IEEE PHOTONICS JOURNAL, VOL. 15, NO. 6, DECEMBER 2023

2202110

Plasmonic Mach-Zehnder Interferometers
Based on Air-Gap Couplers

Rami A. Wahsheh

Abstract—Mach-Zehnder interferometers (MZIs) are vital in
optical biosensor applications and high-density integrated pho-
tonic circuits. In this research work, we theoretically investigate
the design steps of MZIs, consisting of 3-dB plasmonic splitters
sandwiched between two dielectric waveguides with an air-gap
coupler at the interface from each side. The proposed MZI designs
feature a compact size, ensuring high transmission coupling effi-
ciency without introducing additional radiation or reflection losses,
as observed in tapered, T- and Y-shaped splitters. The analytical
results and simulations prove that the proposed MZI designs offer
a broad spectrum range with a high fabrication tolerance and the
ability to use them in all-optical plasmonic circuits.

Index Terms—Dielectric waveguide, integrated optics devices,
Mach-Zehnder interferometer, nanoplasmonic waveguides, spli-
tter, surface plasmon polariton.

1. INTRODUCTION

HE unique properties of the metal-dielectric-metal (MDM)
T plasmonic waveguides, overcoming the diffraction limit
of the conventional dielectric waveguides (CDWs) and strong
field confinement in the dielectric region, have made MDM
plasmonic waveguides play a vital role in the miniaturization of
low cost and high-density photonic integrated circuits [1], [2],
[3], [4]. The potential of using MDM plasmonic waveguides
in many optical devices has been explored. MDM plasmonic
waveguides have been used in several applications, including
power splitters [5], [6], [7], [8], [9], [10], [11], Mach-Zehnder
interferometers [12], [13], [14], [15], filters [16], [17], [18],
[19], switches [20], [21], [22], [23], sensors [24], [25], [26],
[27], wavelength division multiplexers [28], [29], [30], solar
cells [31], [32], [33], [34], and photovoltaic devices [35], [36],
[37], [38]. To design high-performance nanoscale plasmonic
devices and increase the information processing speed, a hybrid
integration of plasmonic and CDW is required. The low-loss
CDWs transmit the optical signal into and out of the plasmonic
waveguides. Therefore, several different coupling structures
have been investigated to funnel light from the CDWs into
the MDM plasmonic waveguides [39], [40], [41], [42], [43],
[44]. In [39], the authors proposed a semi-elliptical nanoplas-
monic coupler at the interface, achieving a coupling efficiency
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of ~85%. In [40], the authors used multisection tapers inside
the CDW and the MDM waveguides and reported a coupling
efficiency above ~93%. In [41], the authors used vertical and
lateral tapered silicon waveguides, reporting a coupling effi-
ciency above ~87%. The proposed couplers either have large
dimensions or are challenging to fabricate. In [42], we used a
very short air-slot coupler at the interface between the CDW
and the MDM waveguides, achieving a theoretical coupling
efficiency of ~86% and experimental transmission coupling
efficiency (TCE) of less than ~40% [43]. In [44], we reported
different designs of very compact air-gap couplers (AGCs) at
the interface between a 300 nm wide CDW and two 40 nm wide
MDM plasmonic waveguides, achieving a coupling efficiency
above ~93%. Based on those proposed couplers, we proposed
plasmonic splitter designs in [5] without considering the effect
of sandwiching the MDM plasmonic waveguide between two
dielectric waveguides. For practical applications of our proposed
plasmonic splitters in [5], the MDM plasmonic waveguides
was sandwiched between two CDWs to couple light into and
out of the MDM plasmonic waveguides. In this research, we
continue our previous work in [45] and connect the proposed
designs in [5] back-to-back. In this configuration, the two MDM
plasmonic waveguides form the two arms of the Mach-Zehnder
interferometer (MZI).

To the best of our knowledge, none of the previously proposed
MZIs in the literature have addressed the specific challenge of
coupling from a dielectric waveguide into a plasmonic wave-
guide and back into the dielectric waveguide. This coupling
process, which we have considered in our present and previ-
ous research documented in [12], sets our work apart. In both
studies, we connected two 3-dB splitters consecutively to create
an MZI. This design utilized a silver-air-silver geometry and
AGCs at each interface between the two types of waveguides.
In our earlier work described in [12], the AGC was situated
within the metal region, whereas in our current research, it
is positioned within the dielectric and metal regions. Further-
more, we incorporated a tapered dielectric waveguide in the
present configuration before connecting it to the AGC. This
alteration resulted in significantly enhanced coupling efficiency
compared to the previous design, notably reduced oscillations
in the measured TCE. These oscillations were attributed to the
Fabry-Perot (FP) cavity-like response caused by the reflection of
the plasmon mode from each dielectric waveguide. To the best
of our knowledge, our proposed MZI surpasses the performance
of all previously reported works in the literature on multiple
fronts, including size, TCE, and fabrication tolerance.
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The parameters of the MZI’s geometry and the spectrum
response of the proposed MZI designs are studied using the two-
dimensional finite difference time domain (2D-FDTD) method.
We opted not to use a three-dimensional (3D) simulation due to
its significantly higher run time and memory requirements than
a 2D simulation. Instead, we conducted 2D-FDTD simulations
using a mesh size of 1 nm to accurately capture interface changes
between the CDW and the MDM plasmonic waveguides. While
our simulations considered metal losses, we excluded losses
related to the CDWs because they have very short lengths in our
setup. For evaluation, we measured the TCE within the output
CDW and the back reflection power (BRP) within the input
CDW, in which both measurements are normalized relative to
the incident power. All simulations are performed at the opti-
cal communications wavelength 1550 nm, while the spectrum
response is done for 400 nm to 2400 nm wavelengths.

In our study, we begin by examining the impact of sandwich-
ing the MDM plasmonic waveguides between two CDWs by
increasing the length of the embedded two MDM plasmonic
waveguides and evaluating the TCE into the output CDW. Then,
we keep the lengths of the two MDM plasmonic waveguides
constant and compare the spectrum responses of different MZI
designs to demonstrate that sandwiching the MDM plasmonic
waveguide between two CDWs results in a narrowed spectrum
response due to the FP cavity-like response [46]. Furthermore,
we investigate the fabrication tolerance associated with the pro-
posed MZI that exhibits the highest TCE. This involves altering
various parameters of the design dimensions and analyzing their
effects on the spectrum response. Our numerical demonstrations
underscore the practical applications of these proposed designs,
particularly in integrating ultracompact nanoplasmonic circuits.

The subsequent sections of this paper are structured as fol-
lows. Section II presents the schematics of the proposed MZI
designs with their simulation results and a discussion of the
relationship between TCE and the lengths of the two MDM
plasmonic waveguides. In addition, we conduct a comparative
analysis of the spectrum results obtained from the proposed
designs and show the possibility of using one of the designs in
biosensing applications. Section III focuses on investigating the
fabrication tolerance of the proposed MZI design that resulted in
the highest TCE, emphasizing its ability to function effectively
with less alignment precision. Lastly, Section I'V offers conclud-
ing remarks based on the findings and implications discussed
throughout the paper.

II. SCHEMATICS, SIMULATION RESULTS, AND SPECTRUM
RESPONSES OF THE PROPOSED MZI DESIGNS

Several T- and Y-shaped splitters have been proposed [47],
[48], [49], [50], [51], [52]. These shapes typically have large
dimensions, leading to radiation or reflection losses in addition
to propagation losses in the waveguides used for light splitting.
To advance the development of the next generation of integrated
photonic circuits for signal interconnection, it is essential to
design compact MZIs with a broad spectrum range, avoiding
additional radiation or reflection losses while allowing control
over the power splitting ratio. In our research work, we have
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successfully addressed these challenges by introducing MZI
designs that achieve all these requirements. Our proposed
compact-size splitters offer a broad spectrum range without
inducing additional radiation or reflection losses, providing
precise control over the power splitting ratio.

In this research work, we propose six MZI designs based on
the location of the AGC and on whether the CDW is tapered
before it is connected to the AGC. The CDW is tapered to
improve the TCE. In each MZI’s design, we use AGC #I,
AGC #2, or AGC #3. AGC #1 is located at the interface inside
the metal region, AGC #2 is located at the interface inside
the dielectric region, and AGC #3 extends equally inside both
types of materials. The dimensions of AGCs #1, #2, and #3
are (width x length) 260 nm x 15 nm, 210 nm x 20 nm, and
240 nm x 20 nm, respectively [44]. The input and output CDWs,
including the AGCs, are identical in each design. The parameters
of the proposed structures are shown in Fig. 1. As shown in
Fig. 1(a)—(f), the proposed six designs are as follows: MZI #1
uses AGC #1 without tapering the CDWs, MZI #2 is the same
as MZI #1 but with tapering the CDWs, MZI #3 uses AGC #2
without tapering the CDWs, MZI #4 is the same as MZI #3 but
with tapering the CDWs, MZI #5 uses AGC #3 without tapering
the CDWs, and MZI #6 is the same as MZI #5 but with tapering
the CDWs. The dimensions of the tapered CDWs for MZIs #2,
#4, and #6 are (width x length) 380 nm x 330 nm, 380 nm X
340 nm, and 380 nm x 330 nm, respectively [44]. The separation
distances between each design’s two MDM plasmonic branches
are 210 nm, 240 nm, 200 nm, 200 nm, 210 nm, and 240 nm,
respectively [5]. In each configuration, the incident light in
the input CDW undergoes an equal split into both branches
of the MDM plasmonic waveguides. Subsequently, the light
is recombined at the output CDW. The two branches of the
MDM plasmonic waveguides collectively constitute the two
propagation arms of the MZI.

Fig. 2 demonstrates the impact of varying the length of the
two MDM plasmonic branches (L,sz7) on the TCE for all the
proposed six MZI designs. MZIs #2 and #6 exhibit higher
TCE values with minimal oscillations in the measured data.
Designs #2 and #6 display nearly identical results, aligning
closely on the graph. In contrast, designs #1, #3, #4, and #5
showcase more pronounced oscillations in their TCE results. The
observed oscillations are attributed to the FP cavity-like structure
arising from the MDM plasmonic branches sandwiched between
the two CDWs. Concurrently, the reduction in the amplitude of
the TCE as Ly, increases from 100 nm to 2500 nm is linked to
the propagation losses resulting from the metallic interactions.

Although MZIs #2 and #6 yield nearly identical TCE values,
we opt for the latter as our best proposed MZI design due to its
lower fabrication precision requirements, as highlighted in [6].
Additionally, positioning the AGC at the interface between two
materials is simpler than precise placement within a specific
material. With MZI #6, as long as there is an overlap between
the AGC and both materials, efficient light coupling occurs into
and out of the two MDM plasmonic branches.

All of our proposed MZI designs operate at a broad frequency
range. To demonstrate this, we performed simulations where
we varied the wavelength of the light source from 400 nm
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Schematics of the proposed MZI designs illustrate how light is coupled into and out of the sandwiched MDM plasmonic waveguides. The designs are as

follows: (a) MZI #1 utilizes AGC #1 without tapering the CDWs. (b) MZI #2 is similar to MZI #1 but incorporates tapering the CDWs. (c) MZI #3 employs AGC
#2 without tapering the CDWs. (d) MZI #4 is similar to MZI #3 but includes tapering the CDWs. (e) MZI #5 utilizes AGC #3 without tapering the CDWs. (f) MZI

#6 is similar to MZI #5 but incorporates tapering the CDWs.

to 2400 nm and evaluated the corresponding TCE at each
wavelength. Fig. 3 displays the spectra of all the proposed six
MZI designs. The chosen values for Lj;z; for each of the six
MZI designs shown in Fig. 1(a)—(f) are as follows: 625 nm,
575 nm, 650 nm, 550 nm, 625 nm, and 550 nm, respectively.
These specific lengths were selected to correspond to where
the second peak occurs, as indicated in Fig. 2. In addition, we
included the spectra of the proposed six splitters without the
MDM plasmonic waveguides being sandwiched between the
two CDWs [5]. In this case, the measured coupling efficiency
in the unsandwiched MDM waveguides is obtained within one
of the MDM plasmonic branches. Each MDM branch has 50%
of the total coupled light. That is why the measured coupling
efficiency for the unsandwiched MDM waveguides is almost half

that of the sandwiched ones. This setup enabled us to compare
the spectrum response of the unsandwiched MDM plasmonic
waveguides with that of our proposed MZI designs. As shown in
Fig. 3, incorporating the MDM plasmonic waveguides between
two CDWs reduces the spectrum width and alters its shape
compared to the designs without the sandwiching arrangement.
In addition, all MZI designs showed almost a flat spectrum
response from 1260 nm to 1625 nm, which covers all the five
wavelength bands referred to as the O-, E-, S-, C-, and L-bands.

Fig. 4 provides a visual representation of the sensitivity of
MZI #6 to variations in the refractive index (n) within both
the MDM plasmonic branches and the AGCs. With n set at
1.00 (representing air), MZI #6 demonstrates a broad-spectrum
response. However, as n incrementally rises from 1.00 to 2.00,
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Fig. 2. TCE is plotted as a function of the length of the MDM plasmonic waveguide, Lz, for all the proposed six MZI designs depicted in Fig. 1.
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the TCE diminishes, giving rise to three distinct resonance peaks
characterized by varying amplitudes and widths, accompanied
by a smaller peak with an indistinct width. This stands in contrast
to the initial single, broad spectrum range housing a dominant
peak. The reduction in TCE is ascribed to less efficient coupling
into and out of the two MZI branches. The shift in the resonant
wavelengths is a consequence of the FP cavity-like structure
responding to changes in n. This particular attribute underscores
the practicality of MZI #6 in detecting variations in the refrac-
tive index, particularly in the context of numerous biological
applications. For example, it can distinguish cancerous skin
cells (n = 1.38) from healthy skin cells (n = 1.36), as well
as differentiate various components of blood, such as water
(n=1.33), red blood cells (n = 1.34), plasma (n = 1.35), white
blood cells (n = 1.36), and hemoglobin (n = 1.38) [53]. Fig. 4
provides a clear representation of how the resonant wavelengths
adapt in response to changes in the refractive index of biolog-
ical components. The selection of the third resonant peak for
detecting refractive index changes is due to its highest TCE
and its capability to discern minor variations in n. This will
be the subject of further exploration in an upcoming research
publication.

III. FABRICATION PRECISION REQUIREMENTS

The proposed fabrication process for creating MZI #6 on a
silicon-on-insulator wafer follows a series of steps, as outlined
in reference [43]. Electron-beam lithography is employed to
delineate alignment marks in specific positions precisely. Fol-
lowing this, a layer of gold is applied to make these marks
visible, enabling their examination under a scanning electron
microscope (SEM). These alignment marks are pivotal in accu-
rately positioning the dielectric waveguides in their designated
locations. In the final phase, these same alignment marks are
repurposed to mark the regions where metal deposition is needed
to define the plasmonic waveguides. The focused ion beam
(FIB) technique is employed to define the MDM plasmonic
waveguides, including the AGCs, meticulously. Furthermore,
the FIB is utilized to deposit a layer of platinum on top of
the metal layer. This step is fundamental to achieving a slot
waveguide with a rectangular shape, ensuring that the width at
the top matches that at the bottom. Without this adjustment, the
MDM waveguide would take on a triangular profile, with its
upper section being broader than its base.

A 3-dB splitting ratio can be achieved by having two identical
MDM plasmonic branches (MDM, and MDM ) with the same
width and location from the center of the dielectric waveguide.
Breaking this symmetry between the two MDM plasmonic
branches by different fabrication errors causes unequal splitting
ratios into MDM , and MDM . In this research work, we will
show the impact of the mismatches in the fabricated structure
dimensions compared to that of the optimized values on the
overall performance of the best proposed MZI design #6. The
effects of changing different parameters of the MZI’s geometry
due to fabrication errors, such as the separation distance (D)
between the two MDM plasmonic waveguides, the width of the
two MDM plasmonic branches (W, or Wg), and the location
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of the two MDM plasmonic waveguides (d) with respect to the
center of the CDW, are shown in Figs. 5, 6, and 7, respectively.
These parameters are susceptible to lithography and etching
biases, significantly influencing the device performance control.
We modified one individual parameter while maintaining the
remaining ones at their optimal values, observing their impact
on the TCE, BRP, and spectrum response. The optimal values
of D, Wi, Wg, and d are 240 nm, 40 nm, 40 nm, and O nm,
respectively. These parameters mainly dictate the size of the
supported mode, consequently shaping the spectrum response
of the proposed design. Although mode size holds importance,
other factors come into play. Notably, the formation of an FP
cavity-like structure, a consequence of sandwiching the MDM
plasmonic waveguide between two CDWs (specifically Lyszr),
also contributes to determining the wavelengths supported in
resonance.

Different methods could be applied to investigate the effect
of varying the separation distance (D) between the two MDM
branches (MDM 7, and MDM ) on the TCE. One method is by
keeping the location of one of the MDM branches at its optimum
location and displacing the other one from its optimum location
while measuring the TCE and the BRP. For example, if the center
of MDM r, is kept fixed at the exact optimum location (which is
140 nm away from the center of CDW), while MDM, is moved
away from MDMp in steps of 10 nm (see Fig. 5(a)). During
this process, we measure the TCE and BRP at every step at
1550 nm to assess their variations, as shown in Fig. 5(b). To
determine the variation of the TCE over different wavelengths,
Fig. 5(c) shows the TCE spectrum response for different values
of D. When D = 0 nm, there is no space between MDM, and
MDMp as if we have one wide MDM branch with a width
of 80 nm. As D increases from 0 nm to 230 nm, more light
couples into MDM , than thatinto MDM g This happens because
the surface plasmons polariton (SPP) excitation starts at the
metal-air interface that is closer to MDM ,, leading to more light
that couples into the closer waveguide MDM, than that into
the further waveguide MDM g; see Fig. 5(d) for the case when
D =70 nm (measured at 1550 nm). At D = 240 nm (measured at
1550 nm), maximum TCE with almost zero BRP occurs because
this is where SPP starts at an equal distance from both branches
and consequently, 3-dB splitting is achieved (see Fig. 5(e)).
When D is between 240 nm and 300 nm, the TCE decreases
and BRP increases because MDM, is no longer connected to
the AGC, but still, a tiny light manages to funnel into MDM,.
Fig. 5(f) shows that when D = 260 nm (measured at 1550 nm),
the excited SPP starts away from MDM  at the metal-dielectric
interface closer to MDM/ and inside the AGC. The excited
SPP requires a longer distance to propagate to MDMp and,
consequently, more propagation losses and less light funnels
into MDM . This proves that the location of the two MDM
plasmonic waveguides introduces transverse metal boundaries
that controls the starting area of the SPP excitation. When D is
more significant than 300 nm, no light funnels into MDM,, and
the TCE and the BRP stay constant.

Another parameter in the MZI’s geometry that, if changed
from its optimum value, causes an unequal splitting ratio be-
tween the two MDM plasmonic branches, when the two MDM
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TCE as a function of D for MZI #6
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(a) Schematic diagram illustrates how the TCE and the BRP are affected by the separation distance (D) between the two MDM waveguides for the

proposed MZI #6. (b) TCE and BRP are plotted as a function of D (measured at 1550 nm). (c) The TCE spectrum response for different values of D. (d) The field
distribution at D = 70 nm demonstrates that the SPP excitation starts away from both branches. (e) The field distribution at D = 240 nm illustrates that the SPP
excitation begins between the two MDM branches. (f) The field distribution at D = 260 nm shows that the SPP excitation starts inside the AGC at the side closer

to MDM ..

plasmonic waveguides MDM ;, and MDM g, have unequal widths
Wi, and Wg, respectively, see Fig. 6(a). To investigate that,
the width of one of the MDM plasmonic branches is changed
while the other one is unchanged while measuring the TCE and
the BRP at 1550 nm, see Fig. 6(b). For example, if W, is kept
at 40 nm and Wp, is changed from 40 nm to 280 nm, then the
variation of the TCE over different wavelengths can be assessed;
Fig. 6(c) shows the TCE spectrum response for different values
of Wg. The direction of the increase in W, is towards the MDM j,
while keeping the other side of MDM , at 280 nm from MDM .
When Wx =280 nm, the two MDM plasmonic branches become
one wide waveguide with a combined width of 320 nm. As

shown in Fig. 6(b), by increasing the width of W by 10 nm,
the TCE slightly increases from 82.6% to 83.3% because more
light couples into MDM g, than into MDM,. As Wg, increases,
less light funnels into MDM 1, than into MDM g, even though SPP
excitation always starts away from MDM g, and closer to MDM
see Fig. 6(d) for the case when Wr = 100 nm (measured at
1550 nm). This proves that more light couples into the wider
waveguide than into the narrower one. Also, TCE decreases
as Wpr increases due to the increase in the BRP caused by
the reduction in the interacted width of the metal-air interface
inside the AGC; see Fig. 6(e) for the case when Wx = 220 nm
(measured at 1550 nm). When Wxr = 280 nm (see Fig. 6(f),
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(a) Schematic diagram illustrates how the TCE can be controlled by varying the width of W while keeping that of the other MDM plasmonic waveguide,

Wr,, unchanged for the proposed MZI #6. (b) The plot showcases the TCE and the BRP as a function of W (measured at 1550 nm). (c) The TCE spectrum
response for different values of Wg. (d) The field distribution corresponds to the configuration outlined in (a) when measured at 1550 nm, with Wg set at 100 nm.
(e) Similarly, the field distribution pertains to the format described in (a), but with Wg set at 220 nm. (f) Also, the field distribution relates to the configuration

illustrated in (a), but with Wp, set at 280 nm.

which is measured at 1550 nm), the two plasmonic waveguides
become one wide waveguide, which is why the same TCE and
BRP occurred from Wi = 280 nm to 320 nm.

Additionally, the proposed coupler exhibits considerable
alignment tolerance between the CDWs and the MDM plas-
monic waveguides (including the AGC), which is crucial for
practical applications. The AGC is considered with the MDM
plasmonic waveguides as one group because if, for example, the
FIB is used, then those two together are defined simultaneously.
Misalignment between the center of the AGCs (with the two
MDM plasmonic waveguides) and the center of the CDWs, rep-
resented by the displacement (d) in Fig. 7(a), affects the splitting

ratio between the two MDM plasmonic branches. For example, if
the locations of the two MDM plasmonic waveguides, including
the AGCs, are kept fixed at the exact optimum location, while the
two CDWs were moved away to the right-hand side in steps of
10 nm (see Fig. 7(a)). During this process, we measure the TCE
and BRP at every step at 1550 nm to assess their variations,
as shown in Fig. 7(b). To determine the variation of the TCE
over different wavelengths, Fig. 7(c) shows the TCE spectrum
response for different values of d. For values of d less than
130 nm, the TCE results from the funneled light from both MDM
plasmonic branches, see Fig. 7(d) when d = 70 nm (measured
at 1550 nm). As d increases, the BRP increases because the SPP
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(a) Schematic diagram illustrates how the TCE and the BRP are affected as a function of the position misalignment, d, between the center of the AGCs

(with the two MDM plasmonic waveguides) and the center of the CDWs for the proposed MZI #6. (b) TCE and BRP as a function of d (measured at 1550 nm).
(¢) The TCE spectrum response for different values of d. (d) Field distribution for the schematic shown in (a) when d = 70 nm (measured at 1550 nm). (e) Field
distribution for the schematic shown in (a) when d = 140 nm (measured at 1550 nm). (f) Field distribution for the schematic shown in (a) when d = 200 nm

(measured at 1550 nm).

excitation starts at the dielectric-metal boundary and not inside
the AGC, as shown in Fig. 7(e) when d = 130 nm (measured at
1550 nm), more light couples into the closer waveguide MDM
than into the further waveguide MDM,. Atd = 130 nm, the TCE
is from the funneled light into only the MDM g. The increase in
the BRP continues as d increases, and the TCE reaches almost
zero at d = 200 nm (measured at 1550 nm); see Fig. 7(f). Even
though the TCE is nearly zero at d = 200 nm, the BRP continues
to increase as d increases because more light is reflected into
the input CDW, and less light is coupled into the AGC that is
not bounded by the CDW. This proves that overlapping the two
MDM branches, including the AGC and the CDW, is necessary
to achieve high TCE in both MDM branches.

IV. CONCLUSION

In this study, a proposal and optimization of highly efficient
MZIs were presented, comprising two 40 nm wide silver-air-
silver plasmonic waveguides sandwiched between two 300 nm
wide Si waveguides with two very compact air-gap couplers
(AGCs) at the interface between both types of waveguides.
Two configurations of these MZIs demonstrated excellent trans-
mission coupling efficiency (TCE). Furthermore, when em-
bedding the MDM plasmonic waveguide between two CDWs,
we observed a Fabry-Perot cavity-like structure, resulting in a
narrower spectrum response than that without sandwiching the
MDM waveguides. The practicality of one of the MZI designs
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that resulted in the highest TCE for sensing changes in the
refractive index inside the MDM plasmonic waveguides and the
AGCs makes it a valuable asset in biosensor applications. Addi-
tionally, our study analyzed the spectrum response for different
key design parameters, highlighting the impact of mismatches in
fabricated structure dimensions compared to optimized values
on overall performance. The proposed structure holds poten-
tial for utilization in diverse high-density photonic integration
circuits.
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