter. The spectrum of the trans-
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FIG. 1. (Color online) (a) Reconstructed 2D refractive index profile of the
channel waveguide on the cross section, (b) calculated modal profile, and (c)
measured near-field intensity distribution of waveguide mode. Arrows indi-
cate the location of filaments.
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FIG. 2. (Color online) Schematic of the experimental setup for the wave-
guide laser generation. WP: wave plate; MO1 and MO2: microscope objec-
tive lens; M1 and M2: laser cavity mirrors adhered to the two end-facets of
the sample.

mitted light was analyzed by a spectrometer. The laser gain
experiments were performed either with or without cavity
mirrors. In the former case, two mirrors [a mirror with trans-
mission of 98% at 808 nm and reflectivity >99% at 1064 nm
for the front face, and a mirror with reflectivity >99% at 808
nm and ~95% at 1064 nm as the output coupler (OC)] were
adhered to the two end-facet with low fluorescence immer-
sion oil, composing the laser cavity with OC efficiency of
5%. In the later case (without using any laser mirror), the
laser generation has been realized by directly using the two
polished facets (i.e., the air-crystal interface). The transmit-
tance of the crystal’s faces can be estimated from the refrac-
tive index of Nd:YVO, (n=2) to be close to 90%.

Figure 3 shows the emission spectra around 1064 nm
from the Nd:YVO, channel waveguide at two different ab-
sorbed pump powers (~ 14 and ~28 mW) obtained without
using any cavity mirrors. As one can see, the full width at
half maximum (FWHM) of the emission line is ~4.5 nm
when absorbed pump power is 14 mW, while becomes nar-
rower when the absorbed pump power is increased up to
~28 mW. For such absorbed pump powers, the FWHM
emission line was 0.7 nm centered at 1064 nm (where the
emission cross section of Nd:YVO, peaks), denoting the
presence of laser oscillation. This is further confirmed by the
laser gain curves of Fig. 4(a), in which the output power (at
1064 nm) generated in the Nd: YVO, waveguide as a func-
tion of the absorbed pump power (at 808 nm). From the
linear fit (solid line) of the experimental data (dots) we can
determine a laser threshold (Py,) of 15 mW and a laser slope
efficiency (®) of 38.7% [Fig. 4(a)]. The maximum 1064 nm
laser power achieved was 9.5 mW for the maximum ab-
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FIG. 3. (Color online) cw laser oscillation spectra (solid line) from the
fs-laser inscribed Nd: YVO, waveguide after pumping at 808 nm above the
pumping threshold. The luminescence emission spectra of the waveguides
(when the pumping power is below the threshold) are also shown for com-
parison (dashed line).
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FIG. 4. (Color online) cw waveguide laser output power at 1064 nm as a
function of the absorbed pump power at 808 nm (a) without or (b) with the
mirrors. The slope efficiency of 38.7% and 0.6%, and the threshold of ~15
and 14 mW can be obtained for laser generations from the Nd: YVO, chan-
nel waveguides without or with the cavity mirrors, respectively.

sorbed pump power of 39 mW, leading to an optical conver-
sion efficiency of 24% (9.5 mW/39 mW). It may be noted
that the laser performance depicted in Fig. 4(a) constitutes a
relevant improvement with respect to that previously re-
ported from Nd:YVO, channel waveguides fabricated by
carbon implantation. In such waveguides the laser threshold
was ~45 mW and the & was 29%."° The Py, and @ in this
four level system can be expressed as

he 1 5A (1)
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where & is the Planck’s constant, ¢ is the light velocity in the
vacuum, A; and Ap are the wavelengths of the laser and
pump beams, respectively, o, is the stimulated emission
cross section (1.2X 10™'8 cm?), 7is the fluorescence lifetime
(90 us), A is the effective pump area (600 um?), 7 is the
fraction of absorbed photons that contribute to the population
of the *F/, metastable state (7= 1), and T}, =T,=0.9 are the
transmittance of the end-faces, J is the round-trip cavity loss
exponential factor and could be expressed by the propagation
loss () and the transmittance of end-facets

8=2aL—n[(1 =T, X (1 =T,)]. (3)

The loss « of the fs-laser inscribed waveguide
(~1 dB/cm) is much lower than that of the implanted wave-
guide (~8 dB/cm), resulting an obvious reduction in 6,
which may be one important reason for the improved behav-
iors in Py, and .

Based on Egs. (1) and (2), a relationship between Py, and
@ could be found and expressed as the following equation:

Py ® = Aty (4)

According to Eq. (4) and the measured SlO]zi)e efficiency,
a laser threshold of 10 mW has been calculated, % which is in
reasonable agreement with the value found experimentally
(15 mW).

In the case of 5% OC coefficient, Py, has been decreased
to be ~14 mW and ® is only ~0.6% [Fig. 4(b)]. The de-
crease in @ when decreasing the OC transmittance was in-
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deed predicted by Eq. (2) since it decreases the optical ex-
traction efficiency. In addition, the optical losses associated
to the crystal-immersion 0il-OC interface could be also con-
tributing to the measured reduction in the slope efficiency.

In summary, we have reported the stable 1064-nm laser
oscillations at room temperature from a Nd: YVO, channel
waveguides fabricated by fs laser inscription. Owing to the
low propagation losses, the threshold has been found to be
as low as ~14 mW with laser slope efficiency of 38.7%.
The maximum output light power is about ~9.5 mW at
1064 nm. The good laser performance suggests potential ap-
plications on construction of integrated laser devices in
Nd:YVO,.
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