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1. Introduction
In the realm of photonics, waveguide technology has enabled the development 
of a wide array of miniature and compact devices, such as beam splitters, 
directional couplers, and ring resonators. These devices have found extensive 
applications across numerous fields, including modern optical telecommuni-
cations, quantum computing, and sensors. Guided-wave optical devices based 
on dielectric crystals integrate the advantages of both compact geometries 
and bulk material properties, making them highly effective for both passive 
and active applications.[1] For instance, waveguide devices made from lithium 
niobate (LiNbO3, or LN) have been widely used for electro-optic modulation, 
signal amplification, and frequency conversion.[2] Lithium tantalate (LiTaO3, 
or LT) shares many similarities with LN and exhibits exceptional performance 
in areas such as nonlinear optics, passive infrared sensing, terahertz genera-
tion, and electro-optic applications.[3] Compared to the commonly used LN, LT 
offers superior thermal stability for high-power laser processing and a more 
pronounced photorefractive capability. In both LT and LN crystals, various 
techniques can be employed to create waveguiding structures.[4-5] These in-
clude diffusion,[6] proton exchange, ion implantation or irradiation,[7] thin-film 
deposition,[8] and femtosecond laser writing.[9]

As a crucial and highly versatile 3D micromachining technique, femtosecond 
laser writing has emerged as a powerful tool for fabricating waveguides in a 
wide range of materials, catering to diverse applications across various fields. 
In materials such as glasses, the laser irradiation typically induces positive 
changes in the refractive index (∆n > 0) within the irradiated volumes.[10] This 
unique capability enables the direct 3D microfabrication of a variety of optical 
devices with high precision and flexibility.[11-12] In contrast, when applied to di-
electric crystals, femtosecond lasers generally induce negative changes in the 
refractive index (∆n0 < 0) along the irradiated tracks. This characteristic can 
be harnessed to create depressed cladding waveguides, where the guiding core 
(remaining undamaged) is surrounded by multiple laser-induced low-index 
tracks.[13] These tracks effectively serve as boundaries that confine the light 
field within the core, ensuring efficient optical guidance.[14-15] 

Beyond merely inducing positive or negative refractive index changes, the 
high-intensity pulses of femtosecond lasers can also be employed for selective 
etching of crystals through etching.[16] This capability has led to the develop-

ment of hybrid techniques, where femtosecond laser etching is combined with 
other methods such as ion irradiation and ion implantation.[17-18] These integrat-
ed approaches have proven to be highly effective in producing high-perfor-
mance photonic devices with tailored properties and functionalities. For super-
ficial photonic applications, such as electro-optic modulation, the depth of the 
waveguide cores (typically on the order of tens of microns) is often sufficient 
for modulation by electrodes placed on the surface of the bulk material.[20] 
However, additional grooves are usually required to accommodate semi-bur-
ied parallel electrodes. Femtosecond laser etching offers an ideal solution for 
fabricating these grooves, as the ablated tracks can be precisely controlled to 
provide adequate width for embedding the electrodes.[21-22] By combining fem-
tosecond laser etching with other techniques, the need for extra grooves can 
be eliminated, simplifying the fabrication process and enhancing the overall 
performance of the guiding structures.[21]

In this study, we present a Y-branch superficial superficial waveguide splitter 
fabricated in a LiTaO3 crystal wafer using a combination of femtosecond la-
ser writing and ablating techniques. Specifically, femtosecond laser etching 
was employed to create grooves that form the side-walls of the superficial 
structure. By reducing the femtosecond laser energy, laser writing tracks 
were achieved at the bottom of the side-walls instead of etching, effectively 
confining the light within the superficial guiding core.[23] The splitter structure 
features a 60-μm-width input port and 30-μm-width output ports. It achieves 
an output power splitting ratio of approximately 1:1, with Gaussian modal 
profiles observed at the output ports at the telecommunication wavelength of 
1.55 μm. The superficial guiding structure exhibits polarization sensitivity and 
superior waveguiding performance, making it a promising candidate for ad-
vanced photonic applications.[24]

2. Experiments
In this study, a z-cut LiTaO3 crystal sample was precisely cut into wafers with 
dimensions of 10 mm × 9.8 mm × 1 mm and subsequently optically polished 
to ensure a high-quality surface finish. A Ti:Sapphire laser system was em-
ployed to fabricate superficial structures on the irradiated surface, specifically 
the planar waveguide layer. This laser system delivered 120-femtosecond 
pulses, linearly polarized at a wavelength of 800 nm, with a repetition rate of 1 
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Figure 2. (a) The sketch of Y-branch etching tracks on the top view. (b) The microscope image of Y-branch output port. (c) The 
microscope image of Y-branch joint. (d) The microscope image of Y-branch and input port.

Figure 1. Femtosecond laser etching and refractive index engineering process for samples.

kHz. The laser beam was focused using a 20× microscope objective lens (nu-
merical aperture = 0.4), while the sample was mounted on a three-dimensional 
motorized stage with a spatial resolution of 0.2 μm, enabling precise control 
and positioning during the fabrication process.
The fabrication of the superficial structures involved a two-step process, utiliz-
ing different objectives and laser parameters to achieve the desired structural 
features as shown in Figure 1. Initially, the laser beam was focused 30 μm 
beneath the largest surface of the wafer (10 mm × 9.8 mm). A series of tests 
were conducted at various pulse energies and scanning velocities to optimize 
the fabrication conditions. Optical microscopy in transmission mode was em-
ployed to assess the damage tracks created within the sample. Based on these 
evaluations, the final irradiation parameters were set to a pulse energy of 100 

μJ, achieved through the use of two neutral density filters.
During the irradiation process, the sample was moved at a constant speed of 
500 μm/s in a direction perpendicular to both the laser polarization and the 
pulse propagation. This direction was carefully aligned with the 10-mm long 
edge of the sample to produce a continuous damage track along its length. 
The optimal values for scanning velocity and pulse energy were determined 
through a careful balance between achieving sufficient damage in the laser 
tracks (to create a high refractive index contrast) and minimizing the formation 
of cracks within the sample. Multiple parallel scans were performed, with ad-
jacent damaged tracks separated by approximately 3 μm, forming the bottom 
boundaries of the superficial structures.
In the second step, a multi-scan strategy was employed to create the side-walls 

of the superficial structures. A single neutral density filter was used to increase 
the pulse energy to 150 μJ. Under these conditions, the estimated peak fluence 
reached approximately 700 J/cm2, which is significantly higher than the typical 
ultrafast etching thresholds for transparent dielectrics (a few J/cm2). This high 
fluence indicated that the process was operating in the strong etching regime, 
which allowed us to bypass the saturation effect commonly observed in etch-
ing craters.
The Y-branch waveguiding structure was produced following this procedure. 
The design consists of a straight bus waveguide (i.e. w width) that is split into 
two divergent identical waveguides (w/2 width). An angle (in this work the 
value is 0.05 deg) is fixed between the two split waveguides, ensuring a dis-
tance of 30 μm between the two output ports of the Y-branch at the end-face. 
The design is similar to the rectangle cladding waveguides, instead of writing 
side-walls of etchings. The sketch of the waveguide splitter is shown in Figure 
2(a), which shows the details of Y-branch structure. For steadily exciting the 
guiding mode, a 4.3-mm-long straight bus waveguide and 5.5-mm-long split 
channels are carefully chosen. Figure 2(b)-Figure 2(d) are demonstrated the 
microscope images of output port, joint, and input port, respectively, in the 
top view. The microphotograph of the input and output port cross-sections is 
demonstrated in Figure 3(a), Figure 3(b).
To investigate the near-field modal distributions of Y-branch waveguiding 

structure, a typical end-face coupling system was employed. A 1550-nm fiber 
DFB laser source with a polarization controller, using a fiber collimator to set 
light off from the fiber to the free space, was coupled into one end-face of the 
LiTaO3 sample by an objective lens. Another microscope objective lens was 
used as the out-coupler through which the transmitted light was collected and 
imaged by a camera. The polarization controller and a Glan-Taylor prism were 
set to ensure the linear polarized light output from the collimator. A half-wave 
plate was inserted after the Glan-Taylor prism to adjust the direction of the 
polarization. Applied a power meter, the dependency of input light polariza-
tion and output power is measured by a power meter. For obtaining the power 
from each output port, an aperture was used to limit only one port output light 
passed by.

3. Results and discussion
Figure 4(a) presents the measured output near-field modal profile of the 
Y-branch splitter at a telecommunication wavelength of 1.55 μm. The dashed 
lines in the figure indicate the air-crystal interface and the waveguiding cores. 
The output light field modal profiles from each exit port exhibit a Gauss-
ian-like distribution. The refractive index change induced by the femtosecond 
laser writing tracks at the bottom of the waveguiding structure was estimated 
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Figure 4. (a) The measured output near-field modal profiles. (b) The simulated output near-field modal profiles. (c) The simulated 
exciting light field profile of Y-branch waveguiding structure in the top view.

Figure 3. (a) Microphotographs of Y-branch splitter input ports. (b) Microphotographs of Y-branch splitter output ports.

to be -0.005 in the LiTaO3 (LT) crystal, consistent with the existing experimen-
tal value.[25] We hypothesize that the femtosecond laser etching creates void 
grooves at the crystal surface, resulting in a refractive index of approximately 
1.0, similar to that of a vacuum.
To simulate the light propagation through the Y-branch structure, we estab-
lished a refractive index distribution based on the calculated refractive index 
modifications. The simulation was performed using the Finite-Difference 
Beam Propagation Method (FD-BPM) algorithm implemented in Rsoft® 
BeamPROP software. Figure 4(b) displays the simulated output near-field 
modal profile. The slight discrepancy between the experimental results and the 
simulation is attributed to the surface roughness of the superficial structures 
induced by femtosecond laser etching.
Figure 5 illustrates the output power distribution (in mW) of all-angle trans-

verse-plane light transmission at a wavelength of 1550 nm. In the experiment, 
3 mW of circularly polarized light was injected into the hybrid waveguide 
structure via an end-face coupling system, and the output power was measured 
at various angles. The results reveal significant angular-dependent variations 
in output power: distinct peaks (approximately 250-300 μW) are observed at 
180°, while lower values (around 50-100 μW) appear near 0°. This anisotropic 
distribution is closely related to the polarization sensitivity of the waveguide. 
It exhibits higher transmission efficiency for TE-polarized light. Furthermore, 
as a critical factor in the performance of waveguides, the propagation losses 
of waveguides in lithium tantalate (LiTaO₃) crystals were estimated. The total 
losses of the straight bus waveguides (including both propagation and coupling 
losses) were measured at a wavelength of 1550 nm using an end-face coupling 
system. This type of loss can be characterized as Insertion Loss(IL),

	 Out

In

P
P

IL = -lg 	 (1)

Considering the Fresnel reflection, a loss of -0.65 dB occurs at each 
waveguide–air interface. For the 4.3-mm-long straight bus waveguides, the 
propagation losses in the transverse electric (TE) polarization direction were 
as low as approximately 9.6 dB/cm. The disparity in propagation losses (4.8 
dB/cm for the tracks) contributes to the asymmetry in power distribution. 
These results demonstrate that the hybrid waveguide achieves polarization-
dependent spatial power allocation through laser-induced refractive index 
anisotropy (∆n0), offering a viable solution for integrated polarization beam-
splitting devices.

4. Conclusion
In this study, we successfully fabricated a Y-branch superficial superficial 
waveguide splitter in a LiTaO3 crystal wafer using a combination of femtosec-
ond laser writing and ablating techniques. The hybrid approach leveraged the 
precision and flexibility of femtosecond laser technology to create high-quality 
waveguides with well-defined geometries. The fabricated Y-branch waveguide 
splitter exhibited remarkable polarization sensitivity and superior waveguiding 
performance, particularly at the telecommunication wavelength of 1.55 μm.
The experimental results demonstrated that the Y-branch waveguide splitter 
achieved an output power splitting ratio of approximately 1:1, with Gauss-
ian-like modal profiles observed at the output ports. The refractive index 
change induced by the femtosecond laser writing tracks was estimated to be 
-0.005, consistent with previous reports. The polarization sensitivity of the 

Figure 5. All-angle light transmission along the transverse plane at 1550 nm.
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waveguide was evidenced by the significant angular-dependent variations in 
output power, with higher transmission efficiency observed for TE-polarized 
light.
In this study, we have also conducted a comparative analysis between the hy-
brid femtosecond laser fabrication technique employed in our work and sever-
al conventional waveguide fabrication methods, such as thermal diffusion, pro-
ton exchange, and ion implantation. Compared to these traditional approaches, 
our method demonstrates notable advantages in terms of both processing 
flexibility and structural accuracy. By integrating femtosecond laser direct 
writing with precision-controlled ablation, we are able to fabricate waveguide 
structures with well-defined geometries and smooth sidewalls in a stream-
lined, mask-free process.[26-27] This not only simplifies the overall fabrication 
procedure but also enhances the reproducibility and uniformity of the devices. 
Moreover, the hybrid approach allows for highly localized, design-flexible 
fabrication, making it particularly well-suited for constructing compact and 
polarization-sensitive photonic components.[28] We believe that these strengths 
collectively highlight the superior performance and practical applicability of 
our fabrication strategy in comparison with conventional techniques.
The combination of femtosecond laser etching and refractive index engineer-
ing allowed for the creation of a superficial guiding structure with precise 
control over the side-walls and bottom boundaries. This unique structure ex-
hibited polarization-dependent spatial power allocation through laser-induced 
refractive index anisotropy, offering a viable solution for integrated polariza-
tion beam-splitting devices. The excellent waveguiding performance at 1.55 
μm wavelength ensures efficient transmission and minimal loss, making this 
Y-branch splitter a promising candidate for integration into advanced photonic 
devices and systems.
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