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We report on the fabrication of optical lattice-like wave-
guide structures in an Nd:YAP laser crystal by using direct
femtosecond laser writing. With periodically arrayed laser-
induced tracks, the waveguiding cores can be located in
either the regions between the neighbored tracks or the
central zone surrounded by a number of tracks as outer
cladding. The polarization of the femtosecond laser pulses
for the inscription has been found to play a critical role in
the anisotropic guiding behaviors of the structures. The
confocal photoluminescence investigations reveal different
stress-induced modifications of the structures inscribed
by different polarization of the femtosecond laser beam,
which are considered to be responsible for the refractive
index changes of the structures. Under optical pump at
808 nm, efficient waveguide lasing at ∼1 μm wavelength
has been realized from the optical lattice-like structure,
which exhibits potential applications as novel miniature
light sources. © 2016 Optical Society of America
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Waveguide-based optical lattices receive considerable attention
for their applications in nonlinear optics and quantum photon-
ics [1–5]. Such lattice structures, usually in the form of wave-
guide arrays, can be fabricated by a few techniques in optical
materials. For example, by applying writing of optical spatial
solitons, 2D optical lattice with quadrangular geometry was
produced in a photorefractive crystal [6–8]. Recently, femtosec-
ond laser writing has become a powerful technique to produce
3D photonic devices due to its unique capability of 3D engi-
neering in micrometric or even nanometer scales, the excellent
advantages of negligible thermal-diffusion effect, and wide
applicability of optical materials [9–14]. As first demonstrated
by Davis et al. in 1996 in glasses [15], femtosecond laser

writing has been utilized for manufacturing guiding devices
in many transparent materials, such as dielectric crystals,
ceramic, and organic materials, to realize applications in diverse
disciplines [16–20]. The focused femtosecond laser pulses in-
duce extremely localized modification of permanent or stable
refractive-index changes through nonlinear processes [21]. In
glasses, femtosecond laser pulses usually induce positive
changes �Δn > 0� of the refractive index to form the waveguide
located inside the focal volume, while in crystalline media neg-
ative index changes �Δn < 0� are typically induced at the focal
region, but a positive index change can be produced in the sur-
roundings; such modifications can be used to fabricate efficient
waveguides by the dual-line strategy (waveguide between two
parallel laser damage lines) or by depressed cladding inscription
(undamaged core surrounded by a large number of damage
tracks) [20,22]. In both structures with negative index change
at the damage tracks, the performances of original properties of
the crystal are well preserved in the waveguide because the
waveguide core locates in a volume that is not modified by
the laser pulses. For instance, during the fabrication of wave-
guides in rare-earth ion-doped crystals, the waveguide keeps the
spectroscopic properties of the active ions, showing excellent
performances as waveguide lasers [17,23–25]. An alternative
waveguide fabrication technique in crystalline materials that is
based on hexagonal lattices of laser induced damage tracks has
been recently demonstrated. Such waveguides, implemented on
an Nd:YAG laser crystal, allowed efficient light-guiding and
beam tailoring, and is an excellent candidate for constructing
complex integrated laser circuits [26].

In an Nd:YAG crystal (isotropic), the inscribed optical lat-
tices, which behave as cladding waveguides, are only used for
confining the beam in the core [26]. However, in anisotropic
crystals, the function of guiding or confining of the optical lat-
tice can be realized with a variation of the inscription-laser
polarization. In this work, a typical birefringent laser crystal
Nd:YAP (neodymium-doped yttrium aluminum perovskite) is
chosen for investigating optical-lattice structures owing to its
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high thermal conductivity, excellent optomechanical coefficient,
and great stimulated emission cross section [27,28]. Benefiting
from the large natural birefringence of Nd:YAP, the gain co-
efficient and polarization of stimulated emission cross section
can be varied with the crystallographic orientation of the laser
crystal, which offers the possibility of optimizing particular
performance characteristics [29]. Previously, tunable dual-
wavelength lasers from depressed cladding waveguides have
been studied in b-cut Nd:YAP crystals by changing the pump
polarization corresponding to the variation of crystallographic
orientation of the laser crystal [30]. Similarly, when the polari-
zation of the irradiation femtosecond laser is changed to cor-
responding orthometric crystallographic orientation of the laser
crystal, it is possible to obtain not only a confining lattice but
also a guiding lattice. In addition, due to the synergy effect of
the physical nature of the materials and laser pulse parameters
for refractive index changes, many parameters that determine
the morphology, size, and type of the modification by the laser
pulse have been reported, such as pulse energy, pulse duration,
repetition rate of the laser pulse, scanning velocity, and focusing
condition [20]. However, the influence of polarization, which is
another crucial parameter for femtosecond laser fabricated
waveguides, has been scarcely reported [31]. In this Letter,
we report on the fabrication of the optical lattice-like waveguide
structures in Nd:YAP laser crystals by using different polariza-
tions of femtosecond lasers. The fluorescence and guiding
properties have been measured to reveal the waveguide nature
induced by femtosecond lasers. The continuous waveguide la-
ser at ∼1 μm is generated with an optical pump at 812 nm.

Figure 1 depicts the femtosecond laser inscription setup that
was utilized for the fabrication in an optically polished Nd:YAP
crystal with the dimension of 10�c� mm × 10�b� mm ×
2�a� mm. The laser source was an amplified Ti:sapphire femto-
second system (Spitfire, Spectra Physics) that delivers linearly
polarized pulses with a temporal duration of 120 fs, a central
wavelength of 795 nm, and a repetition-rate of 1 kHz. The
pulse energy (up to 1 mJ) was tuned by a calibrated neutral
density filter (NDF) placed after a set of half-wave plate and
linear-polarizing cube, which can be used to change the polari-
zation of the femtosecond laser. The beam is then focused
through one of the 10 mm × 10 mm sample surfaces by a 20 ×
microscope objective �NA � 0.40� with a pulse energy of
0.84 μJ. The sample, located at a 3D-motorized stage, is

scanned at a constant velocity of 0.5 mm/s along a b-axis
orientation, thus forming damage tracks with a transverse
length of 10 μm. Several parallel scans are performed at differ-
ent positions of the sample, following the desired hexagonal
geometry with a lateral separation of 10 μm between each
of two adjacent damage tracks. Under this condition, two op-
tical lattice-like waveguide structures are fabricated with exactly
the same parameters, except for the polarization direction of the
femtosecond laser, which is shown in Fig. 1 with the orthogonal
red arrows. Figures 2(a) and 2(b) depict the optical microscope
cross-sectional images of waveguide No. 1, with the polariza-
tion perpendicular to the scans, and waveguide No. 2, with the
polarization parallel to the scans, respectively.

The characterization of the waveguides is done in terms
of fluorescence and guidance. For the fluorescence analysis,
a 488-nm CW diode laser is used as excitation source, which
is focused by a 50 × microscope objective �NA � 0.55�. The
subsequent emission generated byNd3� ions is collected by the
same microscope objective and is spectrally analyzed by a high-
resolution spectrometer. The crystal is mounted on a 2D mo-
torized stage with a spatial resolution of 100 nm to acquire the
per-point emission spectrum, which is analyzed and fitted by
the software LabSpec. Finally, the different fluorescence proper-
ties of spectral position, width, and intensity of fluorescence
lines are processed by using the software WSMP [32]. For
the guiding performance of the different fabricated structures,
a typical end-coupling system is employed with a linearly po-
larized CW solid-state laser at a wavelength of 1064-nm. The
near-field modal distributions are imaged by an infrared CCD
camera, and the polarization guiding properties are character-
ized by a power meter with a change in the polarization of input
light. The propagation losses of the structures are estimated and
determined by directly measuring the input and output power
of the transmitted light.

The waveguide laser is excited in optical lattice-like wave-
guide structure No. 1. The pump source generated from a tun-
able CW Ti:sapphire laser (Coherent MBR PE) is a linearly
polarized beam with a waist radius of approximately 0.75 mm

Fig. 1. Schematic plot of optical lattice-like waveguide structure fab-
rication by femtosecond laser inscription. The orthogonal red arrows
represent the polarization direction of the femtosecond laser in the
waveguides.

Fig. 2. Microscope cross-sectional images of the photonic lattice-
like cladding waveguides (a) No. 1 and (b) No. 2. The red dotted rec-
tangles display the regions for the confocal micro-photoluminescence
measurements. The spatial distributions of (c) emitted intensity,
(d) spectral shift, and (e) linewidth obtained from the end face of
the photonic lattice-like cladding waveguide No. 1. (f ), (g), and (h) cor-
respond to waveguide No. 2, respectively. The scale bars in the bottom
right of all images are 20 μm.
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at 812 nm. A spherical convex lens with a focal length of
25 mm is used to couple the pump light into the waveguide
with an efficiency of 0.81. A pair of dielectric-coupled mirrors
is employed to construct the Fabry–Perot lasing resonant cavity
by a set of mechanical fixtures. Under this condition, an input
mirror with high transmission �∼98%� at 0.81 μm and high
reflectivity �∼99%� at 1.07 μm is adhered to the polished input
facet, while an output one with reflectivity of 99% at 0.81 μm
and 80% at 1.07 μm is closely attached with the polished out-
put facet. The generated laser is collected by a 20 × microscope
objective lens �NA � 0.4� from the output facet of structure.

Figures 2(c)–2(e) and 2(f )–2(h) demonstrate the fluores-
cence images (corresponding to spatial distribution of emitted
intensity, spectral shift, and linewidth) of the 4F3∕2 → 4I9∕2
emission line at ∼893 nm, as obtained from the scanning area
(indicated by the dashed lines with rectangular geometry) cross-
ing the core of structures which contain the detailed properties
of both tracks and core regions, schematically depicted in
Figs. 2(a) and 2(b). The fluorescence images are measured in
order to get a complete knowledge of the micromodification
changes induced by ultrafast irradiation. It can be found that
the microstructural lattices change slightly in both structures.
Intensity maps reveal that damage creation (denoted by local
reductions in the luminescence intensity) is more relevant in
waveguide No. 2 than in No. 1. This fact, together with the
lower disorder revealed by the low contrast in the width-based
image, suggest that fabrication parameters lead to a larger
damage in waveguide No. 2 than in No. 1. On one hand,
the luminescence images based on spectral shifts reveal a more
localized and defined elastically modified areas in waveguide
No. 1 than in No. 2. All these maps suggest that fabrication
parameters used in waveguide No. 1 created a better defined
strain pattern with a reduced damage level. In these conditions,
it can be concluded that waveguide No. 2 is constituted by an
unaffected core surrounded by a pseudocontinuous damage
(low refractive index) core. On the other hand, waveguide
No. 1 is constituted by a well-defined compressed/dilated 2D
lattice so that waveguiding is expected in this area rather than
at the central (core) volume. Note at this point that intensity
reduction is here unequivocally related to the existence of local
damage as other effects (such as Nd3� ion migration) can be
ignored for the repetition rates used in this work that lead to
negligible heat accumulation. This is, indeed, what was observed
in the beam propagation experiments, as is explained next.

Figures 3(a) and 3(b) demonstrate the measured near-field
modal profiles at 1064 nm in optical lattice-like waveguide
structure No. 1 with TM and TE polarization, respectively.
As can be seen, the waveguide No. 1 with the fs-laser polari-
zation perpendicular to the scans is located in the region be-
tween two tracks instead of that inside the tracks. For
structure No. 2, at the wavelength of 1064 nm, the mode dis-
tributions at TM and TE direction are shown in Figs. 3(c) and
3(d), respectively. Different from structure No. 1, the wave-
guiding region is in the unmodified core surrounded by a hex-
agonally arrayed track lattice. It should be mentioned that
guiding properties are all in good agreement with fluorescence
analysis. In addition, both waveguides support well-confined
modes along both TM and TE polarization. In order to achieve
thorough information on the polarization effect on transmis-
sion, the all-angle light guidance along the transverse plane
is measured at 1064 nm, and results are shown in Fig. 4.

With the identical input power of 135 mW, the performances
of both structures are clearly different. For waveguide No. 1,
the transmitted power is almost the same for any polarization of
input light, which is better than the reported simple dual-line
waveguides fabricated in other crystals (e.g., Nd:YAG and Nd:
GGG) only supporting the TM-guided modes [18]. For
waveguide No. 2, the transmitted power changes by rotating
the polarization of the input laser. The maximum transmitted
power appears at θ � 90° (i.e., TM polarization), while the
minimum one occurs at θ � 0° (i.e., TE polarization), which
indicates the anisotropy effect induced by the femtosecond laser
irradiation. Eventually, as one of the essential factors for wave-
guide transmission, the propagation attenuations of optical lat-
tice-like waveguide structures No. 1 and No. 2 are measured,
respectively. It is determined to be ∼0.60 dB and ∼0.52 dB in
structure No. 1 at TM and TE polarization, which shows ex-
cellent guiding properties at two orthogonal polarizations,
while the obtained losses for structure No. 2 are ∼3.23 dB
and ∼7.84 dB along TM and TE polarization, respectively.

The excellent performance of waveguide No. 1 suggests its
potential application for fabrication of compact photonic devi-
ces. In this Letter, the direct-pump waveguide laser, which can
be applied to on-demand miniature light sources, has been real-
ized. Figure 5 displays the measured laser power as a function of
launched power at 808 nm pump laser in optical lattice-like

Fig. 3. Measured near-field modal profiles along both (a) TM and
(b) TE polarizations at 1064 nm in structures No. 1. (c) and (d)
correspond to No. 2, respectively.

Fig. 4. Transmitted power of waveguide No. 1 (blue circle) and
No. 2 (red curve) as a function of all-angle light transmission with
the same launched pump power (black circle) at 1064 nm.
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waveguide structure No. 1. The lasing oscillation begins with
the launched power, which exceeds the threshold of 384.5 mW.
As the pump power increases linearly to the maximum of
727.7 mW, the output power reaches the maximum value
of 101.3 mW, with a slope efficiency of 30.9%. The excited
laser spectra are shown in Fig. 6, which correspond to the main
emission line of Nd3� ion 4F3∕2 → 4I11∕2 transition. With a
slight change of the incidence point, the spectrum is either
at single wavelength of 1079 nm [i.e., Fig. 6(a)] or at the
simultaneous dual-wavelength of 1072 and 1079 nm [i.e.,
Fig. 6(b)], a result that was previously reported in [30]. In
addition, the similar laser performance but with higher thresh-
olds has been found in bulk. This demonstrates that the laser
properties have been well preserved in the waveguides with the
advantages of lower lasing thresholds.

In conclusion, optical lattice-like waveguide structures have
been successfully fabricated by direct femtosecond laser writing.
The effect of the polarization of irradiation femtosecond laser
on the fabricated structures has been studied in terms of
microstructure analysis and guiding behavior. Microstructure
changes are shown in the fluorescence images, revealing that
different waveguide types are formed with different polari-
zations of the irradiation femtosecond laser. In addition, the

application of structure No. 1 has been realized for direct-pump
waveguide laser at dual-wavelengths of 1072 and 1079 nm.
The maximum output power through optical lattice-like wave-
guide structure No. 1 is 101.3 mW with a slope efficiency of
30.9%, under the optical pump at 812 nm.
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Fig. 5. Output power as a function of launched pump power in
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Fig. 6. Spectra of laser emissions (a) at single wavelength of
1079 nm and (b) at the simultaneous dual-wavelength of 1072
and 1079 nm in optical lattice-like waveguide structure No. 1.
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