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a b s t r a c t

We demonstrate a new design of waveguiding microstructure, which contains both cladding and inner
dual-line configurations, in Nd:YAG laser crystals inscribed by femtosecond laser processing. Based on
this prototype, a few ‘‘cladding + dual-line’’ hybrid structures with different parameters have been suc-
cessfully manufactured in Nd:YAG. The waveguide lasing at 1.06 lm has been realized in the hybrid
structures under 808-nm optical pump. Compared to the single dual-line waveguides, the dual-line core
in hybrid configuration benefits from the large-area pump from the external cladding, reaching an
enhancement of 26% on the maximum output power and of 24% on the slope efficiency of the waveguide
lasing. In addition, the symmetric stress field of external cladding structure produces anisotropic stress
field in the inner cores, supporting guidance along both TE and TM polarizations, thus differing signifi-
cantly from the single dual-line waveguides.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The femtosecond (fs) laser inscription (FLI) has become a pow-
erful technique to produce micro and submicrometric structures in
transparent dielectric materials [1,2]. In crystalline materials, the fs
laser pulses create either positive or negative refractive index
changes through modification of diverse parameters, such as lat-
tice distortion, stress effects, or volume expansion [3–6]. During
the processing, the energy of the fs pulses is deposited in the sub-
strates by the avalanche ionization and nonlinear absorption pro-
cess, such as two-photon or multiphoton absorption without a
fast heat transfer [7,8]. FLI has rapidly become a widespread
method to produce waveguiding microstructures in various optical
materials since the pioneering work of Davis et al. [9] in 1996. As of
yet, waveguide lasers with enhanced efficiencies and reduced las-
ing thresholds have been achieved in the FLI-produced waveguides
[10,11].

In the cubic Nd:YAG crystals, FLI usually causes negative refrac-
tive index changes in the fs-laser-induced tracks, and the wave-
guiding core is located in the vicinity of the damage lines. The
well-known FLI-manufactured dual-line waveguides (usually
called Type II configuration, containing two parallel lines) have
been extensively investigated by a few groups, and efficient lasing
has been realized in the dual-line platforms [12–17]. However, the
dual-line waveguides only guide TM-polarized light, possibly due
to the stress field modifications along the vertical dimension at
transverse cross section, which may limit the polarization-free
applications. Recently, depressed cladding waveguides (so-called
Type III) containing a number of damage tracks with reduced indi-
ces [18–21] support guidance in the track-surrounded cores along
any transverse polarization. In addition, benefiting from the large
scale of the diameters of the cladding structures, a more efficient
pump and a flexible integration of optical fibers may be achieved
[22–28]. Nevertheless, the shortcoming of the cladding wave-
guides is the relatively poor guided modes (mostly highly multi-
ple-mode for large scale cladding structures).

In this work, we propose a new design, which contains an outer
cladding and an inner dual-line structure, for FLI processed Nd:YAG
crystals. This ‘‘cladding + dual-line’’ structure has similar feature
with our former ‘‘double-cladding’’ configuration [26], which both
resemble to the configuration of the well-known double-clad fibers
and benefit from large-cross-section pump of outer cladding) [29].
The confocal micro-photoluminescence spectroscopy was utilized
to investigate the details of the FLI modification in the ‘‘clad-
ding + dual-line’’ structures. Waveguiding lasers with enhanced
performances at both TE and TM polarizations at 1.06 lm in the
inner dual-line cores in the hybrid structures were further realized.
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2. Experiments in details

The Nd:YAG crystal (doped by 1 at.% Nd3+ ions) used in this work
was optically polished and cut into a sample of dimensions
8 mm � 10 mm � 2 mm. The ‘‘cladding + dual-line’’ hybrid struc-
tures were produced at the laser facility of Universidad de Salaman-
ca, Spain. The cross section of the resulting structures (labeled by
W1–W6) in the Nd:YAG crystal can be seen in Fig. 1(a)–(f). During
the micromachining process, an amplified Ti:Sapphire laser system
was used to generate linearly-polarized 120 fs pulses at a central
wavelength of 800 nm (with 1 kHz repetition rate). The pulse
energy used to micro-process the sample was set with a calibrated
neutral density filter, a half-wave plate and a linear polarizer. The
sample was placed in a computer controlled motorized 3-axes
stage. The beam was focused through the largest sample surface
(8 mm � 10 mm) at a depth of 150 lm through a microscope objec-
tive (Leica 40�, N.A. = 0.65) with a pulse energy of 2.52 lJ. During
the irradiation, the sample was moved at a constant speed of
500 lm/s in the direction perpendicular to both the fs-laser propa-
gation as the polarization direction to fabricate depressed cladding
waveguides, and at a constant speed of 50 lm/s to construct dual-
line waveguides. Meanwhile, the pulse propagation was carefully
aligned with the 10-mm long edge of the sample, thus producing
a damage track along the sample. Many parallel scans (with
�3 lm separation between adjacent damage tracks) were per-
formed at different depths of the sample (from bottom to top in
order to avoid the shielding of the incident pulses by the previously
written damage tracks) to inscribe hybrid waveguides, which con-
sist of larger-size cladding structures, 100 lm and 150 lm in diam-
eter, and dual-line structures at the center of the claddings with a
separation between lines of 15 lm and 20 lm, respectively. For
the sake of comparison, single dual-line waveguides with the same
dimension were manufactured in the same sample.

The homemade confocal microscope used for the micro-fluores-
cence investigation of the waveguides is quite similar to that
(Olympus BX-41 fiber-coupled confocal microscope) used for the
experimental setup depicted in a previous work [18]. The 488-nm
continuous wave (cw) diode laser, as the optical excitation source,
was focused in the sample by a 50� microscope objective
(N.A. � 0.55), thus yielding a spot with a diameter of approximately
Fig. 1. Optical images of the dual-line waveguides (W1 and W2) with separation of 15 l
as labeled in (c)–(f).
0.53 lm. The subsequent emission of Nd3+ ions was collected by the
same microscope objective and, after passing through filters, lenses
and pinholes, was analyzed by a high resolution spectrometer. The
software LabSpec� and WSxM� [30] were used to analyze and fit
the spectra and process the fluorescence images in terms of the
spectral intensity, energy shift and width of the fluorescence lines.

End-pumped arrangement was used to perform the properties
of the cw waveguide laser. A polarized light pump beam at
808 nm generated by a tunable cw Ti:Sapphire laser (Coherent
MBR 110) was focused on the sample face through a spherical con-
vex lens (20�). The spot radius at the input facet was about 35 lm.
To achieve the Fabry–Perot cavity for laser emission in the wave-
guides, the sample input facet was coated with a thin film with
high reflectivity at 1.06 lm and high transmission at 808 nm.

3. Results and discussion

The fs-laser inscription obviously modified the micro-structural
and fluorescence properties in the filaments (fs laser focus) which
correspond to the ‘‘cladding + dual-line’’ configuration as clearly
illustrated in the fluorescence images included in Fig. 2.
Fig. 2(a)–(c) shows the 2D spatial distributions of intensity,
induced energy shift, and FWHM of the 4F3/2 ? 4I9/2 inter-Stark
level emission line of Nd3+ ions around 940 nm (this line has been
found to be hyper-sensitive to slight changes in the Nd3+ environ-
ment, such as strain, volume changes and disorder) [3,7,18,25,31].
The 3D figures shown in Fig. 2(d)–(f) are represented in order to
reveal more clearly the extent of the change indicated in the 2D
graphs. As can be seen, the fluorescence intensity image unequiv-
ocally reveals the creation of defects at the waveguide contour (i.e.,
partially damaged areas) as a result of the localized optical break-
down. This map indicates a good preservation of fluorescence effi-
ciency in the waveguide region with no defects in that area. A
strong change in the luminescence at the fs-laser inscription tracks
is revealed by the induced spectral shift displayed in Fig. 2(b). A
strong luminescence shift towards lower energies (red-shift) has
been produced at the waveguide contour that is attributed to the
local disorder induced in the Nd:YAG matrix as a consequence of
the fs-laser induced optical damage. This is consistent with the
fluorescence images of double-cladding waveguides (Type III) in
m (a) and 20 lm (b), and ‘‘cladding + dual-line’’ waveguides (W3–W6) with the size



Fig. 2. 2D spatial dependence of the intensity (a), energy (b) and FWHM (c) corresponding to the 4F3/2 ?
4I9/2 inter-Stark level emission line of Nd3+ in the waveguide region.

The corresponding 3D images of the spatial distribution are (d), (e) and (f).
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Nd:YAG crystal [26]. Finally, the fluorescence image obtained in
terms of the spectral width (FWHM) denotes a large broadening
of the fluorescence lines at the waveguide profile. This could be
attributed to the local disorder of the crystal matrix due to the
optical breakdown induced by the focused laser. This is, indeed,
in good accordance with the reduction in the signal collected by
our system due to the damage or the fluorescence quenching or
observed at the waveguide contour. These results suggest that
structural modification mechanisms have been induced exactly
at the filaments, while the fluorescence properties of Nd3+ ions is
well preserved in the waveguide region.

During the fs-laser inscription process, the refractive index
change at the waveguide region was caused by the induced stress
and the lattice damage. The change of the refractive index in the
cross section of the waveguide was measured. The distribution of
Dnvol corresponding to the contribution of the unit cell volume var-
iation to the refractive-index change, and Dndam corresponding to
the contribution of local damage at the filaments are shown in
Fig. 3(a) and (b). The refractive-index change maps were obtained
through the residual strain field based on the early work on the
fluorescence images, especially the spectral shift and the pressure
map [3]. Under the hydrostatic pressure assumption, we calculate
Dnvol through the relative change in the unit cell volume DV/V as
Fig. 3. Distribution of the refractive-index change in the ‘‘cladding + dual-l
is explained in detail in a previous work [3]. As observed in
Fig. 3(a), the residual stress induced by the fs-laser inscription
tracks leads to both an increment of refractive index of the order
of 6 � 10�3, and a weak refractive-index reduction of the order
of �1.7 � 10�3. As it was established in the previous works
[3,28,32], local lattice damage can lead to a more obvious reduction
in the refractive index compared to that produced by the stress
field. Fig. 3(b) shows that the reduction of refractive index is as high
as 7.9 � 10�2 exactly along the damage filaments in the crystalline
network. This order of magnitude is in good agreement with that
obtained in a previous work [27]. From these figures, it can be seen
that an evident refractive-index change is generated at the wave-
guide contour as the Nd:YAG network is compressed, disordered
and damaged. The map of Dnvol, indicating the stress field of the
waveguide structure, reveals that a stress field with a relatively
cylindrical symmetry was achieved with the external cladding,
whereas the induced stress in the dual-line waveguide is highly
anisotropic as reported before [3].

Fig. 4 shows the laser emission spectrum (laser intensity vs.
wavelength curves) of the laser beams, which was analyzed by a
spectrometer with a resolution of 0.2 nm. The peak position
remains at 1063 nm and the FWHM is about 0.6 nm The inset
graphs displays the generated single mode of the laser at TM
ine’’ waveguide area caused by (a) induced-stress, (b) lattice damage.



Fig. 4. Spectrum of the laser oscillation with the peak position stays at 1063 nm
and a FWHM of 0.6 nm. The inset graphs are the modal profiles of the laser obtained
in W1 and W2 at TM polarization.

Fig. 6. The cw waveguide laser output power as a function of the launched power
obtained (a) in W1, W4 and W6 with the separation of the dual-line filaments being
15 lm, and (b) in W2, W3 and W5 with the separation of the dual-line waveguides
being 20 lm. The solid lines represent the linear fit of the experimental data.
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polarization in the dual-line waveguides (W1 and W2). Fig. 5(a)–
(h) represent the modal profiles of the waveguide laser beams from
the ‘‘cladding + dual-line’’ waveguides (W3-W6) at TM and TE
polarization. The central section of the laser modes are correspond-
ing to the distribution of the laser oscillation generated in the dual-
line waveguides which certificated the good laser transmission
properties at TE and TM polarizations.

In the previous work [13,14], only waveguide lasers oscillated
at TM polarization were achieved in single dual-line waveguide
in the cubic crystal. This is the first time that dual-line waveguides
are reported to support laser oscillation at TE polarization with the
modification of outer cladding structure. Laser modes differ com-
pletely from the oval modes collected in W1 and W2. The external
depressed cladding structure makes a valuable contribution, mod-
ifying the induced stress field in the dual-line waveguide region,
which is highly anisotropic as a consequence of the non-isotropic
configuration. The fabricated outer cladding represents another
stress source, whose symmetry is indeed cylindrical, making the
stress field more isotropic as shown in Fig. 3(a), which is quite dif-
ferent from the measured-stress map in prior work [33]. Compared
with the stressed field along TM polarization, the similar distribu-
tion of induced stressed field along TE polarization enables the
Fig. 5. Laser modal profiles achieved in the waveguides W3 (a, b), W4 (c, d), W5 (e,
temperature.
dual-line waveguides to support the laser oscillation generation
at both polarizations.

In order to compare the laser performance of dual-line
waveguides in the present ‘‘cladding + dual-line’’ structures with
that from a ‘‘dual-line’’ only waveguide, we utilized a rectangular
aperture to filter the laser signals from the out-cladding regions
to ensure the measured powers only from the inner dual-line
cores. Fig. 6(a) and (b) display the output power of the laser at
1063 nm generated from the fs-laser inscribed dual-line wave-
guides with separations of 20 lm and 15 lm, surrounded by exter-
nal depressed claddings with diameters of 150 lm and 100 lm,
respectively is represented as a function of the pump power at
808 nm. From the calculation of the experimental data with con-
sidering the transmittance and reflectivity of the optical elements
f) and W6 (g, h) at TM and TE polarization under 808 nm optical pump at room
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(e.g., microscope objective lenses), we have determined that the
maximum output power for the laser oscillation at TM polariza-
tion, generated in the dual-line waveguide in W2 (Pmax) was about
117 mW, while the achieved slope efficiency (U20,TM) is 12.2%. By
contrast, laser (at 1063 nm) with a much more excellent perfor-
mance was achieved in the dual-line waveguide in W3. Pmax is
about 0.15 W and U150+20,TM is 15.1%, which are 26.5% and 23.8%
higher than those extracted from W2. In addition, the laser thresh-
old (Pth) is about 102 mW, which is 33% lower than the Pth of W2
(168 mW). For W5 and W6, the maximum output power for the
laser emission at TM mode are 119 mW and 104 mW, while the
Pmax of laser generated in W1 is about 61 mW. Meanwhile,
U150+15,TM and U100+15,TM are 12.9% and 12%, about 90% higher than
U15,TM (� 6.6%). More importantly, laser oscillations at TE polariza-
tion were first obtained in dual-line waveguides with external
cladding structures, and the maximum output power achieved is
53 mW with a slope efficiency of 6.6%.

4. Conclusion

In conclusion, we have demonstrated a new photonic structure
design, consisting of a tubular structure with circular cross sections
of different diameters and dual-line waveguides with different sep-
arations in the center of the cladding waveguides. These structures
have been fabricated in Nd:YAG crystals by femtosecond laser
micro-processing. Waveguide lasers displaying a great perfor-
mance have been realized in the ‘‘cladding + dual-line’’ structures
under 808-nm optical pump. Compared to the non-isotropic stress
field in the dual-line waveguides, the new design ‘‘cladding + dual-
line’’ configuration modified the stress field between the dual-line
filaments, making it more isotropic. Meanwhile, waveguide lasers
polarized at TM and TE orientations were achieved in the dual-line
waveguides in the new configuration, which was different from the
single dual-line waveguides that only supported waveguide lasers
at TM polarization. CW waveguide lasers at TM polarization with
higher output power (�0.15 W), higher slope efficiency (15.1%)
and TE polarization (output power of 53 mW and slope efficiency
of 6.6%) were obtained when the launched power was above the
oscillation threshold.
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