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Depressed cladding waveguides are fabricated in Pr:LiYF4 (YLF) crystal by femtosecond laser inscription following a helical
scheme. With the optimized parameters, the propagation loss of the waveguide is around 0.12 dB/cm for multimode
guiding. Under optical pumping with InGaN laser diodes at 444 nm, efficient waveguide lasers in the orange around
604 nm (π-polarized) are achieved with minimum lasing threshold of 119.8 mW, maximum slope efficiency of 16.6%, and
maximum output power of 120.6 mW. Benefiting from their optimized performances, the waveguides produced in this work
are promising for applications as compact orange laser sources.
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1. Introduction

During the past decades, the research in the field of femtosecond
(fs) laser inscription (FLI) has been rapidly expanded, manifest-
ing FLI to be a powerful approach for micro- and nano-
fabrications in transparent materials[1–4]. Nowadays, the field
is still attracting increasingly significant attention. One of the
most interesting phenomena induced by the fs laser in crystal-
line materials is the local refractive index (RI) change, making it
possible to fabricate highly compact waveguide structures in
these materials[5]. As of yet, three classifications are widely
accepted for channeled waveguides[6]. For Type I waveguides,
positive RI changes are induced by FLI, and the guiding zone
is located inside the fs-laser-induced tracks. Type II waveguides
are generally characterized by two parallel tracks with negative
RI changes inscribed by FLI. In the area between the two tracks,
a relatively high index is formed due to the stress-induced
effects, forming the guiding area. A Type III waveguide typically
consists of an unmodified core surrounded by a number of
fs-laser-induced tracks. These low-index tracks construct a so-
called depressed cladding, which allows the light confinement
inside. Ever since the pioneering report on Type III waveguides
by Okhrimchuk et al. in 2005[7], lots of efforts have been made
on exploring such structures with various geometries on a large
amount of materials since it possesses unique 2D-guiding

capabilities and provides an unmodified guiding zone in which
the properties of the substrate are well preserved. Generally, a
typical cladding waveguide is fabricated by multiple writing of
a number of parallel tracks around a defined contour with cir-
cular, rectangular, hexagonal, trapezoidal, or rhombic shapes
(referred to as discrete inscription approach)[8–11]. The cladding
configuration can be achieved by applying the helical inscription
scheme, i.e., the material is translated along a helical trajectory
during the FLI process. Under this condition, the cladding is
formed within a single helical inscription process and delivers
a continuous and smooth aspect of the cross sections. Up till
now, researchers have used this technique to fabricate wave-
guides in a few optical materials including Cr:ZnS ceramics
and Nd:Y3Al5O12 (Nd:YAG) polycrystals, revealing that helical
inscription enables waveguides with low propagation losses
compared with structures realized by classical discrete inscrip-
tion approach[12,13].
Benefiting from their small-footprint geometry, waveguide

structures open up exciting possibilities for the realization of
miniaturized optical devices and highly compact photonic cir-
cuits with hybrid functionalities[14–16]. Waveguide lasers, as
examples, can be realized by combining laser gain materials with
guiding structures. Such miniaturized light sources have consid-
erable advantages in terms of enhanced optical gain, and, thus,
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low threshold power requirements, guided spatial-mode control,
immunity to external environmental conditions, and compati-
bility with diode pumping schemes[17–19]. To date, waveguide
lasers have started playing a central part in a broad range
of applications covering optical communications, quantum
memories, optical sensors, and so on[18].
Trivalent praseodymium (Pr3�)-dopedmaterials exhibit vari-

ous emission lines throughout the visible spectral range from
blue around 480 nm to deep-red around 720 nm[19], among
which the orange lasers around 600 nm have generated signifi-
cant interest not only due to their cross-disciplinary applications
ranging from astronomy to biomedicine but also due to the lack
of laser sources working at this wavelength range. The most
established host material for Pr3� ions is LiYF4 (YLF). Based
on the bulk Pr:YLF, orange laser emissions pumped by a blue
semiconductor laser diode (LD) have been demonstrated[20–23].
In spite of this fact, there are only a few research works related to
waveguide structures in Pr:YLF up to now. Planar waveguides
based on Pr:YLF grown by liquid phase epitaxy are fabricated
by Bolaños et al., and waveguide lasers in green, blue, and red
are realized[24]. By using the fs-laser discrete inscription scheme,
Liu et al. andMüller et al. reported on the fabrication of cladding
waveguides in Pr:YLF with circular and rhombic geometries,
respectively, and waveguide lasers in the orange band at about
604 nm and in the red at about 720 nm are realized[11,25].
It is known that one of the most critical issues with regard to

designing and realizing efficient waveguide lasers is to reduce as
much as possible the level of propagation loss in the wave-
guide[26,27]. With this aim, we present suitable waveguides fab-
ricated by helical inscriptions of the fs laser in Pr:YLF crystals.
Investigations on the propagation performances and micro-
photoluminescence (μ-PL) spectroscopy properties are carried
out. Also, a diode-pumped Pr:YLF laser emitting at 604 nm is
realized. Compared with the previously reported Pr:YLF wave-
guides fabricated by FLI, the structures in this work exhibit
improved performances with much lower propagation losses
and thus enhanced laser efficiencies.

2. Experiments

The a-cut Pr:YLF crystal [doped with 0.5% (atomic frac-
tion) Pr3� ions] used in this work is cut to dimensions of
2 mm (a) × 8 mm (c) × 10.4 mm (a) and then optically polished.
The experimental set-up used for cladding waveguide fabrica-
tion is schematically drawn in Fig. 1. A Ti:sapphire regenerative
amplifier (Spitfire, Spectra Physics) that operates at 1 kHz rep-
etition rate is employed as the laser source. It delivers pulses of
75 fs duration, 800 nm central wavelength, and maximum pulse
energy of 6 mJ. A half-wave plate that is mounted on a computer
controlled rotational stage and a Glan laser polarizer is com-
bined to precisely control the amount of the laser average power
delivered to the sample. The polarization of the laser beam is
rendered linear with a half-wave plate. The beam size is around
10 mm (at 1=e2) and a 20× (NA = 0.5) microscope objective is
applied for focusing the beam into the substrate.

Using a computer controlled XYZ translation stage with sub-
micron spatial resolution, the Pr:YLF crystal is translated
perpendicular to the fs-laser beam along the x axis of the stage
while moving circularly in the yz plane, following the designed
helical trajectory, as shown in Fig. 1(b). The fabricated structures
are therefore oriented along the a axis of the crystal, which
allows light propagating in the plane perpendicular to the c crys-
tallographic direction for both σ (E//a) and π (E//c) polariza-
tions. The average laser powers deposited on the sample
change from 0.15 mW to 0.75 mW in steps of 0.15 mW, corre-
sponding to pulse energies ranging from 150 nJ to 750 nJ with a
step of 150 nJ. The velocities (in the vertical yz plane) are
designed to be 50 μm/s, 100 μm/s, and 300 μm/s, corresponding
to rotation velocities around 1 rad/s, 2 rad/s, and 6 rad/s, respec-
tively. Meanwhile, a minor movement of 3 μm for each cycle in
the horizontal x direction is chosen, i.e., the pitch of the helix is
set to be 3 μm. Under these conditions, 15 structures are
inscribed with the central depth of 200 μm under the surface
[Fig. 1(c)]. The designed diameter of the structures is 100 μm
(Supplementary Material). After laser inscription, the crystal
is polished on the sides to 10 mm to reveal the waveguides. It
should be pointed out that for waveguides with the rotation
velocities of 1 rad/s, 2 rad/s, and 6 rad/s, the fabrication times
are around 5.8 h, 2.9 h, and 1 h, respectively, which can be sig-
nificantly reduced by increasing the pitch length while keeping
the good properties of the waveguides (Fig. S1, Supplementary
Material).
The guiding behaviors of these cladding structures including

supported spatial propagation modes and propagation losses
together with their polarization dependence at visible wave-
lengths are experimentally characterized with a typical end-face
coupling arrangement. For this purpose, a linearly polarized
He–Ne laser is used as a laser source since its operated wave-
length of 632.8 nm is approximate to the laser emission line
of Pr:YLF, enabling us to know the performances of the fabri-
cated waveguides at the lasing wavelength. The laser is focused
and coupled into the waveguides with a lens ( f = 40mm)
after passing through a half-wave plate, which is employed to
investigate the wave-guiding behaviors in both σ and π polariza-
tions. The lens gives a focal spot with a diameter of around
20 μm. The output light is directed through a 20× microscope

Fig. 1. (a) Schematic illustration of the XYZ translation stage for waveguide
fabrication using fs-laser helical inscription. (b) Schematic of fabrication
process of waveguides. (c) Microscopic photographs of waveguide cross sec-
tions. The fabrication parameters are shown in (c).
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objective and then imaged onto a CCD camera to collect the
propagating modes. The propagation losses of the waveguides
under 632.8 nm are investigated (Supplementary Material).
Additionally, in order to further investigate the guiding ability
of the fabricated structures at longer wavelength, an LD at
1064 nm is also applied as the laser source, and, likewise, the
out-coupled modal profiles from the waveguides are acquired.
Micro-structural lattice changes induced by fs laser are inves-

tigated by monitoring the confocal μ-PL spectra of the Pr3� ions
with a fiber-coupled confocal microscope (WITec alpha300 R).
A 0.5 mW continuous-wave (cw) radiation from a high-perfor-
mance single frequency diode pumped laser at 488 nm is focused
to a diffraction-limited spot size via a 100×microscope objective
lens with NA = 0.9. Scattered luminescence emission is then
back-collected with the same microscope objective and, after
passing through a series of filters and a confocal pinhole, ana-
lyzed by a 300 mm focal length spectrometer (UHTS 300) with
a 150 grooves/mm grating. The signals are eventually detected
using a CCD thermoelectrically cooled to −60°C. An XYZ
motorized sample stage with a spatial resolution of 300 nm is
used so that the excitation spot could scan continuously to
obtain 2D mappings of Pr3� spectral properties including emit-
ted intensity, peak position, and bandwidth.
For waveguide laser generation, a commercially available

fiber-coupled InGaN-LD operating at 444 nm is used in this
work as a pump source. After being collimated, the pump beam
is adjusted with a linear polarizer to pump the waveguides in the
π polarization. An aspheric lens is applied to couple the pump-
ing laser into the waveguide. Two dielectric plane mirrors are
end-butted to the waveguide facets to form a typical Fabry–
Perot cavity. For orange laser oscillation, the input mirror is
designed to have a high transmission (>93%) at the 444 nm
pump wavelength and a high reflectivity (>99%) at the orange
laser wavelength. The output coupler has a transmission of
about 9% at the considered orange laser wavelength and a more
than 88% transmission at green and red spectral regions for sup-
pressing these high-gain emissions. Under this configuration,
the laser cavity is highly compact with a physical length of
10 mm, equal to that of the waveguides. The output signal from
the waveguide, which is a mixing of residual transmitted pump

light and the laser emission, is collimated with a microscope
objective and then separated with a filter. Eventually, the
waveguide laser emitting in the orange band is detected to evalu-
ate the performance of such an integrated laser device. The
experimental setup is schematically shown in Fig. S2 in
Supplementary Material.
Additionally, a waveguide is fabricated with classical discrete

inscription, and its performances are investigated and compared
with the one fabricated with the helical inscription (Fig. S3,
Supplementary Material).

3. Results and Discussion

Figure 1(c) presents the cross-sectional images of the produced
structures, which are referred to as WG1–WG15 in the follow-
ing. These structures show elliptical geometries with major and
minor axes of 150 μm and 100 μm, respectively. Such an exten-
sion along the vertical direction is ascribed to the refraction of
the laser beam on the sample air surface. These structures are
deeply embedded inside the sample without any evident damage
either in the core areas or in the bulk outside the claddings, high-
lighting the unique capability of FLI for internal micro-fabrica-
tion. For structures fabricated with low pulse energy of 150 nJ,
i.e., WG1, WG6, and WG11, weak modifications are produced
on the fs-laser-induced tracks regardless of the used scanning
velocity. In contrast, distinct guiding boundaries are formed
regarding the structures fabricated with relatively high laser
energy, and dark core regions are observed, which can be attrib-
uted to the confinement of illumination light, indicating pre-
liminarily their capability for light field restriction.
Polarization analyses of the waveguides are performed by

measuring all-angle output power by using an end-coupling sys-
tem. As pictured in Fig. 2(a), the waveguide is found with sup-
port guidance under arbitrary polarizations, and the maximum
output powers are observed at 0° and 180° (corresponding to π
polarization), while the minimum values are obtained at 90° and
270° (corresponding to σ polarization). Such anisotropic behav-
iors indicate slight polarization sensitivity of the waveguides,
which is mainly due to the anisotropy of the Pr:YLF crystal along

Fig. 2. (a) Polarization analysis of the transmitted power for the helically inscribed cladding waveguide WG2. (b) Measured propagation losses of the waveguides
at 632.8 nm under both π and σ polarizations. The fragments of waveguide claddings from (c) WG2, (d) WG3, (e) WG4, and (f) WG5.
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the a and c axes and also the asymmetric geometry of the struc-
tures. Results are similar for all cladding waveguides.
The loss dependence of the waveguides on the fabrication

parameters and polarizations is further determined by assuming
a coupling efficiency of 100% between the injected light and the
waveguide. The results, as shown in Fig. 2(b), reveal that
in general reduced propagation losses are obtained under π
polarization. Meanwhile, one can also note that the waveguides
fabricated with 150 nJ pulse energy exhibit relatively high propa-
gation losses, >0.5 dB=cm, due to the aforementioned weak RI
modifications in the fs-laser-irradiated claddings. The propaga-
tion losses decrease dramatically with the irradiated pulse energy
increase to 300 nJ, and the structures produced with 50 μm/s
scan speed have the lowest loss compared with the others since
decreased scan speed is frequently beneficial to increasing the
micro-modifications in the laser-induced cladding regions, lead-
ing to high index contrast between the guiding core and its
boundary and further enhancing light confinement of the wave-
guides. Under fixed scan speed of 50 μm/s, further increment of
pulse energy results in slight rising of waveguide losses. The fun-
daments responsible for such a phenomenon can be obtained
with detailed investigation of the fs-laser modification behaviors
under diverse irradiated pulse energies. Figures 2(c)–2(f) show
the fragments of waveguide claddings inscribed with pulse
energy increasing from 300 nJ to 750 nJ at a scan speed of
50 μm/s (i.e., WG2–WG5). In contrast to the smooth modifica-
tion of WG2, higher pulse energies used for WG3–WG5 induce
more severe damages and even cracks within their claddings,
which are prone to introduce additional scattering of the light
field within the waveguides, leading to larger propagation losses.
Therefore, the optimal parameters for the damage-free wave-
guide fabrication by fs-laser helical inscription are obtained with
pulse energy of 300 nJ and a scan speed of 50 μm/s. From this
waveguide, the lowest propagation loss is realized with a value of
0.12 dB/cm for multimode guiding. This makes the structures
produced in our work outstanding platforms for passive wave
guiding and active waveguide laser generation.
Regarding investigations on the guided propagating modes,

all 15 waveguides show strong optical confinement under both

633 nm and 1064 nm. As representatives, Figs. 3(a) and 3(b) dis-
play the normalized intensity distributions of propagating
modes obtained from WG2 under π-polarized 633 nm and
1064 nm pumping. As it can be seen, the mode boundaries
are very clear, and no light leakage occurred, revealing the ability
of the fabricated waveguides for strong light confinement.
Moreover, the waveguide has multimode at the near-
infrared wavelength of 1.06 μm, which demonstrates their
potential for wave guiding at longer wavelength, even under
mid-infrared wavelengths, making the fabricated waveguides
promising for guiding in the whole mid-infrared transmission
range of YLF. Identical results can be obtained under the exci-
tation of a σ-polarized pump beam, and the mode distributions
do not exhibit significant polarization dependence.
The μ-PL spectrum, as shown in Fig. 4(a), exhibits various

emission lines throughout the visible spectral range from cyan
to deep red. The emission is dominated by the transitions start-
ing from the 3Pj level to the final state of

3H4,
3H5,

3H6,
3F2,

3F3,
and 3F4, as labeled in Fig. 4(a). A dominant emission of Pr3� is
found in the red at 640.9 nm in σ polarization, corresponding to
the 3P0 → 3F2 transition. Concerning emissions in the orange,
two intense lines with 3P0 → 3H6 energy transfer are noted,
which are related to the wavelengths of 605.8 nm and 608.5 nm
in π and σ polarization, respectively. Micro-structural lattice
changes induced during FLI are investigated by monitoring
the luminescence properties of the emission line at ∼641 nm.
Here, the 641 nm emission line is used since it is sharp and spa-
tially isolated from other transitions, which could provide
noticeable variation of μ-PL properties. Figure 4(b) shows the
μ-PL spectra obtained from three typical zones which are
Pr:YLF bulk, the helical track constituting the cladding, and
the guiding core far from the cladding area. The μ-PL spectrum
generated from the track is most noticeable for its drastic
quenching in the luminescence intensity, with a great reduction
of 74% when compared to that obtained from the unmodified
bulk. This is a clear indication that strong optical-breakdown
damage is caused by FLI in these areas. In contrast, the μ-PL
spectrum obtained inside the waveguide region is nearly identi-
cal to that of the bulk.
Further investigations on the confocal mappings of Pr3�

luminescence are performed to get complete knowledge on
the spatial variation of the peak intensity, frequency, and band-
width of the emission line at 641 nm and further on the spatial
distribution of micro-structural changes. The corresponding
integration region is marked in Fig. 4(a). Firstly, 2D mappings
of the μ-PL are measured from large areas covering the wave-
guide cross section and its surroundings, as schematized with
the red surface in Fig. 5(a). The results are displayed in
Figs. 5(b)–5(d). It is evidenced that, in the waveguide cross sec-
tion, remarkable decrease of the peak intensity appears contin-
uously along the laser modified cladding and expands slightly to
its vicinity [as shown in Fig. 5(b)], supporting the presence of a
high density of lattice defects and imperfections in these regions.
Meanwhile, in the cladding area, a very localized blue-shift of the
emission line can be observed with a maximum value of around

Fig. 3. Spatial propagating modes from WG2 under π-polarized 633 nm and
1064 nm pumping.
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−0.17 nm [see Fig. 5(c)]. This blue-shift is associated with
expansive stress induced by FLI and further indicates the pres-
ence of a local lattice distortion. Simultaneously, as shown in
Fig. 5(d), the emission peak broadens at the laser modified clad-
ding area, with an increase of around 0.14 nm in the FWHM,
further suggesting the partial lattice disorder at the cladding
location. Furthermore, as can be observed, the μ-PL spectral
properties are almost unchanged inside the guiding core, not
only in terms of peak intensity but also in energy shift and band-
width, as previously demonstrated by Fig. 4(b). Additionally,
Figs. 5(e)–5(g) show the μ-PL mapping images obtained along
the surface indicated in blue in Fig. 5(a). As shown in the insets
of Fig. 5(a), the blue surface is parallel to the xy plane on one side
and in the center of the structure. It can be seen that the blue
surface covers a part of the waveguide area, several sections of
the fabricated loops, and a part of unmodified bulk. Again,
the results confirm the spatially localized lattice modifications
induced by FLI. More importantly, it should be noted that the
loops are closely arranged with negligible gaps in between tracks,
forming a continuous boundary of the waveguide.

Therefore, from the comprehensive study of 2D μ-PL mea-
surements, one can safely conclude that (i) the low-index wave-
guide boundary is caused by highly localized structural
modifications including defects, distortion, disorder, and expan-
sive stress in the fs-laser-induced tracks; (ii) in the guiding zone,
negligible lattice damage is produced, and hence the optical
properties of Pr:YLF crystal are expected to be well preserved,
making the waveguide even promising for laser generation;
(iii) the waveguide wall of WG2 is continuous, not only in
the plane perpendicular to the propagation direction but also
in the parallel direction of propagation. These features com-
bined together are believed to be responsible for low propagation
loss of the waveguide.
Laser emissions in orange are obtained from the fabricated

waveguides in the cw regime at room temperature. The inset
of Fig. 6(a) shows the normalized spatial intensity distribution
of the output laser mode obtained from WG2, which, as
expected, is highlymultimode. The laser emission spectrum cen-
tered at 604 nm is shown in Fig. 6(a), corresponding to the emis-
sion line correlated to the 3P0 → 3H6 transition of Pr3� ions in

Fig. 5. (a) Schematic showing of a waveguide structure and the areas for 2D μ-PL mappings, insets in (a) are the top and front views of the waveguide structure,
indicating clearly the position of red and blue surfaces. (b), (e) Spatial dependence of the intensity, (c), (f) energy shift, and (d), (g) the change in FWHM of the
641 nm emission line obtained from a wide area covering the waveguide cross section and several sections of the loops, as indicated with the planes in red and
blue in (a), respectively.

Fig. 4. (a) Confocal μ-PL spectrum of the Pr3� ions obtained under 488 nm excitation at the waveguide cross section. (b) Comparison of the μ-PL spectra around
641 nm obtained from the bulk (red line), the guiding core (blue line), and the helical track (black line).
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π polarization. The 604 nm lasers have been demonstrated
previously in the Pr:YLF waveguides fabricated by using
the classical discrete inscription approach and liquid phase
epitaxy[11,24,25]. Waveguide laser emission at 607 nm has not
been obtained. It has been found that the actual emission cross
section (after excluding the influence of reabsorption) at 604 nm
(19.6 × 10−20 cm2) is slightly higher than that at 607 nm
(15.7 × 10−20 cm2) at room temperature[23]. This, in company
with the relatively low pumping laser powers used for waveguide
laser generation, might be possible reasons responsible for the
prior laser operation at 604 nm in the waveguide structures.
The obtained waveguide laser power as a function of incident
pumping power is shown in Fig. 6(b). Optimization of the wave-
guide laser system operating at 604 nm is obtained from WG2,
which gives a maximum output power of 120.6 mW with an
incident pump light threshold of 119.8 mW and a slope effi-
ciency of 16.6%. For WG3 and WG4, comparable laser perfor-
mances are obtained with a maximum output power of around
104 mW and pumping thresholds of 125.6 mW and 129.9 mW,
respectively, corresponding to slope efficiencies of 14.5% and
14.1%. Due to the relatively high propagation loss, a higher laser
threshold of 161.6 mW is observed from WG5, and the maxi-
mum output power (81 mW) and the slope efficiency (11.8%)
are lower. Compared with the previous work on Pr:YLF bulky
lasers, our waveguide laser systems, although they do not have
as high of a performance, show prominent merits in terms of
highly compact lasing oscillation cavity and low threshold pump
power of 604 nm radiation[20,21,23]. Further comparison with the
previously demonstrated Pr:YLF cladding waveguide lasers
shows that the ones produced here are more advantageous as
integrated laser devices for reduced pumping thresholds and
enhanced efficiencies[11,25].

4. Conclusion

In summary, we report on the first realization, to the best of our
knowledge, of cladding waveguides in Pr:YLF crystal by FLI
using a scheme in which the substrate is moved along a helical
trajectory. Such a helical inscription scheme, in company with

the optimized parameters (300 nJ pulse energy and 50 μm/s scan
speed), is proved to provide waveguides with superior properties
in terms of smooth and continuous cladding contour,
intact guiding core, strong mode confinement under orthogonal
polarizations in a wide spectral range, and, most importantly,
low propagation losses (0.12 dB/cm for multimode guiding).
π-polarized 604 nm waveguide lasers are realized under
InGaN-LD excitation at 444 nm. Based on the most optimized
waveguide structure, a highest output power of 120.6 mW is
achieved with pumping threshold of 119.8 mW and slope effi-
ciency of 16.6%. Further optimization of the new inscribing pro-
cedure is still necessary in aspects of waveguide geometry to
obtain a symmetric mode profile and enable a higher coupling
efficiency to the waveguide. Nevertheless, the results of this work
show that the waveguides in Pr:YLF produced with fs-laser hel-
ical inscription enable compact and robust orange laser sources
with good performance. Furthermore, concerning the flexibility
and applicability of the helical inscription in the structural view,
it is believed that more complex structures such as waveguide
splitters and near-surface waveguides (Fig. S4, Supplementary
Material) can be fabricated by specially designing the processing
trajectories.
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