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Abstract: Waveguides formed by etching, proton-exchange (PE), and strip-loaded on single-crystal
lithium niobate (LN) thin film were designed and simulated by a full-vectorial finite difference method.
The single-mode condition, optical power distribution, and bending loss of these kinds of waveguides
were studied and compared systematically. For the PE waveguide, the optical power distributed in
LN layer had negligible change with the increase of PE thickness. For the strip-loaded waveguide,
the relationships between optical power distribution in LN layer and waveguide thickness were
different for quasi-TE (q-TE) and quasi-TM (q-TM) modes. The bending loss would decrease with
the increase of bending radius. There was a bending loss caused by the electromagnetic field leakage
when the n.4 of ¢-TM waveguide was smaller than that of nearby TE planar waveguide. LN ridge
waveguides possessed a low bending loss even at a relatively small bending radius. This study is
helpful for the understanding of waveguide structures as well as for the optimization and the fabrication
of high-density integrated optical components.
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1. Introduction

Lithium niobate (LN) is one of the best known ferroelectric crystals gifted with many
advantages—such as excellent electro-optic, nonlinear-optic, acousto-optic, piezoelectric, and pyroelectric
properties—which makes it an attractive material for photonic, electronic, and sensor applications [1,2].
In recent years, high-refractive-index contrast, single-crystal LN thin film on a low refractive index
Si0; cladding layer (lithium niobate on insulator, LNOI) or other substrates, has been fabricated using
ion implantation and wafer bonding technologies [3,4]. The high-refractive-index contrast between
LN and SiO,, enabling good confinement and strong guiding of light, and a high-density photonic
integrated circuit is expected. Various photonic devices based on LN thin films have been reported,
such as photonic crystals [5-7], electro-optical modulators [8-11], wavelength conversion devices [12-15],
and heterogeneous LN photonic devices [16-18].

Waveguides are fundamental elements that can form various devices of an optical integrated
circuit. Nano-scale waveguides in LNOI is essential for photonic integrated circuits with low power
consumption and high integration density. Many methods have been reported to fabricate waveguides
with good performance on LN thin film, including dry etching [19,20], proton-exchange (PE) [21],
and strip-loaded [22]. The transmission losses of LN ridge waveguides fabricated via dry etching were
reported to be 0.027, 0.3, and 0.4 dB/cm, respectively [19,20,23]. The losses of the PE waveguides were 0.2
and 0.6 dB/cm, respectively [21,24]. Various materials were used as loading strip to fabricate strip-loaded
waveguides. For example, SiN strip-loaded waveguides presented the transmission losses of 0.3, 1,
and 7 dB/cm, respectively [14,25,26]. The transmission losses of Si strip-loaded waveguides were 0.8, 1.3,
and 6 dB/cm, respectively [18,27,28]. Bent waveguide is a basic building block for many integrated optical

Crystals 2018, 8, 191; doi:10.3390/ cryst8050191 www.mdpi.com/journal/crystals


http://www.mdpi.com/journal/crystals
http://www.mdpi.com
http://www.mdpi.com/2073-4352/8/5/191?type=check_update&version=1
http://www.mdpi.com/journal/crystals
http://dx.doi.org/10.3390/cryst8050191

Crystals 2018, 8, 191 20f8

devices, such as Y-junctions, optical delay lines, resonators, and interferometers [29-31]. Small bending
radius is preferred to reduce the dimensions of the photonic devices. Low bending loss is important to
low power consumption devices. In this paper, LN ridge, PE, and strip-loaded waveguides have been
analyzed and compared. Waveguide simulations based on full-vectorial finite difference method were
performed by varying the geometrical parameters of different waveguide configurations to investigate
the single-mode condition, optical power distribution in the straight waveguides, and bending loss of the
bent waveguides. The different variation trends in optical power distribution in LN layer between q-TE
and g-TM modes were explained. The mechanisms of leakage loss in TM polarization were studied.

2. Design of Waveguide Geometry

Three different configurations—including ridge waveguides, PE waveguides, and strip-loaded
waveguides on LN thin film—were discussed. Figure 1la shows the schematic and cross-section of
an LN ridge bent waveguide. From the bottom to the top, there are the LN substrate, SiO; cladding
layer, and LN ridge. Figure 1b shows the schematic and cross-section of an LN PE bent waveguide.
The PE region is embedded in LN thin film. Since the lateral diffusion could be ignored when the
exchanged depth was much smaller than the waveguide width and the exchange process results in
step-like index profiles, the designed PE region was set as a rectangle. Figure 1c shows the schematic
and cross-section of a strip-loaded bent waveguide, which could be regarded as a combination of the
LN planar waveguide and a superincumbent strip. The refractive index of the strip material was larger
than 1, which could effectively define the waveguide path [32]. Here in, four materials (5iO,, SiN,
TiO,, and Si) which were commonly used as loading strip of LN planar waveguide were simulated
and discussed.
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Figure 1. Schematic and cross-section of the (a) LN ridge bent waveguide, (b) PE bent waveguide,
and (c) strip-loaded bent waveguide.

Many numerical methods have been used in the simulation of waveguides [33,34]. Among them,
the full-vectorial finite difference method is regarded as a simple and effective method to solve the
mode profile and bending loss. The mechanism of this method is shown as follows. The finite difference
algorithm is used for meshing the waveguide geometry, and has the ability to accommodate arbitrary
waveguide structure. Once the structure is meshed, Maxwell’s equations are then formulated into
a matrix eigenvalue problem and solved using sparse matrix techniques to obtain the effective index
and mode profiles of the waveguide modes. Perfectly matched layer (PML) boundary conditions
could absorb electromagnetic energy incident upon them, allowing radiation to propagate out of the
computational area without interfering with the field inside. This boundary condition could benefit
the bending loss calculation [35]. The telecommunication wavelength of 1.55 um was used in all
the following simulations. The LNOI were all x-cut, and the birefringence of the LN material was
considered in the simulations. The ordinary and extraordinary refractive indices of the LN thin film at
wavelength 1.55 pm were set to be 2.211 and 2.138, respectively, according to the Sellmeier equation [36].
The ordinary and extraordinary refractive indices of the PE region in LN thin film at wavelength 1.55 pm
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were 2.161 and 2.218, respectively, which were obtained according to [21]. The refractive indices of
Si0, [37], SiN [25], TiO; [38], and Si [22] at wavelength 1550 nm were 1.46, 1.9, 2.3, and 3.48, respectively.

3. Results and Discussion

In order to discuss how light is confined and guided in different waveguide geometries,
the parameters of the waveguides (the thickness T of the LN layer, the thickness D and width W of
the PE region and loading strip, and the thickness T and width W of ridge waveguide) were used in
the simulation. The single mode condition has been firstly simulated. Figure 2 shows the relationship
between the LN thin film thickness and the number of mode that could be supported in LN planar
waveguide. The first order mode of the TE and TM modes appeared at the LN thickness of 0.6 pm and
0.7 um, respectively. To ensure that only one electric field intensity peak is supported in the vertical
direction of the LN thin film, the thickness of LN should be less than this critical value. In the following
simulation, the thickness of LN was all selected as 0.5 um. Figure 3 shows the single-mode condition
in the ridge and channel waveguides. The curves show the boundary between the single-mode and
multi-mode conditions. The waveguide dimensions beneath the curves fulfilled the single mode
condition. For the LN ridge waveguide, the single mode condition of the quasi-TE (q-TE) mode and
quasi-TM (q-TM) mode were 1.1 um and 1.06 pum, respectively (see the green star, the thickness of
LN ridge was fixed at 0.5 um). PE process only increased the extraordinary refractive index of the
crystal. Therefore, only g-TE mode was supported in the x-cut PE waveguides. As shown in Figure 3a,
as the PE thickness (D) increased, the PE width (W) should decrease in order to fulfill the single-mode
condition. For the strip-loaded waveguide, the strip width (W) also decreased with the increase of
strip thickness (D) for both g-TE and q-TM modes. The strip width for the single-mode condition
would increase for the lower refractive index material at the same strip thickness. In the following
simulation, the widths of LN ridge, PE region, and loading strip were all selected as 1 pm to ensure
that only one mode was supported in LN thin film.
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Figure 2. Relationship between the LN thin film thickness and the number of modes that can be
supported in LN planar waveguide at a wavelength of 1550 nm.

The optical power in LN layer was defined as the ratio of the optical power in the LN region to the
total optical power of all the space. Consequently, the value was between 0 and 1. As shown in Figure 4a,
the optical power of the g-TE mode in the LN ridge was 85.6% (see the green star, the thickness and
width of LN ridge were fixed at 0.5 pym and 1 um, respectively). For the PE waveguide, the optical
power of the g-TE mode showed a very slight increase with the increase of PE thickness. The reason was
that the light confinement by refractive index contrast increased with the increase of the PE thickness
as well as the nyq of the PE waveguide. For the strip-loaded waveguide, the optical power of the
g-TE mode in the LN layer decreased slightly as the strip thickness increased, expect for Si strip,
which decreased obviously with the increase of Si thickness. This indicated that the refractive index of
strip had some influence on the distribution of the optical power. With the increase of the refractive
index of the strip, the optical power confined in LN layer would gradually be attracted into the strip.
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As shown in Figure 4b, the optical power of the g-TM mode in the LN ridge was 82.5%. For the
strip-loaded waveguide, the optical power of the g-TM mode in the LN layer initially increased as the
trip thickness increased. The maximum value was obtained at a thickness of approximately 0.12, 0.07,
0.07, and 0.07 pm for the SiO;, SiN, TiO,, and Si strip, respectively. As the strip thickness increased
further, the optical power in the LN layer decreased. The reason could be explained as follows. Firstly,
the strip thickness is too thin to effectively confine the optical power in LN layer, and a small part
of optical power could leak into the SiO, buffer layer. With the increase of strip thickness, the light
confinement by the loading strip increases. The optical power in the LN layer begins decrease when the
optical power is gradually attracted into the strip.
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Figure 3. Single-mode conditions of LN ridge waveguides, PE waveguides and strip-loaded waveguides
for the (a) ¢-TE and (b) g-TM mode at a wavelength of 1550 nm.
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Figure 4. Optical power confined in LN layer for the (a) g-TE and (b) g-TM mode.

A bent waveguide which possesses both a small bending radius and a low bending loss is
preferred. Figure 5a shows the relationship between the bending loss and the bending radius of a LN
ridge waveguide. The thickness and width of LN ridge were fixed as 0.5 and 1 um, respectively.
The bending loss decreased sharply with the increase of bending radius. The minimal bending radii
having low bending losses (107> dB/cm, for example) were 15 and 20 um for both q-TE and q-TM
modes, respectively. In the experiment, a microring resonator with a bending loss of 0.1 dB/cm at
a bending radius of 80 um was realized [19]. The relationship between the bending loss and the
bending radius of PE waveguide with different PE depths is shown in Figure 5b. With the increase
of bending radius, the bending loss decreased. The thickness of PE region had an obvious influence
on bending loss. When D = 0.2 um, the bending loss was 34 dB/cm at radius of 1 mm, while the
bending loss was 10711 dB/cm when D = 0.5 um with the same radius. The increase of PE thickness
could cause the increase of 1.5 of waveguide, so that the light confinement of the waveguide increased,
and the bending loss decreased correspondingly. The Y-junctions based on PE waveguide with 4-8 mm
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bending radii were designed and fabricated and a stable splitting ratio of 1:1 was obtained [21].
Figure 5c—f shows the relationship between the bending loss and the bending radius as well as strip
thickness (D) of the strip-loaded waveguides with four different loading strip materials, respectively.
The widths of strips were fixed as 1 um for all the waveguides. The bending loss decreased with the
increase of bending radius for both g-TE and g-TM modes. The refractive index of loading strip had
a remarkable influence on bending loss. A higher refractive index would cause a lower bending loss.
For g-TE mode, a low bending loss (10~> dB/cm, for example) could be obtained if the bending radius
was large enough. The LN thin film Mach-Zehnder modulator with SiN strip-loaded waveguide
has been reported, which demonstrated a VL of 3 V cm and a 3-dB bandwidth of 8 GHz [26].
While for g-TM mode, there is another loss mechanism. The electric field E, (coordinate direction
is shown in Figure 1) in the g-TM mode would cause leakage loss when the 1,4 of the strip-loaded
waveguide was smaller than that of nearby LN planar waveguide in TE polarization [39]. Take the
SiN strip-loaded bent waveguide as an example, as shown in Figure 5d, when the thickness of SiN
strip was 0.05 pm, the ng of the SiN strip-loaded waveguide (nNnTMpg = 1.844) was smaller than that of
nearby LN planar waveguide (nNTEy = 1.910), and the electric field E, in the strip-loaded waveguide
mode would excite the TE mode in the planar waveguides on both sides of the strip-loaded waveguide,
causing waveguide loss. In this case, the minimum loss is 57 dB/cm. Figure 6a,b show the E, and
E, distributions with a strip thickness of 0.05 pum. Figure 6a shows there was electric field outside
the strip-loaded waveguide region, indicating an optical power leakage. When the thickness of SiN
strip was 0.3 pm, the n,4 of the SiN strip-loaded waveguide (nTMgp = 1.922) was larger than that of
nearby LN planar waveguide (nTE = 1.910), the E, component could not excite the waveguide mode
in the planar waveguides besides the strip-loaded waveguide. The bending loss could be very small
(around 1019 dB/cm at radius of 4 mm). Figure 6¢,d show the E, and E, distributions with a strip
thickness of 0.3 pm. There was almost no electric field outside the strip-loaded waveguide region,
indicating negligible optical power leakage. This kind of leakage loss mechanism caused by TE<+TM
mode coupling could be found in straight waveguides [21].
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Figure 5. Bending losses of LN (a) ridge waveguide, (b) PE waveguide, and (c—f) four kinds of
strip-loaded waveguides for the ¢-TE and q-TM modes.
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Figure 6. E, and E, components of SiN strip-loaded waveguides with a 1 pm strip width and 0.05 um
strip thickness (a,b), and a 1 um strip width and 0.3 pm strip thickness (c,d) for the g-TM mode.

4. Conclusions

In conclusion, a full-vectorial finite difference method was used to simulate various waveguides—
including ridge waveguide, PE waveguide, and strip-loaded waveguides—in single-crystal LN thin
film. Single mode conditions were obtained. The optical power percentage in LN layer was calculated.
For g-TE mode, the optical power in the etched LN ridge waveguide was 85.6% when the waveguide
width was 1 um and the LN thickness was 0.5 pm. The optical power in the PE waveguide showed
slight increase with the increase of PE thickness, while the optical power decreased with the increase
of strip thickness. For g-TM mode, the optical power in the etched LN ridge waveguide was 82.5%.
The optical power in the strip-loaded waveguide initially increased as the strip thickness increased.
The maximum value was obtained at the thickness of approximately 0.12, 0.07, 0.07, and 0.07 pm for
the SiO,, SiN, TiO,, and Si strip, respectively. As the strip thickness increased further, the optical power
in the LN layer decreased. The bending loss decreased with the increase of bending radius. For the LN
ridge waveguide, the minimal bending radii (with bending loss of 107> dB/cm, for example) were 15
and 20 pum for q-TE and q-TM modes, respectively. For the PE waveguide, the bending loss decreased
with the increase of PE depths for g-TE mode. For the strip-loaded waveguide, a low bending loss
(107> dB/cm, for example) could be obtained for g-TE mode if the bending radius was large enough.
While for the g-TM mode, there existed an extra loss mechanism. The leakage of E, component existed
in ¢-TM mode when the 1.4 of waveguide was smaller than that of the nearby planar waveguides in TE
polarization. The increase of strip thickness could improve n.s of waveguide to be larger than that of
nearby planar waveguides, which could avoid the leakage loss. The study is useful for the fabrication
of high-density integrated optical components.
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