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A B S T R A C T

We propose a hybrid photonic structure to realize guided-wave second harmonic generation (SHG) from near-
infrared (NIR at 1064 nm) to visible (green light at 532 nm) wavelength with nearly single-mode output. The
periodically arrayed tracks have been produced in KTiOPO4 nonlinear crystal by femtosecond laser writing,
which enable efficient light field confinement with cladding-like refractive index distributions. Particularly, the
track-cladding surrounded central region is free of any tracks, which serves as waveguiding cores. With designed
core diameters, the structures could enable single-mode propagation at selected wavelength regime on purpose.
In this work, the hybrid structure contains a larger-input core section and a connected smaller-output core
section, which in principle supports nearly single mode for either fundamental pump beam or second harmonic
beam in the input and output channel, respectively. Based on this hybrid structure we implement nearly single-
mode SHG at 532 nm, and comparable normalized conversion efficiency (1.1%/W/cm) in the continuous-wave
(CW) regime is obtained with respect to that (1.2%/W/cm) of multimode SHG from a single large-core channel
structure. This work paves the way to realize mode profile controlling for selected wavelength by using laser-
written arrayed tracks.

1. Introduction

Optical waveguides are basic components in integrated photonic
systems, in which light propagation could be confined and tailored in
channels with diffraction-free geometries [1,2]. In addition, owing to
the compact configurations of waveguide-based devices, numerous
optical applications have been realized in various waveguide systems.
For example, waveguide amplifiers and electro-optical modulators have
been widely applied into the telecommunication systems [3,4]. Wave-
guide lasers could be utilized as miniature light sources [5–7]. Wave-
guide arrays and lattices have potential applications in quantum pho-
tonics to realize on-chip computing [8], memory storage [9], and other
intricate information processing [10,11]. In integrated nonlinear optics,
the mode control of light at diverse wavelengths may be a technical
topic for practical applications. For SHG in normal waveguides, the
fundamental and the second harmonic (SH) light may not be simulta-
neously at same order mode because the criteria for fundamental and

SH waves are different for a given order [12]. In practice, single-mode
light is often required due to the high efficiency of the nonlinear optical
process and easy manipulation of beam profiles. To achieve single-
mode SHG in nonlinear waveguides, one may use specially designed
guiding structures.

Femtosecond laser writing has become a powerful technique to
fabricate optical waveguides in transparent optical materials [13–16],
since in 1996 Davis et al. reported on the first femtosecond-laser
written waveguides in a few family glasses [17]. Compared with other
techniques for waveguide fabrication, direct femtosecond laser writing
possesses unique three-dimensional (3D) processing capability of ma-
terials, which enables implementation of devices with various func-
tionalities in dielectrics [18,19]. As a result, highly efficient miniatur-
ized platforms based on laser-written waveguides have been realized
for photonic signal processing towards diverse purposes [20–25]. The
laser processing of single crystals is much more complicated than
glasses due to the versatile crystalline structures and diverse physical
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properties of crystals. The so-called Type I and II modification usually
refers positive and negative refractive index changes inside the laser-
induced tracks, respectively [26]. The advantage of Type I modification
is the easy fabrication of 3D devices; however, it has been only realized
in a few crystals, such as LiNbO3 [27,28] and BGO [29], and may be
also with polarization-sensitive guidance. For most crystals, Type II
modification is more common and easy to achieve, but the 3D en-
gineering of the waveguide is relatively difficult to realize by directly
using negative index changed tracks. Nevertheless, several 2D wave-
guide structures, such as beam splitters and interferometers, have been
produced based on the well-known Type II double-line approach
[30–32]. Like Type II modification with reduced refractive index, de-
pressed cladding waveguides (also called Type III waveguides), located
in the region surrounded by these negative-index-changed tracks, have
superior performance in development of 3D devices. These novel
structures are with polarization-independent guidance on the cross
section and preserved bulk features in the waveguide core region,
which are beneficial to applications such as waveguide lasing, SHG, and
light amplification [26,33]. Based on these advantages, recently we
have proposed and fabricated numerous promising guiding structures
with hexagonal geometry of periodically-arrayed tracks (so-called op-
tical-lattice-like structures) to implement 3D beam splitting and ring-
shaped transformation of beam profiles [34]. Furthermore, the 3D
lasing and SHG have also been realized by using specially designed
hybrid structures (i.e., combination of a few different track lattice
structures) [35]. By introducing new axial defects in the appropriate
positions of the lattice, diverse multi-functional microstructures could
be designed combining the original crystal properties. In this work, we
propose a two-element hybrid structure to achieve mode controlling in
nonlinear KTP crystal, which is low-cost compared to PPKTP based on
quasi-phase matching [36,37]. The hybrid structure consists of two
connected optical-lattice-like structures with different guiding core
diameters, which are used for nearly single-mode confinement of input
fundamental and output SH waves, respectively. With this hybrid
structure we experimentally realized SHG of green light at 532 nm. For
comparison, two single structures corresponding to two elements of the
hybrid structure have been employed with the implementation of
double frequency at the wavelength of 532 nm, respectively.

2. Experimental

The hybrid structure and the compared single structures are fabri-
cated by femtosecond laser writing in a KTiOPO4 crystal with the di-
mension of 10×5×2mm3. After optically polished, the crystal is
inscribed along 10mm orientation for Type II (eω + oω → e2ω) phase
matching (PM) SHG (i.e., θ=90°, ϕ=23.5°). The fabrication process is
realized by using the laser facility in the Universidad de Salamanca,
Spain. The laser source which is delivered by an amplified Ti:Sapphire
femtosecond-laser (Spitfire, Spectra Physics) generates linearly-polar-
ized pulses with 120-fs temporal duration and 1-kHz repetition rate at a
central wavelength of 800 nm. The measured pulse energy of 8 μJ is
reduced by a calibrated neutral density filter placed after a set of half-
wave plate and a linear-polarization cube. After converged by a
40×microscope objective, the pulse has the energy of 0.17 μJ to scan
at constant velocity of 650 μm/s beneath one of sample surface
(10× 5mm2), producing a negative refractive-index track with trans-
verse length of ∼10 μm inside the crystal. The sample is located on a
computer-controlled 3D-motorized stage and this scanning process is
repeated at different positions of the sample, following the desired
hexagonal geometry with a lateral separation of 10 μm between each
two adjacent damage tracks, resulting in the optical-lattice-cladding
microstructures formation. By introducing the damage line in appro-
priate positions, the microstructures with different core diameters can
be obtained to steer the beam propagation. As shown in Fig. 1, the
hybrid structure (hereafter by HS) is combined by a 5.5-mm single
structure with large core (hereafter by SSL) as input element and a 4.5-

mm single structure with small core (hereafter by SSS) as output ele-
ment. The inset of Fig. 1 exhibits all the input (Fig. 1(a)-(c)) and output
(Fig. 1(d)-(f)) microscope images of SSL, HS and SSS, respectively. Due
to the combination, the input microscope image of HS (Fig. 1(b)) is
same with SSL (Fig. 1(a)), whilst the output one of HS (Fig. 1(e)) is
same with SSS (Fig. 1(f)). For comparison, an SSL and an SSS with
length of 10mm (i.e., with same length to the HS) are also produced by
laser writing.

The attenuations of all the waveguide microstructures are estimated
by directly measuring the input and output power of the transmitted
light based on a typical end-face coupling arrangement. Considering the
mismatch coefficient of 0.75, 0.75 and 0.88 between the launched
Gaussian field profiles and the modal profiles of the microstructure si-
mulated by FD-BPM algorithm (Rsoft® Beam PROP) [38] for SSL, HS
and SSS, the propagation losses are determined to be 1.2, 1.6, 1.5 dB/
cm along TM polarization and 1.4, 1.6, 1.4 dB/cm along TE polarization
at 633 nm, respectively, which is described in Table 1. The tiny addi-
tional losses of HS could be partly attributed to the imperfections of two
elements. It should be noted that the propagation losses for all the
waveguides is almost same for TE and TM mode, which is beneficial to
generate high efficient SH laser with Type II PM.

SHG nonlinear experiments are implemented through a similar end-
face coupling system in the continuous-wave (CW) regime, as demon-
strated in Fig. 2. A linearly-polarized laser at 1064 nm is applied as the
fundamental incident source. To mix equal “e” and “o” components of
the fundamental laser for satisfying the 1/2eω + 1/2°ω of Type II PM
SHG, a half-wave plate is used to control the laser polarization along the
45° direction. After that, the laser is focused by a 20×microscope
objective with N.A. of 0.4 and coupled into the microstructures end-face
(5×2mm2). Then the frequency doubling laser generated from the
waveguide is collected by another same objective. Through an optical-
low-pass-filter (OLPF) with high transmission of ∼90% at 532-nm and
reflectivity > 99% at 1064 nm, the nonlinear performance can be

Fig. 1. The structure plots of optical-lattice-like cladding waveguides Nos. 1–3
in details. (a)–(c) is the cross-sectional microscope images of input face in op-
tical-lattice-like cladding waveguides Nos.1–3, and (d)–(f) is the cross-sectional
microscope images of output face in optical-lattice-like cladding waveguides
Nos. 1–3, respectively.

Table 1
The nonlinear waveguide properties.

Waveguide Loss at
633 nm (dB/cm)

SHG Properties in CW regime

TE TM Maximum output
power at
532 nm (mW)

Normalized Conversion
Efficiency from 1064 to
532 nm (%/W/cm)

SSL 1.2 1.4 0.84 1.2
HS 1.6 1.6 0.80 1.1
SSS 1.5 1.4 0.39 0.6
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characterized by the CCD camera, power-meter, and a spectrometer
with resolution of 0.2 nm.

3. Results and discussion

As to obtain single-mode fundamental and SH lasers by the wave-
guide microstructures, a group of optical-lattice-like cladding wave-
guides is designed, finding an approximate microstructure to be HS for
nonlinear performance. During this designing, Rsoft© software [38],
based on finite-difference beam propagation method (FD-BPM), is uti-
lized for simulating the light modal profiles through various micro-
structures at different wavelengths. The refractive index change of
scanning damage track in the crystal is determined to be −0.0035,
which is similar with our previous work [35]. With this value, the
spatial distribution of refractive index could be constructed for SSL and
SSS, respectively, as depicted in Fig. 3(a) and (c). Corresponding the-
oretical laser modal profiles of SSL at 1064 nm and SSS at 532 nm are
calculated, shown in Fig. 3(b) and (d), respectively, indicating the
nearly single modes realization of fundamental laser (1064 nm) in SSL
and frequency doubling laser (532 nm) in SSS. Under this condition, HS
could be expected to achieve the simultaneous nearly single-mode
output from 1064 nm to 532 nm due to the connection of 5.5-mm SSL
and 4.5-mm SSS in the sequence.

Fig. 4 shows the measured SH (Fig. 4(a)-(c)) and fundamental
(Fig. 4(d)-(f)) near-field intensity distributions through all the

microstructures of SSL, HS and SSS, respectively. The arrows in the
figure represent the polarization directions of transmitted NIR
(Fig. 4(d)) and generated green (Fig. 4(a)) lasers, respectively, which is
consistent with the 1064→ 532 nm conversion process of Type II
(eω + oω → e2ω) SHG in the KTiOPO4 waveguides. It could be observed
that HS waveguide supports well-confined near-single mode of 532-nm
laser generation (Fig. 4(b)) and slightly leaky mode of 1064-nm light
propagation (Fig. 4(e)). While for the compared waveguides, the mul-
timode laser is delivered from the SSL waveguide at 532 nm (Fig. 4(a))
due to the large scale of the core and much-leakier-mode fundamental
laser compared to the SH mode is transmitted through the SSS wave-
guide (Fig. 4(f)) because the beam could not be limited in the micro-
structure at the wavelength of 1064 nm. In addition, the SSL and SSS
waveguides display nearly single modes at the wavelengths of 1064 nm
and 532 nm, which are in good agreement with the calculated modal
profiles, respectively.

To further investigate the nonlinear properties of all the micro-
structures in KTiOPO4 crystal, SH output powers and conversion effi-
ciencies as a function of the 1064-nm input powers are depicted in
Fig. 5(a)-(c) from SSL, HS and SSS waveguides, respectively. The ex-
perimental solid spots are fitted to be the solid lines by the curve
functions, respectively. Briefly, corresponding normalized laser spectra
are manifested in Fig. 5(d) with the fundamental waves at 1064 nm and
SH waves at 532 nm, respectively. All the waveguides details about
maximum output powers and normalized conversion efficiencies in CW
regime are listed in Table 1. The normalized conversion efficiency is
given by the equation

= ⋅η P L P/( ( ) )ω ω
in

2
2 (1)

Where P2ω is the output power of SH laser at 532 nm and Pωin is the
input power of fundamental laser at 1064 nm, respectively. L denotes
the guided length for SHG. Based on the identical launched power of
263.68mWat 1064 nm, the HS waveguide has the 532-nm green laser
power of 0.80mW which is more than twice higher than similar single-
mode output power of 0.39mW in SSS waveguide and slightly lower
than multi-mode 532-nm laser power of 0.84mW from SSL waveguide.
Moreover, the normalized conversion efficiency of 1.1%/W/cm from
HS is comparable with respect to that of 1.2%/W/cm in SSL waveguide,
but nearly twice as much as that of 0.6%/W/cm from SSS waveguide.

It is reasonable for HS waveguide with large-area incident region
and small-area output volume that more pumping fundamental power
goes into the microstructure, providing more spatial overlap of 1064
and 532-nm light field. Note that the tiny additional loss of HS is an-
other crucial factor that leads to the decrease of 532-nm output power
and normalized conversion efficiency when compared with the SSL

Fig. 2. Schematic of experimental arrangement for second-harmonic-genera-
tion in KTP optical-lattice-like cladding waveguides.

Fig. 3. 2D refractive index profile at the cross section in the waveguides Nos. 1
(a) and 3 (c), respectively. The corresponding calculated modal profile of wa-
veguides Nos.1 at 1064 nm (b) and 3 at 532 nm (d), respectively. The scale bar
is shown in (d).

Fig. 4. Near-field modal profiles of optical-lattice-like cladding waveguides
Nos. 1–3 at (a)–(c) 532 nm and (d)–(f) 1064 nm under 1064→ 532 nm green
laser SHG configuration. The scale bar is shown in (f). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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waveguide. Nonetheless, it is still superior to some reported nonlinear
waveguides [35,39]. For example, with similar optical-lattice-like
cladding microstructures in CW regime, the SH laser power of HS
(0.80 mW from 263.68-mW launched power) is enhanced with respect
to the reported waveguide (0.68 mW from 613.3-mW incident power)
[35]. Therefore, the HS waveguide implements near-single mode con-
trol with relative enhanced SH output power and comparable normal-
ized conversion efficiency from 1064 to 532 nm.

4. Conclusions

We demonstrate the specially designed optical-lattice-like hybrid
cladding waveguides in a KTiOPO4 crystal to realize nearly single-mode
SHG by utilizing femtosecond laser writing. By introducing the damage
tracks in designed position, the 10-mm long HS waveguide has been
achieved with the integration of 5.5-mm SSL and 4.5-mm SSS wave-
guides, which provides a simple way to build compact optical-lattice-
like cladding microstructures capable of producing efficient beam mode
controlling. Based on the Type II PM, frequency doubling at 532 nm has
been realized in the HS waveguide with nearly single-mode profiles,
corresponding to the maximum normalized conversion efficiency of
1.1%/W/cm in CW regime. It combines the advantages of SSL and SSS
waveguides with high normalized conversion efficiency of 1.2%/W/cm
and nearly single mode profiles, simultaneously avoids the dis-
advantages of multimode distribution for SSL waveguide and low nor-
malized conversion efficiency of 0.6%/W/cm for SSS waveguide, re-
spectively. This work paves a way to realize single mode laser
generation at the selected wavelength with superior performance for
diverse applications in a single chip.
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