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Femtosecond-laser-inscribed
cladding waveguides in KTiOPQO,4
crystal for second-harmonic
generation and Y-branch splitters

Shi-Ling Li*, Yan Song, Li-Nan Ma and Hai-Long Wang

School of Physics and Physical Engineering, Qufu Normal University, Qufu, China

In this study, the fabrication of straight- and Y-branch-cladding waveguides in
KTiOPO, crystals using femtosecond laser-direct writing is described. The
second-harmonic generation (SHG) of green light through the cladding
waveguides was realized using a pulsed-wave pump at 1,064 nm. The guiding
properties of straight-cladding waveguides fabricated by varying the laser-writing
conditions were investigated. The minimum insertion loss was approximately
2.0 dB at 1,064 nm. Confocal micro-Raman spectroscopy was used to investigate
the lattice micro-modifications. The maximum SHG conversion efficiency of the
straight-cladding waveguide reached 31.4% with a maximum output power of
79.29 mW from an input power of 252.6 mW. The performances of the Y-branch
splitters with splitting angles ranging from 0.5° to 2.6° were characterized at
1,064 nm, showing excellent properties, including symmetrical output ends and
approximately equal splitting ratios. An SHG conversion efficiency of 13.4% and
maximum output power of 33.63 mW were achieved in the Y-branch splitter with
a splitting angle of 1.0°. These findings support potential applications in
constructing compact-frequency converters by using femtosecond laser-
written KTiOPO,4 depressed-cladding waveguides.

optical cladding waveguides, femtosecond laser writing, nonlinear optical materials,
Y-branch waveguides, second harmonic generation

1 Introduction

The optical waveguide microstructure is a basic component of integrated photonics by
which multifunctional devices can be constructed in a compact system [1-5]. Waveguides
can confine light-diffraction-free propagation in micrometer-scale volumes, achieving a
significantly higher optical density than in bulk materials [1-3]. Some of the original optical
properties such as nonlinear optical response, and laser performance of bulk materials can
be enhanced in waveguide structures [6-8]. Optical waveguides in nonlinear crystals are
preferred for second-harmonic generation (SHG) [9-13]. Waveguide-type beam splitters
play an important role in integrated photonic circuits and are important elements in several
applications, including power dividers, optical switches, phase modulators, and biosensors
[14-16]. By applying Y-branch waveguides, efficient lasing or frequency doubling has been
implemented using a direct optical pump, which presents opportunities for new
applications for Y-branch waveguides in lasers and nonlinear crystals [17-20].

Several approaches have been used to fabricate waveguides in bulk crystals, such as ion
implantation, ion exchange, metal-ion diffusion, and femtosecond laser-direct writing [3,
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21-24]. Among these, femtosecond laser-direct writing has been
recognized as a flexible, efficient, and three-dimensional (3D)
precision fabrication technique by which 3D waveguide
structures can be rapidly produced in crystals, glasses, and
polymers [4, 25-29]. The focused femtosecond pulses in the
crystals are absorbed through a nonlinear process within a short
period, resulting in a localized refractive index (RI) modification of
the focal volume. The RI change can be positive or negative
depending on the femtosecond laser processing parameters such
as central wavelength, repetition rate, and pulse energy, and the
nature of the material [3, 4]. Femtosecond laser-written waveguides
can be categorized as single-line (type I), stress-induced double-line
(type 1I), and depressed-cladding waveguides. The depressed-
cladding waveguides consist of a core surrounded by several
femtosecond laser-induced tracks with negative RIs. Cladding
waveguides have flexible cross-sections (in both shape and size)
and strong light confinement, which can be integrated with standard
optical fibers. Currently, cladding waveguides have been realized in
several dielectric crystals for waveguide laser and nonlinear optics
applications [3, 4, 30-32].

Potassium titanyl phosphate (KTiOPO, or KTP) is a widely
used nonlinear optical crystal, and has the advantages of large
nonlinear optical coefficients, wide light transmittance band,
high optical damage threshold, and broad thermal and angular
acceptance for SHG [33, 34]. These superior properties enable it
one of the preferred nonlinear materials for visible laser
generation. The frequency doubling of the near infrared into
the green, blue and yellow light could be successfully realized by
using birefringent or periodically poled KTP wafers. For
femtosecond laser-inscribed nonlinear waveguides, the SHG of
blue lasers was realized in periodically poled KTP via quasi-phase
matching by Campbell et al. [35]. The SHG of a green laser was
lattice-like
waveguides in the KTP through a birefringent phase-matching

realized in double-line and optical cladding
configuration [19, 36]. In this study, we describe SHG in straight-
and Y-branch-cladding waveguides in KTP crystals formed using
femtosecond laser-direct writing. The guiding properties of the
waveguides fabricated with different writing parameters were
studied experimentally. Confocal micro-Raman (p-Raman)
microscopy was used to analyze the formation of the cladding
structures. The performances of the Y-branch splitters with
respect to guiding and splitting properties and SHG, were
investigated. This study focuses on investigating the influence
of writing parameters on the quality of straight-cladding
waveguides, SHG, and the beam-splitting aspect of Y-branch

waveguides.

2 Experimental details
2.1 Waveguide fabrication

The optically polished KTP crystal was cut to dimensions of
10 mm (a) x 8mm (b) x 2mm (c). An ultrafast Yb-doped fiber
master-oscillator power-amplifier laser (IMRA FCPA p-Jewel
D400), which delivers 460-fs pulses at a central wavelength of
1,047 nm with a repetition rate of 500 kHz, was used to fabricate
optical waveguides buried inside the crystal wafer. The laser beam
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was focused onto the crystal along the c-axis through a polished top
surface with an area of 10 mm x 8 mm using an aspheric lens with a
numerical aperture of 0.68. The crystal was scanned along the b-axis
using a computer-controlled XYZ micro-positioning stage for
precise translation to produce parallel and uniform damage
tracks. Figure 1A shows a schematic of the fabrication process of
cladding waveguides using femtosecond laser-direct writing. The
femtosecond laser-direct writing was performed with different key
parameters, such as pulse energy (480-680 nJ in steps of 40 nJ), the
depth of the waveguide central axis beneath the crystal top surface
(denoted as “depth,” 45-85 um), scanning speed (0.1-10 mm/s), and
laser polarization, to obtain low-loss optical waveguides.

2.2 Optical waveguiding properties and SHG
measurement

An optical microscope was used for a preliminary assessment of
femtosecond laser-induced modifications. A typical end-face
coupling optical system was used to characterize the transmission
properties of the inscribed-cladding waveguides and splitters. A
near-infrared (1,064 nm) laser was coupled to one end of the sample
using an objective lens. Another microscope objective lens was used
as the out coupler, through which the transmitted light was collected
and imaged using a charge-coupled device camera. A half-wave plate
was used to adjust the polarization of the input laser beam. The
insertion loss of the waveguides was estimated by directly measuring
the powers of the injected and output light through a power meter,
which can be expressed as: a(dB) = —10log;o(Pout/Pin), where Py,
and P;,, are the output and input laser powers, respectively. Notably,
the insertion loss value included contributions from the Fresnel,
coupling, and propagation losses. Thus, the propagation loss of the
waveguide was less than the insertion loss.

This end-face coupling system was used for subsequent SHG
measurements. Figure 1B shows a schematic of the end-face
coupling system for SHG. A Q-switched solid-state laser with a
central wavelength of 1,064 nm, pulse duration of 11ns, and
repetition rate of 5kHz was used as the linearly polarized
fundamental laser source for SHG excitation. The 1064-nm
pulsed fundamental laser was coupled to the waveguide
structures via an objective lens (x25, f = 5.5 mm). The 1064-nm
fundamental and generated 532-nm green laser emitted from the
facet of the
another x25 microscope objective. Finally, the second harmonic

output waveguides were collected using
(SH) light was separated from the residual fundamental laser using a
filter with a transmittance of 98.5% at 532nm and a reflectivity

of >99% at 1,064 nm.

2.3 y-Raman characterization

The laser damage tracks, waveguiding region, and bulk region of
the crystal were characterized via p-Raman spectroscopy using a
confocal Raman microscopy system (LabRAM HR Evolution,
HORIBA). A continuous-wave laser with a wavelength of 532 nm
was used as the pump light source. A x20 microscope objective
(Olympus) was used to focus the 532-nm laser onto the waveguide
end face and collect the generated vibration spectra.
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FIGURE 1

(A) Schematic plot of femtosecond laser direct writing in the KTP crystal. (B) Schematic of the end-face coupling system for SHG in cladding

waveguides.

FIGURE 2
(A) Optical microscopic cross-sectional images. The insets show the enlarged microscopic images. (B) Measured near-field modal profiles of the

straight-cladding waveguides inscribed with a pulse energy of 600 nJ, scan speed of 3.0 mm/s, horizontal polarization laser beam, and depths from 45 to
85 pm. Scale bars in all cases are 40 um.

3 Results and discussion

Figures 2A, B show the optical microscope cross-sectional
images and measured near-field modal profiles of the fabricated
straight-cladding waveguides. A fixed pulse energy of 600 nJ was
used with a scan speed of 3.0 mm/s, horizontal polarized laser beam,
and different depths of 45, 55, 65, 75, 80, and 85 pm. As shown in
Figure 2A, when the depth was 85 pm, the inscribed tracks did not
form the full circle. At other depths, the laser-induced damage tracks
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were clean, and no crystal cracking was observed, indicating well-
defined circular claddings composed of distinct laser-induced tracks.
As shown in Figure 2B, for depths of 45, 55, 65, and 75 pm, the
waveguides exhibited good guiding confinement with extremely low
light leakage outside the cladding volumes and multimode
distribution. The insertion losses of these waveguides were 3.4,
3.1, 2.0, and 2.6 dB, respectively, as shown in the first row of
Table 1. At a depth of 80 um, a light leakage was observed at the
bottom of the waveguide, and the insertion loss was 5.8 dB. At a
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TABLE 1 Insertion losses of the straight-cladding waveguides fabricated with different inscription parameters.

Depth (um) 45 55 65 75 80 85
(600 n] pulse energy, 3.0 mm/s scan speed, horizontal polarization laser beam)

Insertion loss (dB) 3.4 3.1 2.0 2.6 5.8 —
Pulse energy (n]) 680 640 600 560 520 480
(65 pum depth, 3.0 mm/s scan speed, horizontal polarization laser beam)

Insertion loss (dB) 3.1 2.4 2.0 2.3 5.0 —
Scan speed (mm/s) 0.1 0.5 1.0 3.0 5.0 10.0
(65 um depth, 600 n] pulse energy, horizontal polarization laser beam)

Insertion loss (dB) 4.0 3.0 2.3 2.0 2.5 35
Laser polarization (65 um depth, 600 nJ pulse energy, 3.0 mm/s scan speed) Horizontal (H) Vertical (V) Circular (C)

Insertion loss (dB) 2.0 3.6 —

180

Output Poer (mW)

FIGURE 3

—0— 1064 nm

Optical transmission of the cladding waveguide WG1 at 1,064 nm along all-angle polarization.

depth of 85 um, the guiding mode was not observed, which could be
because at such a large depth the energy deposition decreased,
leading to a less RI decrease in the inscribed tracks, which was
not enough to construct a low-index potential-barrier wall to realize
waveguiding.

The insertion losses of cladding waveguides fabricated with
different inscription parameters are listed in Table 1. The second
row of Table 1 shows the insertion losses of the waveguides
fabricated at a depth of 65 um, with a scan speed of 3.0 mm/s,
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horizontal polarization laser beam, and pulse energies from 480 to
680 nJ. The insertion loss was the smallest (~2.0 dB) when the pulse
energy was 600 nJ. The insertion loss increased as the pulse energy
decreased from 600 to 520 nJ, which could be attributed to less
energy deposition, causing a small RI decrease in the inscribed
tracks, indicating an inferior light confinement effect. As the pulse
energy was further decreased to 480 nJ, no guiding mode was
observed. This might be because the decrease in the RI at the

inscribed tracks was insufficient to construct a low-index
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p-Raman results obtained from the output cross-section of the KTP-cladding waveguide WG1. (A) y-Raman emission spectra collected from the
bulk material (green line), the waveguide core (red line), and the femtosecond laser-induced track (blue line). The insert shows the optical transmission
micrograph of the cladding waveguide. (B) p-Raman intensity spatial mapping at the 693 cm™ Raman mode. (C) 1D distribution of the Raman intensity

along the blue dotted and magenta dashed line of (B).
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(A) Emitted laser spectra of the fundamental (red) and SH (green) waves, and (B) SHG modal profiles from the cladding waveguide WG1
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Measured SHG output power and conversion efficiency values as a function of 1064-nm fundamental peak power from (A) the WG1, and (B) the
WG2. Inset is the TM modal profile at 532 nm. The solid lines represent the fit of the experimental data.

potential barrier wall for waveguiding. When the pulse energy was
increased from 600 to 680 nJ, the insertion loss increased, which was
due to increased energy deposition, thereby affecting the region near
the tracks and increasing the propagation loss. The third row of
Table 1 shows the insertion losses of the waveguides fabricated at a
depth of 65um, with a pulse energy of 600 nJ, horizontal
polarization laser beam, and scan speeds from 0.1 to 10.0 mm/s.
The smallest loss (~2.0 dB) was observed when the scan speed was
3.0 mm/s. As the scan speed increased from 0.1-3 mm/s, the

Frontiers in Physics

insertion loss progressively decreased. When the scan speed was
increased from 3.0 to 10.0 mm/s, the insertion loss progressively
increased. As shown in the fourth row of Table 1, the insertion loss
strongly depended on the laser beam polarization. The insertion loss
was the lowest for the waveguide inscribed with a horizontally
polarized laser beam. In particular, optimal parameters to
fabricate low loss waveguides are the focus depth of 55-75 pm,
560-680 nJ pulse energy, 0.5-5.0 mm/s scan speed, and horizontal
polarization laser beam.
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FIGURE 7
Optical microscope images of the cladding Y-branch waveguides Y1-Y5: (A) end view of the input facets, (B) end view of the output facets, and (C)
top view.

To investigate the polarization dependency of the waveguiding
properties, all-angle optical transmission information at 1,064 nm of
the straight-cladding waveguide (referred to as WG1) is presented in
Figure 3. WG1 was fabricated with a pulse energy of 600 nJ, scan
speed of 3.0 mm/s, depth of 65 um, and a horizontal polarization
laser beam. As the polarization of the excitation light at 1,064 nm
changed from transverse-electric (TE; 0° and 180°) to transverse-
magnetic (TM; 90° and 270°), the optical transmission varied from
27.1% to 62.5%, respectively. The insertion losses were 5.6 and
2.0 dB for the TE and TM polarizations, respectively. In comparison,
the transmitted laser with TM polarization is better confined, which
is attributable to the larger RI change induced by the femtosecond
laser along the TM direction. The all-angle optical transmission
information at 532 nm of the WGI was also investigated. It was
found that polarization dependency of the waveguiding at 532 nm
were generally consistent with that at 1,064 nm.

The structure modification in the cladding was confirmed by p-
Raman spectroscopy. The p-Raman results obtained from the
output cross-section of cladding waveguide WG1 are presented
in Figure 4. Figure 4A shows the p-Raman emission spectra
obtained for the bulk material,
waveguide core. Three main phonon modes corresponding to the
peaks of Raman shift at approximately 211.4, 267.4, and 693.0 cm™"
were measured. The spectra from the track and waveguide core had

laser-induced track, and

the same shape and peak positions as those in the bulk region.
However, for the three Raman modes, the Raman peak intensity
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decreased at the laser-induced track and increased in the waveguide
region. Similar results were obtained from the Raman intensity
spatial mapping at the 693 cm™' Raman mode shown in Figure 4B.
For easy visualization, Figure 4C shows the one-dimensional (1D)
distribution of the p-Raman intensity measured along the blue
dotted and magenta dashed lines in Figure 4B. Compared to the
bulk region in the KTP, the Raman peak intensity at the laser-
induced tracks decreased by approximately 26% on average,
suggesting in the
accompanied by an RI decrease [34]. Therefore, laser-induced

lattice  distortion laser-induced  region
tracks can be regarded as barriers that confine light inside the
waveguides. However, the Raman peak intensity in the waveguide
region increased by approximately 20%, indicating that the
fabricated waveguides maintained the characteristically high
Raman gain of the KTP crystal.

Figure 5A shows the typical emitted laser spectra of the
fundamental (at 1,064 nm) and SH signals in WGI using a 1064-
nm pulsed laser pump. The peak SH wavelength was 532 nm, with a
full width at half maximum of approximately 1 nm. Figure 5B shows
the captured SH guiding modes along the TE and TM polarizations;
the SH light was observed to be multimodal.

The generated SH power and conversion efficiency as functions of
the input 1064-nm fundamental pump power are shown in Figure 6. As
Figure 6A shows, while the excitation fundamental peak power reached
252.6 mW, the peak power of the generated SH light in WG1 reached

79.29 mW, corresponding to a peak conversion efficiency of #peq =
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FIGURE 8

Measured near-field modal profiles along TM polarization of the cladding Y-branch waveguides Y1-Y5 at 1,064 nm.

TABLE 2 Splitting ratios and additional losses of the Y-branch splitters.

Y-branch splitters

Output power ratio between left and right arm (1,064 nm)

Additional losses (dB)

Y1 48.8/51.2 0.6
Y2 48.8/51.2 0.7
Y3 47.7/52.3 13
Y4 46.7/53.2 1.5
Y5 45.1/54.9 2.5

31.4%. For comparison, the straight-cladding waveguide with a
diameter of 24 um (WG2), which was manufactured under the
same conditions, had an insertion loss of 2.8 dB. This means that
the loss increased in the waveguide as the diameter decreased. The
reason may be that the smaller waveguide had a smaller acceptance
angle and some high order modes were cut off leaving the near
fundamental modes. As shown in Figures 6A, B maximum green
laser output power of 33.75 mW was obtained, which corresponds
to an SH conversion efficiency of #jpeq = 13.3%. It can be concluded that
with increased waveguide size, the straight-cladding waveguides possess
lower insertion losses and exhibit better SHG performance.
Y-branch waveguides capable of 1-2 beam splitting were
fabricated with a pulse energy of 600nJ, depth of 65pum, and

Frontiers in Physics

scan speed of 3.0 mm/s. The Y-branch splitters consisted of a
2.0-mm straight bus waveguide with a diameter of 48 pm, which
was followed by two divergent identical waveguides with a diameter
of 24 um. The splitting angle 6 between the two arms was set to 0.5°,
1.0°, 1.6%, 2.0°, and 2.6, hereinafter referred to as Y1, Y2, Y3, Y4, and
Y5, respectively. Figures 7A—-C show the optical microscope images
of the input, output, and top views of the Y-branch splitters Y1-Y5.
As shown in Figure 7B, well-defined circular claddings composed of
distinct laser-induced tracks acted as waveguide boundaries. Crystal
cracking was observed in the output facets of Y3-Y5. Cracks
propagated out of the laser-induced damaged region, thus
allowing light propagation in the waveguide core. The distances
between the two exiting ports of the Y-branch splitters Y1, Y2, Y3,
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FIGURE 9
(A) Measured SHG output power and (B) conversion efficiency as a function of input fundamental peak power from the Y-branch waveguide Y2. The
inset shows the modal profile at 532 nm.

Y4, and Y5 were 70, 116, 174, 213, and 268 um, respectively.  splitting capability even with a large splitting angle of 2.6", without
Figure 7C shows the details of the joint between the straight bus  high light leakage through the waveguide barrier or via the splitting
waveguide and the two split waveguides in each Y-branch splitter.  point into the substrate regions. The output powers through each of

Figure 8 illustrates the measured near-field modal profiles of the  the two arms of Y1 were measured, and a splitting ratio of 48.8:
Y-branch splitters, YI-Y5. All Y-branch splitters exhibited good  51.2 was achieved, indicating near equalization of the incident
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TABLE 3 SHG properties of the Y-branch waveguides.

Y-branch splitter

Maximum output peak power of SH light (mW)

10.3389/fphy.2024.1341210

Conversion efficiency npeak (%)

Y2 33.6

Y3 18.9

13.4

7.4

TABLE 4 Comparison about SH performance of KTP waveguides at ~1 um.

Fabrication Waveguide

configuration

Propagation loss
(dB/cm)

method

Conversion
efficiency

Pump laser
operation

Maximum output
SH power

Ton irradiation Ridge waveguide 1.0 Pulsed 1109 W 12.4% [11]
CwW 1.08 mW 1.12% W'
Ton irradiation Planar waveguide 3.1 Pulsed 82 W 11.5% [37]
CW 74.6 pW 5.36% W'
Fs-laser writing Double line 0.8 CwW 1.31 mW 8.25% W' [36]
@1 kHz
Fs-laser writing Optical-lattice like - (insertion loss 1.2 dB) CW 0.67 mW 11.2% W' [19]
@1 kHz (straight)
Optical-lattice like (1 x - (insertion loss 1.3 dB) CW 0.65 mW 14.3% W
4 splitters)
Fs-laser writing Cladding (straight) - (insertion loss 2.0 dB) Pulsed 79.29 mW 31.4% This
@500 kHz study
Cladding (Y-branch - (insertion loss 2.6 dB) Pulsed 33.63 mW 13.4%
splitters)

beams. Table 2 lists the splitting ratios and additional losses of the
Y-branch splitters. The additional loss was estimated by comparing
the total loss of the splitter with the insertion loss of the
straightforward waveguide with a diameter of 48 um. As the
splitting angle increased from 0.5° to 2.6°, the splitting ratio
decreased from 48.8:51.2 to 45.1:54.9. Y1 and Y2 exhibited low
additional losses of 0.60 dB and 0.70 dB, respectively. As the splitting
angle increased, the additional loss increased. For Y5, the additional
loss increased to 2.5 dB.

The input laser beam excited both arms of the Y-branch waveguide
to generate SH waves simultaneously. Figures 9A, B depict the
generated SH wave powers and conversion efficiencies as functions
of the input fundamental pump power at 1,064 nm from the Y-branch
waveguide Y2, and the inset depicts the modal profile of SH light. The
maximum peak power of the generated SH light in Y2 reached
33.63mW from an input power of 251 mW, corresponding to a
conversion efficiency of #peaxc = 13.4%. The maximum SH peak
power from the left and right arms of Y2 were 1642 and
17.21 mW, respectively. The highest frequency conversion efficiency
achieved from the left and right arms of Y2 were 6.54% and 6.85%,
respectively. The SHG splitting ratio between the two arms in Y2 was
approximately 48.8:51.2. The maximum output power of the SH light

and the conversion efficiency of the Y-branch waveguides Y1 and
Y3 are listed in Table 3. The differences in the SH output powers and
conversion efficiencies collected from Y1-Y3 and the straight
waveguide may be due to the splitting angles of the configurations
and the effect of the Y-junction on the SHG performance.

Frontiers in Physics

10

Table 4 summarizes the SH performance (1,064—532 nm) and
waveguiding properties of KTP waveguides achieved recently.
Compared with the SHG performance of ion-irradiated KTP
waveguides [11, 37], the maximum conversion efficiency was
significantly higher for the cladding waveguides. The conversion
efficiency in this study was comparable to the previously reported
data for the KTP waveguides by femtosecond laser writing [19, 36].

4 Conclusion

We fabricated straight depressed-cladding waveguides and
Y-branch splitters with different splitting angles (0.5°, 1°, 1.6", 2°, and
2.6°) in KTP crystals using femtosecond laser-direct writing. The
fabricated waveguides exhibited good guiding properties with an
insertion loss of 2.0 dB at 1,064 nm. The influence of the writing
parameters on the quality of the cladding waveguides was studied.
We found that optimal parameters to fabricate low loss waveguides are
the focus depth of 55-75 pm, pulse energy of 560-680 nJ, scan speed of
0.5-5.0 mm/s, and a horizontal polarization laser beam. The Raman
properties of the KTP crystal were explored using confocal {1-Raman
spectroscopy. SHG at 532 nm from the KTP-cladding waveguides was
demonstrated under 1064-nm pulsed laser pumping. The optical
conversion efficiency of SHG was 31.4% with a maximum power of
7929 mW in the straight-cladding waveguide. Y-branch waveguide
splitters were based on depressed-cladding waveguides with a circular
cross-section featuring a single Y-junction and a nearly symmetrical
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shape. At a small angle (0.5°), the splitter exhibited an additional loss as
low as 0.60 dB compared to a straight waveguide. For a larger angle
(2.6°), the additional loss increased to 2.5 dB. These splitters exhibited
strong light confinement and nearly equal output powers. The
Y-branch waveguide with a splitting angle of 1.0° generated a
maximum SH output power of 33.63 mW and an SH efficiency of
13.4%. Overall, the results achieved in this study are promising for the
fabrication of more complex photonic microstructures based on
dielectric crystals, such as interferometers, waveguides with multiple
3D bulk/surface Beam-splitter-type
waveguides providing multiple frequency doubling output signals

Y-branches, or structures.
from a single pump could be used in quantum optics, optical
sensing, and communication applications. The Y-branch waveguide
with an output channel separation of 174 pum also makes devices such as
power dividers, frequency converters, and optical switches suitable for

efficient connection to optical fibers.
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