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This paper presents the design of a high-efciency spot size converter
(SSC) for photonic crystal fber (PCF) to silicon-based waveguides, utilizing
composite optical waveguide structures. The SSC is composed of a series
of waveguide cores, with one core progressively widening to enable all
cores to collectively serve as a composite input port, while the broader core
functions as the output port. Simulation results reveal that the proposed design
efciently facilitates mode and energy transfer between the waveguide and
the PCF, achieving a coupling efciency of up to 93.99% over a length of
66 um. Additionally, the SSC exhibits polarization insensitivity, with the high
circularity of the output beam enhancing vertical alignment tolerance, and
maintaining excellent performance over a wide wavelength range. In sum, this
SSC demonstrates excellent coupling efciency and holds signifcant promise
for applications in optical communication systems and optical integrated
circuit systems.

spot size converter, photonic crystal fber, coupling e¥ciency, silicon waveguide,
photonic integrated circuit

1 Introduction

With the increasing demand for ultra-compact and low-cost photonic devices, the
development of silicon photonics platforms has garnered widespread attention [1,2].
Silicon-based waveguides, owing to their high integration density, mature fabrication
processes, and compatibility with complementary metal-oxide-semiconductor (CMOS)
manufacturing technologies, have emerged as the preferred platform for constructing
large-scale photonic integrated circuits [3]. Tis technology is particularly well-
suited for high-volume data communication and telecommunication optical products.
Photonic crystal fbers present a compelling solution for achieving ultra-high-speed
data transmission, thanks to their tunable dispersion characteristics and elevated
nonlinearity coefcients [4,5]. Particularly notable are hollow-core photonic crystal
fbers, which feature unique air or gas core structures that signifcantly reduce material
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absorption and scattering losses [6-8]. Tese structures also
substantially enhance nonlinear interactions and spectral
absorption properties within the fber. Consequently, hollow-
core photonic crystal fbers demonstrate signifcant application
potential in frequency-stabilized laser systems based on molecular
absorption, distributed fber optic sensing, femtosecond lasers,
and ultra-short pulse transmission [9-12]. However, achieving
high efciency coupling between optical fbers and silicon-based
waveguides on the silicon photonics platform remains one of the
primary challenges in this feld [13, 14]. Due to the mismatch in
the transverse dimensions of the waveguides, single-mode silicon
waveguides ofen encounter signifcant losses when coupling with
optical fhers.

Currently, several approaches have been proposed to address
the coupling between fbers and silicon-based waveguides,
including direct coupling, grating coupling, prism coupling, and
waveguide overlay coupling methods [15, 16]. For instance, lens
couplers utilize micro-lenses to precisely control the focusing
and collimation of light, while tapered couplers reduce mode
mismatch by gradually varying the waveguide width [17].
Although grating couplers ofer a large mode profle, their
limited bandwidth and polarization dependence restrict their use
in broadband optical communications [18, 19]. Edge couplers
ofer broad bandwidth and low polarization-dependent loss, but
traditional inverse taper edge couplers, with a typical mode size
of around 3 pm, ofen involve pairing with lensed fhers [20].
Since precise alignment between the lens and the coupler is
necessary, the complexity of packaging increases. Reference [21]
introduced a low-loss, broadband, silicon nitride-assisted edge
coupler optimized for TE polarization, designed for coupling
between silicon wire waveguides and high numerical aperture
fbers. Tis approach achieved a coupling loss of only 0.35dB
at 1,570 nm, with a 1dB bandwidth of 95 nm. However, these
methods still face certain limitations in terms of structural
complexity, compatibility with fabrication processes, and coupling
bandwidth.

Despite signifcant progress in addressing coupling issues
between traditional optical fbers and waveguides, the coupling
between silicon-based waveguides and photonic crystal fbers
(PCFs) still requires further investigation. In recent years,
composite waveguide structure based spot size converter (SSC)
has garnered signifcant attention due to their structural simplicity,
excellent compatibility, and ease of integration [22]. Tis kind of
SSC achieves efective mode matching with fhers by precisely
controlling the dimensions and stacking structure of the waveguides,
which signifcantly enhances coupling efciency. For example,
a study presented a vertical interlayer coupler that employs a
nonlinear taper structure between two silicon layers to facilitate
efcient coupling [23]. Simulation results show that within the
wavelength range of 1,500 nm—1650 nm, this structure can achieve
coupling efFciencies exceeding 90%, with crosstalk reduced to below
=50 dB by using multimode waveguides at the intersections. Tis
highlights the considerable potential of vertical interlayer couplers
for miniaturizing and integrating photonic chips with high density.
Although research has signifcantly improved coupler performance,
further optimization of coupling efciency, reduction in losses, and
bandwidth expansion remain crucial areas of study for practical
applications.
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Tis paper introduces an innovative design for a composite
optical waveguide based SSC. T e converter consists of a series of
waveguide cores, with the main core widening gradually through
a tapering structure to form a composite input port, while the
widest core serves as the output port. All waveguide cores are made
from SizN, material, leveraging its excellent optical properties and
chemical stability to ensure high device performance. T e design
method can also employ Si;N, layers as, etch stop layers to ensure
precise control over the waveguide geometry. T is innovative design
achieves a high level of efciency in mode and energy transfer
between optical waveguides and photonic crystal fbers. Simulations
of the device structure using the eigenmode expansion method
validate the efectiveness of the design, demonstrating a coupling
efciency of up to 92.73%. Moreover, the SSC exhibits polarization
insensitivity. Compared to traditional trident structures, its high
circularity enhances alignment tolerance in the vertical direction.
Finally, the universality of the SSC is confrmed across a wide
wavelength range. T e results demonstrate that the designed SSC
exhibited sustained high coupling efciency throughout the entire
spectrum under investigation, peaking at 93.99%, with oscillations
remaining within a 2.6% margin. Tese attributes signifcantly
improve its applicability and fexibility across various optical
systems. With the ongoing advancements in photonic integrated
circuit technology, the SSC proposed in this paper is poised to play
a pivotal role in felds such as optical communication, quantum
information processing, and bio-photonics, providing a technical
foundation for the development of more compact and efcient
optical systems. Additionally, the design approach presented in this
work may serve as a reference for the development of other types of
waveguides coupling devices.

2 Theory and design

Hollow-core  photonic crystal fbers (HC-PCFs) are
characterized by their periodic arrangement of air holes across the
cross-section [24]. T e arrangement, size, and structure of these air
holes, as well as the core region of the fber, collectively determine
light guiding properties [25]. Typically, PCF designs include a region
that disrupts the periodicity, which can be a single large air hole or a
series of missing air holes. Tis design allows for the formation
of specifc optical modes within the core of the fber, enabling
efective guidance and control of light. HC-PCFs ofer a range
of distinctive advantages compared to traditional optical fbers,
which include extremely low nonlinear coefcients, adjustable
dispersion characteristics, high damage thresholds, and excellent
beam quality [26]. T ese benefts arise from the precise structure
and arrangement of the air holes, which can be highly customized in
terms of diameter, shape, and spacing to optimize the transmission
properties of the fher. For instance, by adjusting the size and spacing
of the air holes, precise control over the dispersion of the fber
can be achieved, allowing for the tailoring of optical properties
to meet specifc application needs [27]. Additionally, the low
nonlinear characteristics of HC-PCFs make them exceptional for
high-power transmission and nonlinear optical applications, while
their high damage threshold and superior beam quality provide
advantages in high-precision optical applications [28]. In this work,
the cross-section of the employed HC-PCF is shown in Figure 1A.
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FIGURE 1

10.3389/fphy.2024.1515157

(A) The cross-section of the PCF structure, (B) the electrical feld of fber fundamental mode.

Te radius of the cladding air holes is 1.44 ym, the distance
between the centers of two adjacent air holes is 3 pum, the
radius of the central hollow core is 4.8um, and the wall
thickness of the core is 0.492 um. Subsequently, full-vector fnite
element method (FEM) simulations are conducted to solve the
modes of this fher. Te sofware used for PCF simulation is
COMSOL. Te optical feld profle at a typical communication
wavelength (A) of 1.54 ym is shown in Figure 1B. Te imaginary
part of the efective refractive index (n.e) is 3.294723 x 10710,
Using Equation 1, the confnement loss (L.) of this fber is
0.0117 dB/m, which meets the loss requirements for communication
fhers [29].

L, = 8.686|m[27“nm] )

Te waveguide width infuences both the lateral electric feld
distribution and the value of the efective refractive index in Si;N,
waveguides [30]. By analyzing the efective refractive index of the
waveguide, the mode characteristics and transmission properties of
the waveguide can be determined. During the waveguide simulation,
the cladding refractive index is set as 1.44 and the core refractive
index is set as 1.97. T e sofware used in the waveguide simulation
is Lumerical. Narrower waveguides exhibit lower efective refractive
indices, while an increase in width generally leads to an increase
in the efective refractive index, afecting the propagation speed of
light and the mode distribution. T erefore, selecting the appropriate
waveguide width requires balancing support for specifc modes
with considerations of loss and coupling efciency. In this work,
a Si;N, waveguide with a thickness of 0.25 pm is discussed, and
the characteristics of its efective refractive index as a function
of waveguide width are analyzed. Figure 2 illustrates the variation
in n of the Si;N, waveguide across diferent widths. Te red
dotted line in the fgure indicates the refractive index of the
cladding during the simulation. T e efective refractive index of the
mode propagating in the waveguide is greater than this value. Te
width of the waveguide determines the supported optical modes.
Narrow waveguides typically support only a limited number of
modes, such as TE and TM modes. As the width increases, more
propagation modes may emerge. T e selected waveguide structure

Frontiers in Physics

03

FIGURE 2
Changes in waveguide efective index as a function of width.

in this work, with a width of 0.8 um, efectively supports the
transmission of TE and TM modes while suppressing higher-order
modes. Tis is crucial for ensuring stable signal transmission and
eFcient coupling.

Several common SSC designs, including grating couplers and
edge taper waveguide couplers, have been previously discussed. Each
of these designs ofers specifc advantages in practical applications
but also presents certain limitations. For instance, grating couplers
exhibit polarization dependence and higher insertion loss, while
edge taper waveguide couplers face challenges related to precise
alignment. To address these issues, this paper proposes a SSC
design based on composite waveguide structures. Te aim is to
achieve more efcient optical coupling by optimizing the waveguide
design, thereby reducing mode mismatch and transmission loss,
and ultimately enhancing the overall system performance. Te
designed SSC is composed of multiple waveguide cores that are
coupled through evanescent waves. One of the cores is designed
with a larger size to serve as the output port, while the other cores
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FIGURE 3
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(A) The proposed SSC structure, schematic diagram of waveguide geometric parameters (B) XY plane and (C) XZ plane.

FIGURE 4

Changes in coupling efciency due to size changes: (A) end-face waveguide width, (B) waveguide spacing.

function as input ports. T e width of the waveguide cores gradually
varies from the input to the output to optimize optical coupling
and transmission efciency. T e coupling efciency is quantitatively
analyzed by calculating the overlap integral between the modes of
the PCF and the output light spot of the coupler. T e mode overlap
(n) is given by Equation 2 [31]:

(FE] x I} 1dsy(SE} x Y 1dsY
JE] x ¥ 1dsU

1
1 Re(JE} x H} 1ds)
@

where E|, B, E], and B} represent the electric and magnetic
feld distributions of the PCF mode and the waveguide mode,
respectively. T'is method calculates the spatial overlap between
the fber mode and the waveguide mode, which quantifes the
mode matching and enables precise measurement of the coupling
efFciency between diferent modes.

Afer parameter adjustments and optimization, the SSC consists
of three short tapered waveguide cores and one long tapered

n=Re
L
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waveguide core, as illustrated in Figure 3. Te refractive index
of silicon nitride in the simulation is 2.01. To further reduce
the size of the device, the long tapered waveguide core is
designed in multiple segments. T is approach minimizes optical
loss while reducing the size of the converter to 66 um. In this
structure, the width of the end-face waveguides and the spacing
between them afect the fnal coupling efciency. T erefore, taking
TE mode as an example, the efects of the width of end-face
waveguides and the spacing between end-face waveguides on
the coupling efciency are calculated. Te calculation results
are shown in Figure4. It can be seen from the fgure that
the coupling efciency increases with the decrease in the end
width of the waveguide, but considering the actual process level
and the diffculty of fabrication, the waveguide width is set as
200 nm. And the coupling efciency increases with the increase
of the spacing between waveguides. However, when the spacing
is too large, the light cannot spread to all waveguides at the
end face, leading to a large diference between the size of the
end face spot and the optical fber spot, and the coupling
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TABLE 1 Parameters of the designed SSC.

10.3389/fphy.2024.1515157

Parameters Thickness

Value 0.25 uym 800 nm 200 nm 120 nm 300 nm 500 nm 50 pm 11pm 5pm 2um
FIGURE 5
The widening process of the light spot from the silicon waveguide to the fber through the SSC. (A-I) correspond to the section positions in Figure 3C.

efciency will drop sharply. Terefore, the spacing between
waveguides is set as 2 um. T e specifc dimensional parameters are
listed in Table 1.

3 Results and discussion
3.1 Coupling eFciency

Next, simulation is conducted on the model to evaluate its
coupling performance. Figure 5 shows the mode spot image at the
end face of the SSC. T e letter numbers in Figure 5 correspond to
the slice points in Figure 3C. Te results indicate that the mode
spot signifcantly expands under the action of this structure. Tis
phenomenon demonstrates that the SSC efectively facilitates the
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conversion between diferent mode sizes. Specifcally, the design
of the structure allows for the conversion of the waveguide mode
sizes smaller than 1pym to fher mode sizes larger than 5pm,
which is crucial for coupling with fbers of varying sizes. Tis
expansion of mode size not only enhances the compatibility with
optical fhers but also optimizes the transmission efciency of
optical signals.

Figure 5 demonstrates that the light spot within the waveguide
of the SSC progressively enters the PCF afer passing through the
end face. As the light spot propagates through the SSC, the size
undergoes substantial variation. Specifcally, the size of the light spot
changes according to the geometric confguration of the waveguide
array. Tis variation results from the infuence of the waveguide
dimensions on the mode distribution of the light. As the light spot
approaches the long-tapered waveguide core, the size increasingly
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FIGURE 6
Optical energy transfer in SSC.

conforms to that of the core, ultimately achieving stable transmission
within the core.

Tis process can be explained by the gradual waveguide
structure of the SSC. T e progressive expansion of the waveguide
array allows the mode of the light to transition from a small
size mode to a larger size mode, thereby achieving efective
mode conversion. T is structural design not only optimizes the
expansion process of the light but also enhances the efciency
of its transmission. Specially, the introduction of the long-tapered
waveguide core further ensures stable transmission and mode
matching. T is gradient and transition mechanism is a key factor in
achieving eFcient coupling, efectively reducing losses due to mode
mismatch and improving the overall performance of the system. Te
optical energy transfer process is shown in Figure 6.

Next, the eigenmode expansion method is employed to simulate
the designed structure with a wavelength of 1,542 nm, a standard
wavelength in optical communication to ensure the practicality and
relevance of the results. During the simulation, coupling efciencies

FIGURE 7

10.3389/fphy.2024.1515157

for both TE and TM modes are calculated to assess the polarization
dependence of the structure. Since the design of the SSC involves
the conversion between diferent modes, it is essential to verify its
polarization insensitivity to ensure its wide applicability in practical
applications. T e highest coupling efciency for the TE mode is
89.04%, and for the TM mode is 92.73%. T e results indicate that
the designed SSC achieves a high coupling efciency, and changes in
polarization state do not afect the performance of the SSC.

3.2 Tolerance analysis

To further investigate the performance of the composite
waveguide structure SSC, a tolerance analysis of the waveguide
structure is performed. T e analysis involves displacing the PCF in
both horizontal and vertical directions and calculating the coupling
efciency between the displaced fber modes and the waveguide
modes. T e computed data is presented in Figure 7. Note that the
data with reverse ofset is symmetrical, so only half of the ofset
analysis data is shown in the fgure.

Figure 7 demonstrates that, both vertically and horizontally, the
TM mode maintains a tolerance range greater than 4 um within
a 1dB tolerance level, while the TE mode maintains a tolerance
range greater than 3.6 pm at the same level. T'is indicates that
the SSC retains a high coupling efciency even when the fher
displacement reaches up to 4 um. Specifcally, within a displacement
of 2.8 ym, the coupling efciency for both TE and TM modes
remains above 80%, and even within a 4 ym range, the coupling
efciency stays above 70%. T ese results suggest that the designed
SSC exhibits excellent alignment tolerance. In practical applications,
this high tolerance performance signifcantly reduces the need
for precise alignment, thereby simplifying the manufacturing and
package processes. Additionally, the polarization insensitivity of
this SSC further enhances its applicability under various operating
conditions.

To ensure that the designed structure can be applied across
diferent wavelength bands, the coupling efciency was further

Changes in coupling efciency due to alignment ofset: (A) vertical direction, (B) horizontal direction.
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FIGURE 8
Changes in coupling efFciency as a function of operating wavelength.

calculated over the wavelength range of 1.53 pm-1.63 pm,
asshownin Figure 8. T e results indicate that within the investigated
wavelength range, the performance of the SSC remains above
88.7%, with absolute fuctuations not exceeding 2.6%. Particularly
noteworthy is the achievement of a 93.99% coupling efciency
at a wavelength of 1.63pm. Tis demonstrates that the SSC
can efectively handle signals across wide wavelength band in
practical applications. Specifcally, in optical communication
systems requiring wide-band operation, this SSC can provide
reliable performance support.

4 Conclusion

Tis paper designs an efcient SSC composed of composite
waveguide structures for coupling between PCFs and silicon-
based waveguides. T e efcient coupling capability of the designed
structure is frst validated using the eigenmode expansion method.
Simulation results indicate that the designed SSC achieves coupling
efciencies of 92.73% and 89.04% for TE and TM modes,
respectively, signifcantly enhancing the coupling performance. Te
length of the SSC is limited to 66 um by employing optimized
waveguide structure. To further enhance the applicability of
the design, tolerance analysis of the SSC is conducted. Results
indicate that within a displacement range of 2.8 um, the coupling
efFciency remains above 80%, demonstrating excellent alignment
tolerance and suitability for practical alignment requirements.
Additionally, to ensure performance across diferent wavelength
bands, coupling eFciency over the wavelength range from 1,530 nm
to 1630 nm is analyzed. Results show that the coupling efciency
remains above 88.7% within this range (93.99% at 1.63 ym), with
fuctuations not exceeding 2.6%, indicating excellent broadband
adaptability. In summary, the SSC efciently converts between
diferent mode sizes and is suitable for high-efciency coupling
between PCFs and silicon-based waveguides. Tis SSC not only
has broad application potential in the communication feld but also
provides a solid technical foundation for efFcient optical interfaces
in future photonic integrated circuits. Its outstanding tolerance
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performance and wideband stability enhance its signifcant value
and promising prospects for practical applications, particularly
in high-precision optical communication systems and advanced
photonic integrated circuits.
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