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We report the formation of waveguides in Raman-active KGd共WO4兲2 with a focused, high repetition
rate femtosecond laser. Parallel guiding regions, formed to either side of the laser-induced damage
track, supported TE and TM modes that coupled efficiently to optical fiber at telecom wavelengths.
Micro-Raman spectroscopy of the guiding regions revealed the preservation of the characteristic
768 and 901 cm−1 Raman mode intensities. Raman gain with 6% efficiency was demonstrated for
the 768 cm−1 Raman line by pumping the waveguide with an infrared 80 ps source, the first time
Raman gain has been reported in laser formed waveguides. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2884188兴
With the increasing trend toward more compact and efficient optical devices, there has been growing interest in the
fabrication of waveguides in nonlinear laser host materials.1,2
The crystal KGd共WO4兲2 共KGW兲 is popular for optically active components due to its suitability as a rare-earth host
material, high third-order nonlinear susceptibility, high thermal conductivity, and strong Raman conversion properties.
KGW has prominent Raman modes at 768 and 901 cm−1
arising from the tungsten-oxygen sublattice in the crystal
which are useful for wavelength conversion in the near infrared spectrum.3 In addition, KGW has a short Raman
dephasing time on the order of 2.0 ps, making it suitable for
picosecond pulse Raman generation devices.4 Raman lasers
have been successfully demonstrated in bulk KGW,5 and the
fabrication of waveguides offers potential for enhanced nonlinear device performance through longer interaction lengths
with high confinement. Planar waveguides have been fabricated in KGW using ion implantation techniques,6 and by
growing waveguide films on substrates by pulsed-laser deposition 共PLD兲 techniques.7 However, there are no known reports of forming single mode waveguides in this material at
telecom wavelengths.
Femtosecond laser processing has proven to be a rapid
and versatile method of writing waveguides inside both
amorphous glasses8 and crystalline materials such as lithium
niobate,9 quartz,10 Ti:sapphire,11 and KY共WO4兲2 共KYW兲.12
A benefit of femtosecond laser processing is the nonlinear
absorption of the high intensity pulses that confines energy
dissipation within the small focal volume of the laser. As a
result, localized permanent refractive index modification can
be inscribed along an arbitrary three-dimensional path by
translating the sample with computer-controlled motion
stages. The use of high repetition rate 共⬃1 MHz兲 femtosecond lasers offers further advantages over other systems such
as faster writing speeds and more symmetric waveguides
due to cumulative heating effects.13 One challenge in laser
writing of waveguides in a Raman-active material such as
a兲
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KGW is the preservation of the desirable nonlinear crystal
properties.
In this letter, we report the formation of low-loss
waveguides in crystalline KGW with a high repetition-rate
femtosecond laser. Waveguide characterization shows symmetrical waveguide modes on either side of the laser-damage
track that match closely with the mode profile of singlemode fiber 共SMF兲. Micro-Raman spectroscopy reveals that
the crystalline structure of KGW is preserved in these guiding regions, while laser pumping of the waveguide demonstrated Raman gain.
Waveguides were written in bulk KGW crystal slabs
共High Q Laboratories, 30⫻ 13⫻ 1 mm3, refractive index
= 2.0兲, with an amplified Yb-fiber laser 共IMRA Jewel
D-400-VR兲, generating 300 fs pulses at 2 MHz repetition
rate and 1045 nm wavelength. Waveguides were optimized
over a range of laser exposure conditions, with average
power and scan speed varied between 50 to 400 mW and
0.2 to 60 mm/ s, respectively. The sample was scanned transversely relative to the incident laser using air-bearing motion
stages 共Aerotech ABL1000兲. The laser was focused to a
depth of 200 m with a 0.4 numerical aperture 共NA兲 aspheric lens 共⬃2.2 m spot size diameter, ⬃10.8 m depth
of focus兲 and scanned along the Nm axis of the KGW crystal
over a 13 mm length, with the writing beam polarization
oriented parallel to the scan direction.
Refractive index profiles of the polished end facets were
obtained by microreflectivity measurement14 Spatially resolved micro-Raman spectra 共JY Horiba LabRAM兲 were recorded by scanning a cw 532 nm excitation laser over a 30
⫻ 30 m2 cross section. The insertion loss of the written
waveguides was characterized by launching light from a
1250– 1650 nm broadband light source 共Agilent 83437A兲
through the device to an optical spectrum analyzer by using
butt-coupled SMF with index matching oil at the facets. To
capture the near-field mode profiles, light from a 1550 nm
wavelength tunable laser 共Photonetics Tunics-BT兲 was fiber
coupled at the input, with the output facet imaged to a charge
coupled device camera 共Spiricon SCOR20-1550兲. Propagation losses for transverse electric 共TE兲 and transverse mag-
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FIG. 1. 共Color online兲 End view 共a兲 of the guiding regions 共white regions兲
and damage track 共dark vertical line兲 recorded with a back-lit microscope
and corresponding near-field mode profiles 共b兲 from the adjacent guiding
regions at 1550 nm wavelength. The left and right modes were excited individually by translating the input fiber in the transverse direction. The
center of the damage track is indicated by the white vertical line. The writing laser was incident from the top.

FIG. 3. 共Color online兲 Spatial map of the 共a兲 peak intensity and 共b兲 frequency shift of the 768 cm−1 Raman mode with respect to bulk KGW over
the two waveguide regions and the central laser-damage region.

uted to the stress-optic responses around an expanded, central amorphized region with an elliptical shape.9 In our case,
the modified zones were less symmetric, with elongated
netic 共TM兲 polarizations were measured with a free-space
shapes leading to a more complex stress distribution. HowFabry-Pérot measurement technique at a wavelength of
ever, there is insufficient data on stress-optic response in
1600 nm. TM is defined by electric field polarized vertically
KGW to elucidate the mechanisms for TE and TM guidings.
共parallel to the incident femtosecond laser兲 and along the N p
Thomson et al. have also noted a transition to guiding both
crystal axis, while TE is orthogonal to TM and along the Ng
polarizations in lithium niobate when exposing with higher
crystal axis. For Raman gain measurements, a 1620 nm
energy femtosecond laser pulses.17
wavelength, 80 ps pulse duration laser was coupled into the
Using the Fabry-Pérot technique, propagation losses of
waveguides with a 40⫻ objective, with output collected by a
2.0 and 2.6 dB/ cm for TE and TM polarizations were meamonochromator 共Spectral Products DK240兲 and liquid
sured at 1600 nm wavelength, respectively, for the left mode
nitrogen-cooled detector.
shown in Fig. 1共b兲. Losses for the right mode were slightly
The lowest loss waveguides were found in KGW for
higher, at 3.4 and 4.0 dB/ cm for the TE and TM polarizaexposure conditions of 350 mW average power and
tions, respectively. These propagation losses are comparable
40 mm/ s scan speed. An optical microscope cross-sectional
with the 3 dB/ cm loss reported for KGW waveguide films
view of the femtosecond laser modified zone is shown in Fig.
fabricated by PLD.7
1共a兲. The two guiding regions are located laterally on oppoFor the left mode, insertion losses obtained by launching
site sides of an opaque laser damage track 共dark vertical line兲
light
with SMF decreased from 4 to 2.2 dB as the waveof ⬃4 ⫻ 25 m2 dimension that exceeds the ⬃2 ⫻ 11 m2
length increased from 1250 to 1650 nm. A propagation loss
focal dimensions of the laser. The near-field mode profiles
of 1.8 dB/ cm at 1600 nm wavelength was inferred from the
are shown in Fig. 1共b兲 and reveal strong confinement and
2.5
dB insertion loss after accounting for the mode-mismatch
single mode guiding with 10⫻ 8 m2 diameters 共1 / e2 of incoupling loss of 0.2 dB, calculated by the mode overlap intensity兲, well matched to SMF with 10.5 m mode field ditegral. This propagation loss is slightly less than
ameter. The waveguide modes could only be excited indi2 – 2.6 dB/ cm values inferred from the Fabry-Pérot techvidually by translation of the input single mode fiber,
nique due to unaccounted losses from imperfect nonorthogosuggesting that this structure defines two independent
nal alignment of waveguides and end facets.18
waveguides. Despite the close proximity of the guiding reRecently, waveguide formation was reported in
gions, evanescent coupling was not observed, which we atYb-doped KYW crystal,12 a similar class of host material to
tribute to the damaged and lossy coupling region.
KGW, by using a 1 kHz femtosecond laser. A guiding region
For the optimum writing condition, microreflectivity
was formed above the damage track as opposed to the lateral
measurements of the end facet of the crystal revealed an
guiding regions found here with the 2 MHz repetition rate
increase in refractive index of ⌬n ⬃ 0.006 over a 10
laser. To improve transverse confinement in KYW, the au⫻ 10 m2 region on either side of the damage track, correthors inscribed two parallel damage tracks separated by
sponding closely to the 10⫻ 8 m2 共1 / e2 of intensity兲 mode
15 m that exhibited a larger mode of ⬃20 m diameter
profiles shown in Fig. 1共b兲. With free-space launching, the
and a similar propagation loss of ⬃4 dB/ cm at 1 m wavewaveguides supported both TE and TM modes, in contrast to
length in comparison with the present KGW results.12 Burgthe TM guiding reported in lithium niobate9,15,16 and
hoff et al. first demonstrated this parallel writing method for
quartz.10 The TM-only guiding in lithium niobate was attribimproving mode confinement and symmetry in femtosecondlaser written lithium niobate9,15 waveguides. In KGW, wellconfined TE/TM modes were demonstrated with only a
single exposure track, yielding faster writing time and more
facile waveguide optimization due to one fewer experimental
variable.
The Raman response around the laser-formed guiding
region was examined for the optimum low-loss waveguide
formation condition. The most efficient Raman conversion
occurs when the guided light is polarized in the TE direction
共Ng axis兲. The peak intensity of this Raman mode is directly
FIG. 2. 共Color online兲 Spatial map of the 共a兲 peak intensity and 共b兲 frerelated to the steady-state Raman gain parameter,4 thereby
quency shift of the 901 cm−1 Raman mode with respect to bulk KGW over
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FIG. 4. 共Color online兲 Raman intensity 共a兲 present in waveguide core 共solid
line兲 and bulk 共dashed line兲 and spectrum 共b兲 of 1620 nm pump laser and
generated Raman lines at 1848 and 1897 nm wavelength, measured by
monochromator and cooled detector.

waveguide relative to the bulk for the 768 and 901 cm−1
Raman modes, respectively. When 80 ps duration pump laser
light at 1620 nm wavelength was coupled into the KGW
waveguide, Raman gain was observed at 1848 and 1897 nm
wavelengths, as shown in Fig. 4共b兲. The lines correspond to
the respective 763 and 901 cm−1 Raman modes measured by
micro-Raman spectroscopy 关Fig. 4共a兲兴. To the best of our
knowledge, the Raman-generated wavelengths in Fig. 4共b兲
are the first demonstration of Raman gain in laser formed
waveguides, and the first time Raman gain has been observed in KGW waveguides. Although low pump laser pulse
energy of 200 nJ 共⬃1 GW/ cm2 peak intensity coupled to
waveguide兲 was necessary to avoid facet damage, moderately good conversion efficiencies of 6% and 1% were obtained for 763 and 901 cm−1 Raman modes, respectively, as
inferred from Fig. 4共b兲.
In summary, a focused high repetition rate femtosecond
laser was used to form damage tracks in crystalline KGW,
yielding adjacent zones of compressive stress in which single
mode guiding was demonstrated in the telecom spectrum.
Micro-Raman spectroscopy showed that Raman responses
were preserved in the guiding regions. The waveguide modes
showed low polarization dependence, and coupled efficiently
to single-mode fiber, which is attractive for integration with
standard telecom devices. Raman gain was demonstrated
with a conversion efficiency of 6% for the 901 cm−1 Raman
line with 1620 nm, the first time Raman gain has been shown
in laser written waveguides.

response from measured changes in the Raman spectrum.
Wavelength shifts in the Raman mode will correspondingly
change the wavelength conversion properties of the device,
as well as indicate localized stress regions. Figures 2 and 3
show the intensity maps and spectral shifts of the two prominent Raman modes at 901 and 768 cm−1, respectively. For
the 901 cm−1 peak, the intensity of the Raman line in Fig.
2共a兲 is seen to increase by ⬃10% in the guiding regions of
the crystal located on either side of the central damage track.
In the center of the damage track, the Raman intensity drops
to less than 20% of the value of unmodified KGW, suggesting strong damage to the crystal lattice by the femtosecond
laser interaction, which is consistent with studies of
femtosecond-laser-induced damage in other crystals.9–12 The
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