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Abstract: This study presents a comprehensive numerical investigation of silicon Bragg grating
(BG) waveguide structures with cladding modulation. The device design features a uniform silicon
ridge waveguide with corrugated cladding on both sides. Two distinct architectures are explored:
one where silicon serves as the cladding and another where gold (Au) is employed. Our detailed
analysis uncovers compelling results for both configurations. The silicon corrugated cladding BG
waveguide demonstrates a bandstop bandwidth of ~50 nm, accompanied by an extinction ratio (ER) of
7.98 dB. The device footprint is compact, measuring approximately 16.4 x 3 um?. In contrast, the Au
corrugated cladding BG waveguide exhibits exceptional performance, boasting a wideband bandstop
bandwidth of ~143 nm and an impressive ER of 19.96 dB. Despite this enhanced functionality, the
device maintains a reasonably small footprint at around 16.9 x 3 pum?. This investigation underscores
the potential of Au corrugated cladding BG waveguides as ideal candidates for achieving high-
spectral-characteristic bandstop filters. The significant improvement in bandstop bandwidth and ER
makes them promising for advanced optical filtering applications.
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1. Introduction

Bragg grating (BG) waveguides stand as a pivotal breakthrough in integrated optics,
offering a remarkably adaptable foundation for manipulating and governing light within
the intricate landscape of photonic circuits [1]. These waveguides ingeniously leverage the
principle of Bragg scattering, orchestrating periodic variations in the refractive index to
craft a grating structure that induces wavelength-selective reflection or transmission [2,3].
The rhythmic modulation inherent in the waveguide’s properties grants an exquisite degree
of control over light propagation, unleashing the potential for crafting precision-engineered
optical filters, modulators, and couplers [4,5]. The far-reaching impact of BG waveguides
extends into the telecommunications domain, where they play an indispensable role in
advancing wavelength division multiplexing (WDM) systems [6,7]. This contribution
enables the concurrent transmission of multiple data streams across a single optical fiber.
Beyond telecommunications, these waveguides find application in sensing realms, includ-
ing refractive index, temperature, and strain measurements, leveraging the wavelength
shift induced by fluctuations in the surrounding environment [8-11]. The ever-expanding
versatility of BG waveguides serves as a driving force behind continuous innovations in
optical communication [12] and sensing technologies [13-15].

The cladding-modulated BG waveguide stands as a pioneering advancement in the
field of integrated optics, departing from the conventional structure of a core material
enveloped by cladding layers [16-18]. In this innovative strategy, deliberate modulation of
the cladding refractive index along the waveguide’s length introduces a novel mechanism
for precisely manipulating light within its confines [19,20]. As light traverses the waveguide,
the orchestrated cladding modulation dynamically interacts with the core, exerting an
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influence on the effective refractive index experienced by guided modes. This intricate
interplay engenders dynamic changes in the effective index, bestowing precise control over
the Bragg condition and, consequently, the reflective properties of the grating [20]. This
design innovation underscores the perpetual evolution of BG waveguides, highlighting
their adaptability in addressing a myriad of optical engineering challenges [21].

In [20], a photonic biosensor featuring a grating waveguide with cladding modulation,
composed of three channels on a silicon-on-insulator (SOI) platform, is proposed. The opti-
cal mode propagates in the central channel, while the remaining two channels engage with
the lateral field. Gratings are specifically crafted in the outer channels, and their parameters
are fine-tuned to achieve a narrow stopband in the transmission spectra. Furthermore,
in [19], cladding-modulated BG on an SOI platform is presented. The grating is achieved
through the periodic placement of cylinders along a waveguide, allowing for variation in
coupling strength by adjusting the distance between the cylinders and the waveguide. This
implementation provides precise control and a broad dynamic range of coupling strengths
and bandwidths, catering to specific application requirements. The modeling results are ex-
perimentally validated, demonstrating significant differences in coupling strengths (43 and
921 per cm) with corresponding bandwidths of 8 and 16 nm, respectively. Whereas, in
this work, we numerically investigated two types of cladding-modulated BG waveguide
structures: one with silicon corrugated cladding and the other with gold (Au) corrugated
cladding, which are further compared to determine the best spectral characteristics. The
numerical analysis of the devices is performed via the finite element method (FEM). The
spectral characteristics and footprint of both grating structures are compared and provide
a guideline for the design of a highly efficient BG wideband bandstop filter.

2. Working Principles of BG Structure and Numerical Model

The operational principle of BG waveguides hinges on the fundamental concept of
Bragg scattering, an intricate phenomenon arising from the systematic modulation of the
refractive index within the waveguide architecture. Typically comprised of a core material
enveloped by cladding layers, these waveguides exhibit a carefully engineered periodic
variation in the refractive index, giving rise to a grating structure that spans the length of
the waveguide. For a single-mode waveguide, the effective index (n.¢) can be expressed
as follows:

Neff = Ng + An; 1)

where n. is the effective index of the guided mode, ny is the refractive index of the
core material, and An is the refractive index modulation. As light traverses through the
waveguide, the periodic alterations in the refractive index induce constructive interference,
specifically for wavelengths that satisfy the Bragg condition. This constructive interference
orchestrates the reflection of these wavelengths, effectively shaping a wavelength-selective
mirror within the structure of the waveguide. The reflected wavelength (Apragg) is known
as the Bragg wavelength, which is expressed as follows:

ABragg =2 X Neff X A; ()

where A is the grating period. The precise determination of the spacing in the periodic
structure dictates the reflected wavelength, thereby affording meticulous control over
which wavelengths are either reflected or transmitted. This unique capability positions BG
waveguides as pivotal components, offering unparalleled precision in the manipulation of
light for diverse applications, ranging from optical filters to modulators.

The FEM stands for a robust numerical approach extensively applied in engineer-
ing and scientific simulations. FEM discretizes intricate physical systems into smaller,
finite elements, enabling the approximation of solutions to partial differential equations.
COMSOL Multiphysics, serving as a versatile simulation platform, excels in implementing
FEM across a diverse range of multiphysics phenomena, encompassing heat transfer, fluid
dynamics, electromagnetics, and structural mechanics [22]. To ensure computationally
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feasible simulation results with the available computing resources, the subdomains within
the proposed device undergo subdivision into triangular mesh elements with a grid size of
A/50 for a more realistic representation. The introduction of scattering boundary condi-
tions (SBCs) to the outer boundaries of the FEM simulation window effectively signifies
open geometry. While previous studies on plasmonic devices predominantly relied on 2D
numerical simulations, treating one dimension as infinitely long, this study expedites the
evaluation of device performance in such simulations, minimizing loss [13,23]. However, it
is crucial to note that the system’s loss is notably influenced by the height of the waveguide
structure, a vital consideration in real-world processing [24].

3. Cladding-Modulated BG Waveguide Designs and Optimization Process

The first BG waveguide design consisted of a silicon ridge waveguide surrounded on
both sides by a silicon corrugated cladding, as illustrated in Figure 1a. This configuration
imparts negs modulation to the guided mode. The width of the silicon waveguide is denoted
as “Wg;”, and the depth of the corrugation is represented as “d”. The corrugation period,
denoted as “A”, is equal to the sum of “a” and “b”, where “a” and “b” correspond to the
unetched and etched segments, respectively. The separation between the silicon waveguide

and the corrugated cladding is defined as “g”. The number of corrugation periods is
labeled “N”.

Cladding modulated BG waveguide Cladding modulated hybrid plasmonic
BG waveguide

W,
—

Figure 1. Graphical interpretation of (a) standard BG waveguide and (b) cladding-modulated hybrid
plasmonic BG waveguide.

In the case of the Au cladding-modulated BG waveguide structure, the silicon waveg-
uide follows the standard ridge waveguide design and is enclosed between corrugated
metallic cladding layers on both sides. A small gap between the silicon waveguide and the
metallic corrugated cladding resulted in a hybrid plasmonic waveguide structure [25,26],
as depicted in Figure 1b. Mode propagation in hybrid plasmonic waveguides involves the
guided transmission of plasmonic modes along structures that combine multiple materials
with distinct plasmonic properties. These waveguides typically consist of a metal-dielectric
hybrid configuration, where the metal component supports the propagation of surface
plasmon polaritons (SPPs), while the dielectric component helps confine and guide the
plasmonic modes. The interaction between the metal and dielectric material in a hybrid plas-
monic waveguide allows for the manipulation and control of the guided modes, influencing
factors such as mode confinement, propagation length, and dispersion characteristics. To
ensure a comprehensive and equitable analysis of the BG structures, comparable geometric
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parameters are maintained. The detailed geometric parameters of the device employed in
this study are elucidated in Table 1.

Table 1. Geometric parameters of the BG waveguide structures used in this study.

Variable Value Expression
Ws; from 350 nm to 400 nm Width of a silicon waveguide
a 250 nm Length of the unetched segment
b from 100 nm to 150 nm Length of the etched segment
d 100 nm Depth of corrugation
N 5,10, 15, 20, and 25 Number of periods
. 10, 20,30, and 40 nm Gap between silicon waveguide and

corrugated cladding

The graphically represented E-field distribution and effective refractive index in BG
structure at 1550 nm are illustrated for three distinct scenarios: a noncorrugated silicon core
waveguide (depicted in Figure 2a), a silicon core waveguide with silicon cladding on both
sides (depicted in Figure 2b—e), and a silicon core waveguide with gold Au cladding on
both sides (shown in Figure 2f-i) for g ranges between 20 nm and 50 nm. The effective index
modulation is the change in the average refractive index within the grating region, influenc-
ing the dispersion and guiding properties of the waveguide. By carefully engineering this
modulation, desired spectral responses and the optimized performance of BG waveguides
for specific applications, such as wavelength filtering, dispersion compensation, and signal
processing in optical communication systems, are achieved. The An. (effective index of
the noncorrugated cladding segment—effective index of the corrugated cladding segment)
of the silicon corrugated cladding BG waveguide decreases from 0.2295 to 0.1058 as g
increases from 20 nm to 50 nm (described in Table 2). In the case of the Au corrugated
cladding BG waveguide, the An.¢ decreases from 0.3617 to 0.1582 as g increases from 20 nm
to 50 nm (see Table 2). This signifies that the effective refractive index modulation achieved
with Au cladding is significantly greater than that achieved with silicon cladding. This
underscores the enhanced performance and unique characteristics offered by Au cladding
in comparison to silicon cladding, which is further proved with our numerical analysis.

no 23898 N 2.2938 N 2.2661
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RS [l Heo
1l
W =350 nm W4=350 nm W4=350 nm W 4=350 nm

H;=300 nm Hg=300 nm Hg=300 nm Hy=300 nm
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Figure 2. Normalized E-field distribution in the waveguide at A = 1550 nm; (a) silicon core (Ws; = 350 nm,
Hg; = 300 nm); (b—e) silicon cladding on both sides of the silicon core (Wg; = 350 nm, Hg; = 300 nm),
with g = 20 nm, 30 nm, 40 nm, and 50 nm; and (f-i) Au cladding on both sides of the silicon core
(Wgi = 350 nm, Hg; = 300 nm) with g = 20 nm, 30 nm, 40 nm, and 50 nm. The n¢ values for the silicon
core and the cladding corrugated core are shown in the figure.



Photonics 2024, 11, 158

50f12

Table 2. Angg in silicon corrugated cladding and Au corrugated cladding versus g.

g=20nm g=30nm g=40nm g =50 nm

Angg in Silicon corrugated cladding 0.2295 0.1722 0.1335 0.1058
Aneg in Au corrugated cladding 0.3617 0.2636 0.2011 0.1582

3.1. Silicon Corrugated Cladding BG Waveguide Structure

The grating A, represented by the sum (a + b), and the gap (g) between the silicon
waveguide core and the silicon corrugated cladding play a pivotal role in shaping the
effective index modulation of the mode propagating within the waveguide. In our pre-
liminary analysis, we maintain Wg;, a, and N at fixed values of 350 nm, 250 nm, and 10,
respectively. To enhance the spectral characteristics of the silicon cladding-modulated BG
waveguide, we systematically vary g, exploring values of 20 nm and 30 nm for different A
of the grating, as illustrated in Figure 3a and Figure 3b, respectively. Observing Figure 3, it
becomes evident that, with an increase in b from 100 nm to 150 nm, the bandstop undergoes
a discernible redshift, accompanied by a marginal rise in the ER, which is calculated as [27]:

ER =10 x log (Pout/Pin); 3)

where Poyt and Py, are the output and input power, respectively. It is crucial to emphasize
that the ER experiences a reduction as g increases from 20 nm to 30 nm. Hence, caution is
advised against further elevating the value of g, as this could potentially lead to a decline
in the ER within the bandstop region.
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Figure 3. Transmission spectrum of a silicon cladding-modulated BG waveguide with different

periods versus (a) g = 20 nm and (b) g = 30 nm.

Moreover, the impact of the silicon waveguide width on the bandstop spectrum is
explored by varying Wg; within the range of 350 nm to 400 nm, as illustrated in Figure 4a.
Other geometric parameters—including a, b, g, and N—are held constant at 250 nm,
100 nm, 20 nm, and 10, respectively. An augmentation in Wg; results in an increase in
the effective index of the mode, leading to a noticeable redshift in the bandstop spectrum.
This observation suggests that the range of the bandstop spectrum can be finely tuned by
manipulating both the grating A and the width of the silicon waveguide. Ultimately, the
ER of the bandstop experiences a substantial enhancement, progressing from 1.11 dB to
7.98 dB, by increasing the number (N) of grating A from 5 to 25, as depicted in Figure 4b.
This underscores the significance of adjusting Wg;, g, A, and N to collectively achieve the
desired spectral characteristics for the BG bandstop filter [28].
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Figure 4. Transmission spectrum of a silicon cladding-modulated BG waveguide versus (a) Wg; and
(b) N.

The normalized H-field distribution within the silicon cladding in the modulated BG
waveguide structure is illustrated in Figure 5. This depiction captures both the bandstop
region and the bandpass region. Figure 5 highlights the distinct behavior of electromagnetic
waves under the influence of the BG structure. In Figure 5a, the conditions align to satisfy
the Bragg condition, resulting in the prevention of the electromagnetic wave from traversing
through the BG structure at a specific wavelength of 1528 nm. This is a characteristic of
the bandstop region, where the waves are effectively blocked. Conversely, in the bandpass
region, represented in Figure 5b, the electromagnetic wave is permitted to traverse the BG
structure at a different wavelength of 1602 nm. This showcases the dynamic modulation of
the BG waveguide structure, allowing the passage of light in this specific wavelength range.
These findings highlight the tunable and selective properties of the BG waveguide structure,
offering controlled transmission and blocking capabilities based on the wavelength of the
incident electromagnetic wave.

W,=350 nm, g=20 nm, a=250 nm, b=100 nm, N=25 =~

W O W

Wavelength=1528 nm

W=350 nm, g=20 nm, a=250 nm, b=100 nm, N=25 §*

(b) Wavelength=1602 nm

Propagation direction

Figure 5. Normalized H-field distribution in the BG structure at (a) A = 1528 nm and (b) A = 1602 nm.
The device has the following parameters: Wg; = 350 nm, g = 20 nm, a = 250 nm, b = 100 nm, and N = 25.
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3.2. Au Corrugated Cladding BG Waveguide Structure

Table 2 reveals that the modulation of Au corrugated cladding results in a An.g range
of 0.1582 to 0.3617 for g values spanning 20 nm to 50 nm. Notably, these values surpass
those achieved with a silicon corrugated cladding BG structure. To gain further insights, we
plotted a transmission spectrum for varying grating A against g, elucidating the ER of the
bandstop spectrum, as illustrated in Figure 6a—d. As the grating A increases from 350 nm
(a + b =100 nm + 250 nm) to 400 nm (a + b = 150 nm + 250 nm), the bandstop spectrum
undergoes a redshift with a subtle broadening in the bandstop bandwidth. Intriguingly,
g exhibits an inverse correlation with the ER of the bandstop spectrum. This behavior is
attributed to the reduction in Aneg from 0.3617 to 0.1582 as g varies from 20 nm to 50 nm.
Consequently, it is recommended to maintain the proximity of the Au corrugated cladding
to the waveguide core. Alternatively, increasing N proves effective in augmenting the ER
of the device, albeit at the cost of expanding the footprint of the BG filter.
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Figure 6. Transmission spectrum of Au cladding-modulated BG waveguide with different periods
versus (a) g = 20 nm, (b) g =30 nm, (c) g =40 nm, and (d) g = 50 nm.

The investigation meticulously scrutinizes the impact of varying the width of the
silicon waveguide on the bandstop spectrum, focusing on the Wg; parameter within the
range of 350 nm to 400 nm, as illustrated in Figure 7a. The study maintains a constant
set of geometric parameters—namely, a, b, g, and N—set at 250 nm, 110 nm, 20 nm,
and 10, respectively. Remarkably, the Ap;age undergoes a discernible redshift in response
to a subtle reduction in the effective refractive index as Wg; extends from 350 nm to
400 nm. This phenomenon is attributed to the increased effective refractive index of the
propagating mode. Importantly, it is noteworthy that the shift in the bandstop spectrum
is more pronounced compared to the shift observed in the silicon corrugated cladding
BG waveguide configuration due to the highly sensitive nature of the hybrid mode, as
depicted in Figure 4a. This observation suggests that alterations in the width of the
silicon waveguide exert a more substantial influence in the form of a redshift on the
bandstop spectrum than those observed in the silicon corrugated cladding BG waveguide
configuration. Therefore, a bandstop filter based on this configuration can be designed for
a large range of wavelength spectra.
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Figure 7. Transmission spectrum of an Au cladding-modulated BG waveguide versus (a) Wg; and
(b) N.

From Figure 7b, it can be seen that by increasing N of the grating A from 5 to 25, the
ER of the bandstop region increases from 5.1 dB to 19.96 dB, resulting in a pronounced
bandstop bandwidth of ~143 nm. The characteristics offered by this BG architecture surpass
the ER, bandstop bandwidth, and footprint of the one studied in Section 3.1.

The normalized H-field distribution within the Au cladding of the modulated BG
waveguide structure is vividly presented in Figure 8. This visual representation encap-
sulates both the bandstop and bandpass regions, unraveling the intricate behavior of
electromagnetic waves influenced by the BG structure. Figure 8 adeptly delineates the
distinctive responses of electromagnetic waves within the BG waveguide structure. In
Figure 8a, a precise alignment of conditions satisfies the Bragg condition, resulting in the
prevention of electromagnetic wave propagation through the BG structure at a specific
wavelength of 1523 nm. This phenomenon characterizes the bandstop region, displaying
the effective blocking of waves at this specific wavelength. Conversely, the bandpass
region, illustrated in Figure 8b, reveals a different scenario. Here, the electromagnetic wave
is granted passage through the BG structure at a distinct wavelength of 1700 nm. This
dynamic modulation of the BG waveguide structure enables the controlled transmission of
light within this specific wavelength range. The spectral characteristics of silicon cladding-
modulated BG structure and Au cladding-modulated BG structure are tabulated in Table 3.

Table 3. Spectral characteristics of silicon cladding-modulated BG structure and Au cladding-
modulated BG structure.

Silicon Corrugated Cladding Au Corrugated Cladding
N Footprint Maximum ER Bandstop Footprint Maximum ER Bandstop
(um)? (dB) Bandwidth (nm) (um)? (dB) Bandwidth (nm)
5 3.6 x3 1.11 - 37 x3 51 ~207
10 6.8 x 3 2.49 ~111 6.9 x3 14.27 ~148
15 10 x 3 3.89 ~81 103 x 3 14.54 ~147
20 132 x 3 5.85 ~64 13.6 x 3 18.66 ~144
25 164 x 3 7.98 ~50 169 x 3 19.96 ~143
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Figure 8. Normalized H-field distribution in the BG structure at (a) A = 1523 nm, (b) A = 1700 nm. The
device has the following parameters: Wg; = 350 nm, g = 20 nm, a = 250 nm, b = 100 nm, and N = 25.

4. Proposed Fabrication Procedure

The fabrication of the cladding-modulated BG waveguide involves a two-step process.
Initially, an SOI wafer is spin-coated with a photoresist or electron beam resist, and a
deep ultraviolet (DUV) photolithography or electron beam lithography (EBL) process can
be employed to transfer a waveguide pattern onto the resist [29]. Removing an exposed
resist via developer is a crucial step in the photolithography process, playing a pivotal
role in defining patterns on a substrate. After exposure to light through a mask, the
resist undergoes a chemical change in the exposed regions, becoming more soluble. The
developer solution selectively dissolves the exposed resist, revealing the desired pattern
on the substrate. This process is essential for creating intricate and precise structures in
microfabrication, semiconductor manufacturing, and other nanotechnology applications.
Proper control of the development time, temperature, and concentration is vital to achieving
the desired pattern fidelity and ensuring the success of subsequent processing steps in the
fabrication of microdevices and integrated circuits. Subsequently, a reactive ion etching
(RIE) process is applied to etch the silicon ridge waveguide into the wafer [30]. RIE holds
significant importance in the realm of microfabrication and semiconductor manufacturing.
This dry etching technique excels in precision and selectivity, allowing for the highly
controlled removal of materials from a substrate. RIE utilizes a low-pressure plasma
environment where reactive gases chemically react with the substrate’s surface, leading
to efficient material removal. Its ability to achieve fine features, high anisotropy, and
minimal undercutting makes RIE essential in creating intricate patterns and structures on
semiconductors and microdevices. Following the formation of the silicon core, a layer of Au
with the same thickness as the silicon core is deposited on the sample. Several techniques
can be employed for Au deposition, each offering unique advantages. Physical vapor
deposition (PVD), including techniques like sputtering and evaporation, involves the direct
transition of Au from a solid source to a vapor phase, creating a thin film on the substrate.
Chemical vapor deposition (CVD) allows for the controlled growth of gold layers through
the chemical reactions of volatile precursors. A second lithographic process is then executed
to define patterns for corrugated Au cladding. Subsequently, a chemical etching step is
performed to remove the unwanted Au layer, resulting in the desired cladding-modulated
structure. A comprehensive overview of this anticipated device fabrication process is
presented in Figure 9 for detailed reference.
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Figure 9. Anticipated fabrication procedure.

5. Conclusions

In this study, we present two distinctive architectures of cladding-modulated silicon
BG waveguides tailored for filtering applications in the near-infrared (NIR) spectrum. The
first configuration features a silicon ridge waveguide surrounded by corrugated silicon
cladding on both sides. In contrast, the second configuration employs Au corrugated
cladding around the silicon waveguide. The spectral characteristics of these BG waveguide
structures are meticulously examined through numerical analysis utilizing the finite ele-
ment method. In the initial design, the bandstop bandwidth, ER, and footprint of the silicon
ridge waveguide surrounded by silicon corrugated cladding are determined to be 50 nm,
7.98 dB, and 16.4 x 3 um?, respectively. Conversely, in the second configuration with Au
corrugated cladding, the BG segment serves as a hybrid plasmonic waveguide. This design
achieves high index modulation between dielectric and hybrid plasmonic modes, resulting
in significantly superior spectral characteristics. For the hybrid plasmonic waveguide, the
bandstop bandwidth is calculated at 143 nm, with an impressive ER of 19.96 dB and a
footprint of 16.9 x 3 um?. It is important to note that the presented characteristics can be
further enhanced by increasing the number of periods of the filter, thereby achieving a
higher ER. However, this enhancement comes at the expense of a larger footprint. This
research underscores the potential for optimizing the trade-off between filter performance
and device size to meet specific application requirements.
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