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Abstract—We report on the design and fabrication of straight
and S-curved waveguides in neodymium-doped yttrium alumi-
nate (Nd:YAP) crystal by using direct femtosecond laser writing.
These S-curved channel waveguides are based on the hexagonal
optical-lattice-like and depressed cladding geometry. For each type
waveguide, S-curves with three lateral offsets of 50 µm, 100 µm,
and 150 µm are implemented. These waveguides are with good
guiding properties and low bending losses. With S-curved wave-
guide as laser cavity, dual-wavelength, 31.6 GHz waveguide laser
operating at 1064 nm and 1079 nm have been demonstrated based
on MoS2 as a saturable absorber. This work paves the way to
develop new on-chip ultrafast laser sources based on femtosecond
laser inscribed S-curved waveguides.

Index Terms—Curved waveguide, femtosecond laser writing,
mode-locked lasers, optical waveguide.

I. INTRODUCTION

WAVEGUIDE-BASED monolithic laser source could be
on-chip integrated within photonics devices with minia-

ture and compact cavity, opening the new possibilities for inte-
grated optics. [1]–[5]. Micron-scale waveguide structures could
confine light propagation in very small volumes, which, in turn,
results in high optical intra-cavity intensities compared to orig-
inal bulk material. Consequently, superior laser performances,
such as lower lasing threshold and enhanced slope efficiency
could be expected in various waveguide structures [6]–[8]. Nev-
ertheless, most waveguide configuration focus on the straight
channels, with the drawback of limiting the actual spatial control
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of the light transmission. In many applications of compact inte-
grated optic networks, such as wavelength multiplexers, direc-
tional couples, analogto-digital converters, high-gain amplifiers,
optical switches etc, curved waveguide is necessary to connect
two different directions straight waveguide that are offset with
each other and introduce a lateral separation between adjacent
ports [9]–[11]. Among them, S-curved channel waveguide with
advantage of low transition loss and easier to implement, are
particularly desirable for the construction of complicated mono-
lithic photonic devices like lossless beam splitters or ring lasers
in crystalline materials [12], [13]. Therefore, the fabrication of
smooth S-bend shaped waveguides with low bending loss is in
desired.

Recently, femtosecond laser writing is considered as a power-
ful technique to fabricate versatile 3D waveguide configurations
towards diverse applications, showing the superiority of wide
applicability of materials, negligible effect of thermal-diffusion,
and capability for maskless 3D processing [14]–[19]. During
the processing of femtosecond laser writing, permanent and
stable refractive-index modification may be created in the focal
volume through nonlinear processes such as tuning ionization,
multiphoton absorption and avalanche ionization [20], [21],
which could be used for waveguide fabrication. There are two
different refractive-index change regimes. Type I modification is
induced with positive refractive index change (Δn> 0), in which
the waveguide core is just located in the laser irradiated region.
In these waveguides, the luminescence and nonlinear properties
of original bulk material is disrupted, limiting some lasing and
nonlinear application [22], [23]. By contrast, Type II modifica-
tion with negative refractive change (Δn< 0) permits waveguide
core situated in the surrounding region of laser-written tracks.
In addition, this modification allows one to arbitrarily design
waveguide geometry using these low-index laser-written tracks.
Typically, depressed cladding waveguide geometries, encircled
by several reduced refractive index tracks, are favorable con-
figuration with relatively low loss and ease to integrate with
optical fibers [24]. Furthermore, photonic-lattice-like waveguide
is performed with undamaged waveguide core surrounded by
many laser-written track layers, capable of mode tailoring [25].

The neodymium-doped yttrium aluminate (Nd:YAlO3 or
Nd:YAP) crystal exhibits distinguished optomechanical prop-
erties, which makes it an ideal candidate material for single cav-
ity dual-wavelength lasing [26]–[29]. Recently, multi-gigahertz
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Fig. 1. (a) Schematic plot of the S-curved hybrid optical-lattice-like
waveguides fabrication process with the femtosecond laser direct writing.
(b) Schematic of the designed curved waveguides. The “A” parameter is the
“separation” indicated in the samples report (50 µm, 100 µm and 150 µm).

mode-locked lasers have attracted increasing research attention
due to a large variety of applications, ranging from precision
metrology, ultrafast nonlinear spectroscopy, to high-speed opti-
cal communication [30]–[32]. Molybdenum disulfide (MoS2)
is one of the well-developed 2D materials that can be used
as excellent broadband saturable absorber [33]–[35]. Recently,
continuous-wave (CW) or Q-switched mode-locked (QML)
waveguide lasers operated have been demonstrated by many
groups with repetition rate of 1.5 GHz [36], 5.9 GHz [37],
6.5 GHz [38], 7.8 GHz [39], 8.8 GHz [40] and 21GHz [41] at
different gain medium, such as Nd:YAG, Nd:YVO4, Yb:YAG,
Ho3+:YAG, and Ti:sapphire. The CW dual-wavelength Nd:YAP
waveguide laser has been realized [42], whilst in pulsed regime
such waveguide laser has not been implemented.

In this work, we present the fabrication and characterization
of straight and S-curved channel waveguides in Nd:YAP crystal
by femtosecond direct writing. These waveguides possess the
cross-sectional of cladding and hexagonal optical-lattice-like
geometry. We design three types S-curved waveguide with dif-
ferent lateral offset of 50, 100 and 150 μm. Using the S-curved
waveguide as laser cavities, we realize 31.6-GHz waveguide
lasers at dual-wavelength of 1064 nm and 1079 nm with duration
as short as 16 ps and the signal-to-noise up to 49 dB, which
exhibits the high pulsed laser performances in the femtosecond
laser-written waveguide platforms.

II. EXPERIMENT IN DETAILS

The Nd:YAP crystal used in this work was cut into the dimen-
sions of 2 mm× 8 mm× 10 mm (b× c× a). Fig. 1(a) depicts the
fabrication process of straight and S-curved waveguides by using
femtosecond laser writing. We used a Ti:Sapphire amplified laser
system (Spitfire, Spectra Physics), in which delivered 120 fs
duration pulses, 796 nm central wavelength, and with 1 kHz
repetition rate, to fabricate the buried waveguide from the largest
surface (10 mm× 10 mm). A calibrated neutral density filter and
a half-wave plate was used to control the irradiate pulse energy.
Several tests at different pulse energies and scanning speed
was performed to find the optimum fabrication parameters. The

femtosecond laser beam was focused by a 20× microscope
objective (NA=0.40). The sample was placed at a PC-controlled
3D motorized stage with a spatial resolution of 100 nm and
was scanned at a constant velocity along c-axis orientation.
This processing allows a low refractive-index track formation
inside the sample, which could be used to construct waveg-
uides. For hexagonal optical-lattice-like waveguides, a pulse
energy of 0.48 μJ was selected to fabricate waveguides with a
scanning speed of 500 µm/s. After that, four-layer laser-written
low-index boundaries were performed to construct the hybrid
optical-lattice -like geometry with a number of parallel tracks
(10μm lateral separation of adjacent parallel tracks), which were
written at different positions of sample. We have also fabricated
depressed cladding waveguides with a pulse energy of 0.8 μJ
at a scan speed of 500 µm/s. Several tracks were written at
different depth of sample with 3μm lateral separation to produce
the desired circular geometry of the cladding tracks. Fig. 1(b)
illustrates the schematic of the curved waveguides. As one can
see, the S-curved waveguide consists of two straight part and
one S-curved part. The parameter A is the lateral offset between
the input and output ports. In the case of the YAP samples, L1

= 1 mm, L2 = 8 mm, L3 = 1 mm. For the smooth S-curved
waveguide channel, in order to optimize the bend loss and
radiation loss caused by curvature radius changes of S-shape
curve, the waveguides design is based on sine-cosine function.
We have also implemented the S-curve with two consecutive
circular-arcs and a reduction of about 10% was obtained in the
losses. In our work, the fabrication of S-curved waveguides was
parameterized with a sin2θ function:

y(x) = Asin2
(

πx

2L2

)
(1)

Where L2 is the length of the S-curved part. The 3D motorized
stage movement of the x-axis and y-axis follows this function.
As the x-axis moves laterally, the y-axis would produce offset
along the vertical axis. It is particularly useful for the extension
of our devices to 3D structures or more complex elements such
as Mach-Zehnder interferometers. With the hexagonal photonic
lattice and circular cladding cross-section configuration, both
straight and S-curved waveguides with three type lateral offset
of 50, 100, and 150 μm were successfully fabricated with same
writing parameters.

The Q-switched mode-locked waveguide laser operation in
this work was performed by utilizing a typical end-face coupling
configuration. A tunable CW Ti:sapphire laser (Coherent MBR-
PE) was utilized as the linearly polarized pump source at 813 nm.
The pump polarization was controlled by a half-wave plate. In
order to couple the pump beam into the microscale cladding
waveguide efficiently, the pump beam was converged to the input
facet of sample by a spherical convex lens with a focal length of
25 mm. For the implementation of Q-switched mode-locking,
an input mirror M1 with high transmission (98%) at 813 nm and
high reflectivity (99%) at 1064 nm, and an output mirror (M2)
with high reflectivity of 99% at 813 nm and high transmission
of 90% at 1064 nm, constructed the Fabry-Perot resonant cavity.
The MoS2 thin film is a commercial product (2D materials
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supplier (6Carbon Technology, Shenzhen, China), which was
directly attached to the output facet of the waveguides. The
generated laser was collected with an objective lens (N.A. =
0.4) and a long pass filter (Thorlabs, FEL0850) of 850 nm
cut-off wavelength was utilized to eliminate the un-absorbed
pump laser. The QML laser was then coupled into a single mode
fiber, which was directly connected to a high-speed InGaAs
photodetector (New focus, 1414 model) and real-time digital
oscilloscope (Tektronix, MSO 72504DX). The model profile
was imaged by an infrared CCD, and the emission spectra
of waveguide laser was analyzed by a spectrometer (Zolix,
SGM100 Spectrograph) with resolution of 0.2 nm.

In order to experimentally characterize the properties of these
S-curved waveguides, an end-face coupling set up is exploited
to determine the modal profiles and propagation loss. The CW
1064-nm solid-state laser was coupled into and out of the end-
face of sample by a pair 20× microscope object lens. Then, the
model profile of the output transmitted light was collected and
imaged by a CCD camera and analyzed by the RayCi software.

An optical microscope (Olympus BX43) integrated with a
532 nm-laser-beam was employed as excitation source to in-
vestigate the fluorescence properties. The Nd: YAP sample
was placed on a precision XYZ motorized stages (0.1-μm-
resolution). The laser beam was focused onto the polished cross
section of sample with microscope objective lens (100×, 0.8
NA). The back-scattered emission signal of Nd3+ ions was
obtained with the same objective lens. After passing through
a filter (cut-off at 186 cm-1, OD > 6 @ 532 nm), lenses and
pinholes, the signal was coupled into a 100 μm core fiber and
analyzed via a high-resolution spectrometer (<8 cm−1).

III. RESULTS AND DISCUSSION

A. Characterization of the Waveguides

Fig. 2(a) shows the top view schematic diagram of straight
and S-curved waveguides. In this work, we design and fabricate
four types waveguides of straight and S-curved with lateral offset
of 50 (A1), 100 (A2), and 150 μm (A3). Using an optical micro-
scope (Axio Imager, Carl Zeiss), the cross-sectional microscope
images of hexagonal optical-lattice-like waveguides Nos. 1 to 4
and cladding waveguides Nos. 5 to 10, corresponding to straight
and S-curved waveguides, respectively, which is exhibited in
Fig. 2(b) and 2(c). The waveguide core of hexagonal optical-
lattice-like waveguides is located at the undamaged region sur-
rounded by four layer laser-written tracks with area of 30 × 30
μm2, as identified by the red dish line in Fig. 2(b). The diameter
of all the cladding waveguides are 100 μm.

The resulting near-field mode distributions of photonic lattice
waveguides and cladding waveguides are depicted in Fig. 3
and Fig. 4, respectively. As one can see, the waveguide Nos.
1-3 shows better guiding confinement along both TE and TM
polarization. Whereas, the light propagation of the waveguide
No. 4 with 150μm lateral offset is not well confined. By contrast,
the cladding waveguides show better guiding confinement than
optical-lattice-like ones even at large lateral offsets of 100 μm
and 150 μm. As one can see, the cladding waveguides show
multi-mode distributions, which can be well understood due to

Fig. 2. (a) Top view schematic plot of the straight and S-curved waveguides
with different lateral offset of A1(50 µm), A2(100 µm) and A3(150 µm),
respectively. (b) and (c) Optical microscope cross-sectional image of hybrid
optical-lattice-like waveguides and cladding waveguides No. 1 and No. 5
(straight), No. 2 and No. 6 (A1 = 50 µm), No. 3 and No. 7 (A2 = 100 µm), and
No. 4 and No. 8 (A3 = 150 µm), respectively.

Fig. 3. (a) Measured near-field modal profiles of hybrid optical-lattice-like
waveguides at 1064 nm. (a) and (e) No. 1, (b) and (f) No. 2, (c) and (g) No. 3,
(d) and (h) No. 4, along TE (top) and TM (bottom) polarization, respectively.

the large diameter of the cladding structures in comparison to
the test wavelength.

As one of the most important factors for waveguide transmis-
sion, we have investigated the propagation loss of optical-lattice-
like waveguides and cladding waveguides at wavelength of 1.064
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Fig. 4. (a) Measured near-field modal profiles of cladding waveguides at
1064 nm. (a) and (e) No. 5, (b) and (f) No. 6, (c) and (g) No. 7, (d) and (h)
No. 8, along TE (top) and TM (bottom) polarization, respectively. The dotted
circles are the sign of the laser-written tracks.

TABLE I
PROPAGATION LOSS OF STRAIGHT AND S-CURVED WAVEGUIDES

Fig. 5. (a) Polarization images of the propagation loss of cladding waveguides
No. 5 to No. 8 at 1064 nm. (b) and (c) Micro-photoluminescence measurements.
The spatial distributions of emitted intensity obtained from the end face of
straight waveguide No. 5 (b) and S-curved waveguide No.7 (c).

μm, which is exhibited in Table I. It is clearly that the prop-
agation loss of cladding waveguides is smaller than photonic
lattice waveguide. The possible reason for the lower propagation
loss of cladding waveguide is the large scale of structure and
the closer arranged laser-inscribed tracks, which can lead to
more tight confinement on light propagation. In order to thor-
oughly investigate the polarization properties of the waveguides,
all-angle light transmission of guidance has been depicted in
Fig. 5(a). As one can see, the cladding waveguides support
light transmission at any polarizations, showing good properties
of polarization-insensitive. Optical-lattice-like waveguides also
exhibit the polarization-insensitive features in our experiment.
The bend loss of S-curved waveguide is obtained by comparing

the propagation loss of straight and S-curved waveguides written
via the same laser parameters. For the cladding waveguides, the
bend loss of waveguides Nos. 6 to 8 is 0.18, 0.37 and 0.56 dB of
the lateral offset of 50, 100 and 150 μm at TM polarization,
respectively. The value at TE polarization is 0.19, 0.35 and
0.48 dB. As for hexagonal optical-lattice-like waveguides, the
bend loss of Nos. 2 to 4 is 0.31 dB (0.33 dB), 0.55 dB (0.52 dB)
and 1.01 dB (1.01 dB) at TM (TE) polarization, respectively.
The largest bend loss of waveguide No. 8 with 150 μm lateral
offset is less than ∼0.6 dB, which indicates the possibility
of application in compact on-chip photonics. Figs. 5(b) and
5(c) depict the fluorescence intensity maps of 4F3/2 → 4F9/2

emission line at ∼893 nm of cladding waveguide No. 5 and No.
7. As one can see, the original properties of Nd:YAP crystal
in the waveguide core has not been damaged in the process of
femtosecond laser writing. But in the region of laser-written
tracks, the fluorescence intensity is decreased. Similar fluo-
rescence properties are obtained from the optical-lattice-like
waveguides. By comparing the fluorescence intensity of straight
waveguide No. 5 and S-curved waveguide No. 7, we can see that
femtosecond laser-induced damage creation is more relevant in
S-curved waveguide No. 7 than in straight waveguide No. 5.

B. Q-Switched Mode-Locked Dual-Wavelength Waveguide
Laser at S-Curved Waveguide

Using the straight and S-curved waveguides as laser cavities,
the dual-wavelength mode-locked laser could operate in the
Nd:YAP crystal with MoS2 as the saturable absorber, which
is shown in the schematic diagram Fig. 6(a). Fig. 6(b) shows the
measured average output power as a function of pump power
of cladding waveguides No. 5 (straight) and No. 7 (S-curved).
The slope efficiency implies the conversion efficiency of the
gain medium to convert the energy of the pump into output
lasers, defined as the slope of the line obtained by plotting
the laser output versus the pump power. As one can see from
the linear fit, the laser oscillation threshold of straight and
S-curved waveguides is 132 mW and 196 mW with the slope
efficiencies of 24.3% and 14.1%, reaching the maximum output
power of 150 mW and 77 mW, respectively. The standard devi-
ation of straight waveguide fitted data is 8.3, and the standard
deviation of S-curved waveguide fitted data is 4.6. The slope
efficiency of the S-curved cladding waveguide laser is ∼58%
of the value for the straight waveguide, which is due to the
additional bending loss and the curved laser cavity effect for
S-curved waveguide. Fundamental QML has been obtained once
the pump power exceeds the laser oscillation threshold. Efficient
harmonic mode-locking up to 4th of the fundamental repetition
frequency waveguide laser emission has been achieved in the
straight waveguide when the pump power higher than 229 mW
(∼263 mW at S-curved waveguide). The excited laser spectra
of 1064 nm and 1079 nm in S-curved waveguide No. 7 are
shown in Fig. 7, which corresponds to the main emission lines
of 4F3/2 → 4F11/2 transition correlated to Nd3+ ions. The insets
in Fig. 7 depict the mode profiles of the generated laser. The
modal profiles of the generated lasers are not uniform, which is
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Fig. 6. (a) Prototype and spatial configuration of the monolithic Q-switched
mode-locked waveguide laser. (b) The average output power as a function of the
input power of cladding waveguides No. 5 (straight) and No. 7 (S-curved).

Fig. 7. Spectra of QML laser emissions (a) at single wavelength of 1064 nm,
(b) the simultaneous dual-wavelength of 1064 and 1079 nm, and (c) the single
wavelength of 1079 nm. The inset is the measured near-field modal profile of
the output laser. The scale bars in the bottom right of all images are 100 µm.

due to the inhomogeneity of the laser-induced refractive index
modification in the cladding waveguide.

By changing the polarization of pump beam, one can achieve
both single- (1064 or 1079 nm) and dual-wavelength (1064 and
1079 nm) lasers. When the pumping laser is at TE polarization
(corresponding to the 0°), the single-wavelength laser at 1079 nm
is observed, as shown in Fig. 7(a). When the polarization is

Fig. 8. Characterization of QML of S-curved cladding waveguide No. 7 at
1064 and 1079 nm. Fundamental mode-locked laser performance (a) Q-switched
envelope on a nanosecond timescale. (c) Mode-locked pulse trains on picosecond
timescale. (e) Single pulse train of 64 ps, and (g) measured RF spectrum. (b),
(d), (f) and (h) correspond to fourth harmonic performance.

changed to 45°, the simultaneous dual-wavelength laser genera-
tion is obtained with an intensity ration of ∼1:1 (see Fig. 7(b)).
When the pump light is at TM polarization, i.e., corresponding
to 90° in Fig. 7(c), the single-wavelength laser operation at
1064 nm is achieved. This tuning method is suitable for both
cladding and hexagonal optical-lattice-like waveguides. And for
the dual-wavelength laser, the power ratio of 1064 and 1079 nm
is tunable, which is in good agreement with the Nd:YAP CW
waveguide laser [42].

Fig. 8 shows the typical mode-locked operation of S-curved
cladding waveguide No. 7 at dual-wavelength at 1064 and
1079 nm. Both fundamental repetition of 7.9 GHz (left part
of Fig. 8) and harmonic QML up to 4th of the fundamental
repetition frequency (right part of Fig. 8) waveguides lasers
are generated under the pump power of 183 mW and 264 mW,
respectively. The single Q-switched envelope with mode-locked
trains on a nanosecond scale of 200 ns/div has been demonstrated
in Fig. 8(a) and 8(b). Figs. 8(c) and 8(d) present the mode-locked
trains on nanosecond scale. Single mode-locked trace is shown
in Fig. 8(e) with full width at half-maximum (FWHM) as short
as 64 ps. The pulse duration of fourth harmonic performance
is 16 ps, corresponding to a quarter as short as fundamental
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Fig. 9. Mode-locked performance of S-curved hexagonal optical-lattice-like
waveguide No. 3. (a) The average output power as a function of the input power.
(b) Spectra of QML laser emissions at dual-wavelength 1064 nm and 1079 nm.
Inset is the modal profile of the output laser. (c) Fundamental QML pulse trains
recorded in 400 ps/div and (e) the RF spectrum. (d) and (f) correspond to fourth
harmonic QML.

operation, which is illustrated in Fig. 8(f). The measurement of
radio frequency (RF) spectrum of the output laser is carried
out using a Fourier transform of the signal obtained on an
oscilloscope. Fundamental performance is operated at 7.90 GHz
with the signal-to-noise (SNR) of 60 dB, which is shown in
Fig. 8(g). As we can see from Fig. 8(h), the repetition rate has
been up to 31.68 GHz, corresponding to the 4th harmonic of the
7.9 GHz cavity round-trip frequency with the signal-to-noise
ratio of 49 dB, which indicate the QML waveguide lasers op-
erate at a relatively stable regime. The fundamental repetition
frequency of the mode-locked laser can be calculated with the
equation:

frep =
c

2nl
(2)

where c is the light speed, n is the waveguide refractive index, and
l is the length of the cavity. In this work, the laser cavity length is
9.878 mm, n is 1.922 [43]. As a result, the fundamental repetition
rate can be estimated to be as high as∼7.9 GHz, which is in good
agreement with the measured result. High performance of QML
waveguide laser based on configuration of S-curved waveguide
opens new possibilities for compact laser device.

As expected, the dual-wavelength mode-locked lasing is also
observed in S-curved hexagonal optical-lattice-like waveguide
No. 3 (in Figs. 9) . Fig. 9(a) depicts the measured output mode-
locked laser power as a function of input power through linear
fitting. The lasing threshold of optical-lattice-like waveguide is
178 mW (228 mW) and the slope efficiency is 18.65% (10.69%)
with the maximum output power of 110 mW (57 mW) of straight
(S-curved) waveguide, respectively. The dual-wavelength spec-
trum is shown in Fig. 9(b). Fig. 9(c) presents the pulse trains
at fundamental repetition frequency of 7.94 GHz with SNR
up to 56 dB (Fig. 9(e)), which is in good accordance with the
estimated value of 7.9 GHz. When the pump power reaches to

TABLE II
MODE-LOCKED LASER PERFORMANCE OF S-CURVED WAVEGUIDES

316 mW, the 4th harmonic QML is also obtained in S-curved
optical-lattice-like waveguide. Fig. 9(d) illustrates the pulse
trains and Fig. 9(f) depicts the generated RF spectrum of output
mode-locked laser. The 4th repetition rate is measured to be
31.69 GHz with SNR up to 42 dB.

Table II shows the laser performance of the two types of
S-curved waveguides. The optical-lattice-like waveguide shows
higher laser threshold, lower slope efficiency, lower output
power and SNR than those of the cladding waveguide, which
can be attributed to the higher waveguide propagation loss and
bending loss. The repetition frequency and pulse duration are
almost same because of the same bulk sample and waveguide
length.

IV. CONCLUSION

In conclusion, we have successfully fabricated S-curved chan-
nel waveguides by direct femtosecond writing of hexagonal
optical-lattice-like waveguide and depressed cladding struc-
tures. These S-curved waveguides possess low bending loss. In
addition, we have realized 31.6 GHz dual-wavelength curved
waveguide laser at 1064 and 1079 nm with pulse duration
of 16 ps, and signal-to-noise up to 49 dB. The multi-GHz
mode-locked dual-wavelength lasers could be used to generate
coherent terahertz (THz) radiations or as a laser source to detect
carbon monoxide poisoning via frequency doubling. This work
also indicates promising applications of S-curved waveguides
for on-chip integration of ultrafast laser sources.
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