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Abstract: The existence of surface plasmon polaritons in doped silicon micro-scale structures has
opened up new and innovative possibilities for applications, such as sensing, imaging, and photon-
ics. A CMOS-compatible doped Si plasmonic sensor is proposed and investigated. The plasmon
resonance can be tuned by controlling the carrier density and dopant concentration. In this paper,
we demonstrate that using silicon doped with phosphorus at a concentration of 5 × 1020 cm−3 can
induce surface plasmon resonance in the mid-infrared region. Two ring resonators of two different
radii based on metal–insulator–metal waveguide structures are studied individually. Then, the two
ring resonators are integrated in the same device. When the two ring resonators are coupled and
resonate at the same frequency; two distinct resonance spectral lines are generated with striking
features that improve its potential use for sensing and modulation applications. The propagating
plasmonic mode is studied, including its mode profile and bend loss. We evaluate the effectiveness
of a microstructure gas sensor with dimensions of 15 µm × 15 µm by measuring its sensitivity and
selectivity towards methane and ethane gases. Small alterations in the surrounding refractive index
led to noticeable shifts in the resonance peak. The sensor achieved a sensitivity of 7539.9 nm/RIU
at the mid-infrared spectral range around the 7.7 µm wavelength. Furthermore, by combining the
resonators, we can achieve a smaller full width at half maximum (FWHM), which will ultimately
result in greater sensitivity than using a single-ring resonator or other plasmonic resonator configura-
tions. Once the sensitivity and selectivity of the sensor are measured, the FOM can be calculated by
dividing the sensitivity by the selectivity of the sensor, resulting in an FOM of 6732.

Keywords: coupled-ring resonators; plasmonic mode; mid-infrared spectral range; doped silicon;
optical sensors

1. Introduction

The silicon-on-insulator (SOI) platform is the most commonly used platform in the
photonics industry owing to the strong waveguiding properties in the high-index silicon
Si compared to the low-index silicon dioxide SiO2 [1–3]. In addition, SOI is characterized
by its CMOS compatibility and fabrication feasibility [4,5]. Thus, the SOI platform is
extensively investigated for various photonic components with different geometries, such
as gratings, waveguide dividers and combiners, multimode interferometers, directional
couplers, and ring resonators. These components are used for various applications [6–8].
In particular, for sensing applications, the challenge of maximizing light interaction with
the analyte arises in the SOI platform as a result of the small overlap between the analyte
and the decaying exponential tail of the waveguide mode in the clad. So, slot waveguides
were introduced to overcome such a challenge, where light confined in the slot interacts
strongly with the analyte that physically fills the same slot. Moreover, Si is transparent in
the near-infrared spectral region that possesses the important 1.55 µm wavelength, which
is the fundamental wavelength in the telecommunication industry and optical fibers data
transmission [9,10]. In general, one of the advantages of a doped silicon platform is that it
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allows for the control of doping. However, plasmonic resonators, in general, do not have
a small full width at half maximum (FWHM), so they are not very good candidates for
sensing because of the low sensitivity due to the increased amount of losses that definitely
increase the FWHM. Accordingly, we are trying to increase the sensitivity of the plasmonic
sensor by using a coupled-ring resonator, where the FWHM in the combined system is
smaller, and this will increase the sensitivity compared to a single-ring resonator or other
types of resonators using a plasmonic configuration. It also adds the advantage of allowing
us to detect more than one gas at the same time by adjusting the split resonance to different
gases that can be used simultaneously for more than one gas. We are trying to optimize the
design to work around the peaks of methane and ethane, which are important gases in the
oil and gas industry and field, and precise measurement is required.

Gas sensing is essential in the detection of toxic greenhouse gases and hazardous inert
gases that cause unstable environmental conditions [11,12]. Consistently, gas sensors are
essential in various industrial, medical, aerospace, agricultural, and security applications to
ensure safe working environments and air quality control [13,14]. Moreover, gas sensors can
be used to detect some medical disorders by testing patients’ exhaled breath [15]. The mid-
infrared range is of great interest in gas sensing applications, since the absorption peaks of
many gases lie within this range [16–19]. A doped Si platform can be used to offer waveg-
uiding at mid-infrared wavelengths through plasmonic slots. The transparency range of
SOI wafers is limited by strong absorption peaks in the mid-infrared (MIR) due to the buried
oxide (BOX) layer [20,21]. To overcome the spectral limitations caused by absorption losses,
a solution involves using high-quality SOI wafers and locally removing the BOX layer
beneath the waveguide. This can be achieved by implementing a suspended membrane-
doped silicon waveguidestructure [19,22,23]. An important advantage of doped Si is the
plasmonic resonance tunability with doping levels. Controlling the charge density can
allow for precise control to the spectral peak of the SPR. Analyzing micron-scale structures
using the Drude model shows that the frequency of the SPR varies depending on the dopant
concentration. For conventional doping levels (∼1018–1019 cm−3), the SPR frequency is in
the far-infrared (FIR) range. However, for heavily doped semiconductors (∼1020 cm−3),
the SPR frequency shifts to the mid-infrared (MIR) range, and it can even reach the near-
infrared (NIR) range if higher dopant concentrations are achieved (>1021 cm−3). Out of
equilibrium methods, such as nanosecond Laser Thermal Annealing (LTA) treatments, can
be used to achieve high dopant concentrations in silicon. Through LTA, active phosphorus
concentrations as high as 5 × 1020 cm−3 and 2 × 1021cm−3 can be reached in thin SOI and
bulk silicon, respectively [24]. High constraintup to 6.5 × 1020cm−3 by n-type dopants
in Si has been experimentally achieved, as shown in [25]. The field of plasmonics offers
promising opportunities for generating, manipulating, and detecting signals using various
processes such as generation, processing, transmission, and sensing. These processes can
operate at optical frequencies and have potential applications in various fields, including
optical communications, biophotonics, sensing, chemistry, and medicine [26], as well as
other areas such as broad band metamaterial absorber and versatile full-color nanopainting
technology [27–29]. Ring resonators are common devices in the photonic domain, and
they are used in different applications such as sensors, modulators, and filters [30,31].
The ring resonator is characterized by its discrete sharp resonances and fabrication feasibil-
ity [32]. However, when two resonators are coupled in a way that they both resonate at
close frequencies, different interesting phenomena can be observed in the whole resonant
system. For example, the Fano-resonance occurs between wide and sharper spectral line
shapes, resulting in a sharp resonance with a distinct profile [33,34] and electromagnetically
induced transparency (EIT), which is the result of differently damped resonators, resulting
in a narrow transparency window in the spectrum [35]. Also, the Bormann effect, which
is the spatial analog of the EIT effect, is observed in periodic structures such as photonic
crystals [34,36].The physical mechanism behind mode splitting in EIT can be understood in
terms of the interference between different energy pathways. The propagating light field
can interact with multiple resonant modes of the ring resonators, resulting in a superpo-
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sition of the different energy pathways. This interference can lead to the separation of a
single resonance peak into two peaks. The mutual coupling can be adjusted to achieve
maximum mode splitting and improved notch depth [37,38]. The EIT effect is attracting
special attention as its properties have proved to be useful in different applications, such as
quantum information [39], sensitivity filtering, sensing, modulation [35,40,41] optical delay,
slow light [42], non-linearity enhancement, and [43] precise spectroscopy [44].

In general, the plasmonic-based resonator suffers from the low-quality factory (Wide
FWHM) due to the high intrinsic losses associated with this resonator [45,46]. Hence, using
such a resonator for sensing is limited due to its low selectivity and low figure of merit
(FOM). In this work, we propose a novel coupled-resonator configuration that increases
sensitivity based on splitting the resonance frequency in a coupled-resonance system. This
results in a sharper resonance peak of the splitted eigen frequency and hence increases the
sensitivity of the combined system.

In this paper, we propose a CMOS-compatible gas sensor based on Si platform based
on a coupled-ring resonator. The proposed system utilizes a plasmonic slot configuration
for guiding the light using doped silicon materials. First, we study the performance of
a single-slotted ring resonator and optimize its performance in the MIR range. We also
studied the performance of two coupled resonators by introducing a second resonator
designed to work at the same resonance frequency but with a different radius. The coupled
resonance system is further tuned to ensure the resonance frequency of both resonators
coincides with each other, which results in eigen frequency splitting [47]. The two coupled-
ring resonators generate the EIT effect at the resonance frequency of the single resonator.
The proposed system produces a sharper resonance peak, and hence its potential for
gas sensing in the MIR is studied for different gases. The proposed coupled resonator
sensor showed an increased figure of merit (FOM) compared to a single-ring resonator.
The application of the proposed system for simultaneous sensing of different gases is also
proposed, as is the application of the proposed system for sensing methane and ethane.

2. Device Structure

The proposed sensor is formed of a doped Si wafer on a silicon dioxide, “SiO2”,
substrate, and the wafer is etched to form two suspended non-concentric ring resonators.
The larger ring has a radius R1, while the smaller ring has a radius R2. The Si wafer is
n-doped with phosphorus to tune its plasma resonance to 7.69 µm to enable working in the
MIR range. Figure 1 shows the non-concentric ring design where the spacing between the
Si slot bus waveguide and the larger ring is equal to the spacing between the two rings.

The complex p1ermittivity of the doped Si is described by the Drude model [48–51]
for metals and is provided by

εm(ω) = ε∞ −
ω2

p

(ω2 + jωΓ)
(1)

where ω is the light frequency in rad/s, ε∞ = 11.7 F/m is the permittivity at very high
frequencies, and ωp is the plasma frequency, which is provided by

ωp =
√
(

Nd q2

ε0 m∗
) (2)

Nd is the free carrier concentration, and ε0 is the free-space permittivity, where the collision
frequency israd/s, which is defined as

Γ =
q

m∗µ
(3)

where m∗ is the electron effective mass, µ is the carrier mobility, and q is the charge of the
electron. In order to work in the near-infrared range, which has spectral footprints for
different gases, a doping level of 5 × 1020cm−3 is used. The Drude model parameters of
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ωp = 2.47 × 1015 rad/s and Γ = 9.4 × 109 rad/s describe such doped Si material [1]. Our
model has been tested and showed good agreement with the empirical model and the
experimental measurements by Palik [52] for various concentrations up to 1020 cm−3.

Figure 1. Non-concentric ring resonator device structure.

3. Ring Resonator Characterization
3.1. Plasmonic Mode Analysis

When the bus plasmonic waveguide is excited by a TE polarized source, a plasmonic
mode starts to propagate in the 1 µm wide metal–insulator–metal waveguide until it
couples to the ring structure which is itself a metal–insulator–metal type waveguide of
the same width of 1 µm. The relationship between slot width, effective refractive index,
and losses is important for optimizing waveguide loss. As shown in Figure 2, the mode
experiences its minimum loss at around 1 µm. One of the main advantage of working in
the MIR is the relaxed constraints in the dimensions, which provide an ease of fabricating
plasmonic devices. This is mainly due to the dimensions of the guided wavelengths, which
are in the order of a few microns. For example, our proposed plasmonic slot waveguide is
a single mode up to 1.7 µm. Therefore, a slot width of 1 µm is a good choice because it is
both easy to fabricate and has minimal loss. Additionally, increasing the width provides
the ability to operate further away from the plasmon wavelength.

Moreover, the mode profile and the bend loss of the induced plasmonic mode are
studied in Figure 3, where a waveguide width of 1 µm has a complex index of 1.00049
+ 3.195614 × 10−3i and 8.2033 dB/cm modal loss at 7.7 µm wavelength. A waveguide
simulator is used for the modal analysis and bend loss calculations [53]. The bend loss of
our Si slot waveguide shown in Figure 3b is smaller than the modal loss; this allows us to
minimize the rings radii to achieve a compact design with a small footprint.
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Figure 2. Metal–insulator–metal waveguide with height 1 µm. (a) shows the relation between the
slot gap width and the effective refractive index at 7.6 µm; (b) shows the relation between the slot
gap width and mode loss at 7.6 µm.

Figure 3. Metal–insulator–metal waveguide. (a) real |Hy| mode profile; (b) bend loss.

3.2. Single-Ring Resonator Behavior

The electric field (E-field) can be confined in a plasmonic ring resonator through the
phenomenon of plasmonics, which involves the interaction between light and free electrons
in metal structures. Specifically, in a plasmonic ring resonator, the interaction between an
electromagnetic wave and a circular metallic structure causes the confinement of the electric
field within the cavity region [54]. By adjusting the dimensions and material properties of
the plasmonic ring resonator, the wavelength and intensity of the confined E-field can be
precisely controlled. Hereby, we study the behavior of the single-ring structure. The excited
ring resonator has its resonance positions described by the optical path lengths of the
different resonance orders, which are given by

λm =
2π R ne f f

m
(4)

where ne f f is the effective index, and m is an integer representing the resonance order.
Figure 4 shows the spectrum measured at the through port of the bus waveguide of two
rings with different radii where we simulate each ring separately and optimize its radius
so both rings resonate at the same frequency/wavelength and can be coupled in a design
integrating both rings. Hereby, the two rings have a resonance line at 7.69 µm in the
mid-infrared range. A 2D electromagnetic simulator is used for the design and analysis of
our structures [55]. The silicon slot can be coupled using conventional methods of coupling
from silicon to plasmonic slots configuration [56,57].
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Figure 4. Single−ring resonator transmission spectrum (a). Electric field distribution |Ex|at the reso-
nance 7.69 µm wavelength for (b) R = 8.1 µm and (c) R = 11.355 µm, with each simulated separately.

3.3. Coupled-Ring Resonator Behavior

The objective, here, is to design two rings of different radii that can be made compact
by figuring out an appropriate geometrical arrangement. However, when two resonators
are coupled and optimized to resonate at the same or very close frequencies, interesting
effects could be observed, such as the Fano resonance and electromagnetically induced
transparency effects. When a tunable TE source is introduced into the bus waveguide, it
couples with the field of the two slot ring resonators, causing the light field’s propagation
to be affected. Specifically, the interaction between the propagating light field and the
resonant modes of the ring resonators results in a change in the refractive index of the
waveguide. This change in refractive index leads to an alteration of the group velocity
of the light field, which can be controlled by adjusting the coupling strength between
the waveguide and the resonators. In other words, it is reasonable to expect that if we
have two resonances of equal frequency, the eigen state will split into two eigen states [47].
Correspondingly, the EIT is shown in Figure 5, where we observe an absence of the resonant
spectral lines of the same frequency/wavelength but the generation of two resonance lines
at red-shifted and blue-shifted frequencies, where the mode splitting occurs due to the
interference between various energy pathways. In other words, when optical resonators
create optical transparency inside the absorption window through coherent interference
between the resonating modes This effect is known as the EIT effect.

Initially, for only a single ring, each of the two rings was optimized to resonate
around a 7.69 µm wavelength, as observed in Figure 5, in agreement with (5). However,
when the two rings are coupled, the EIT effect causes the initial resonances at 7.69 µm to
disappear, and two new far apart resonances at the 7.67 µm and the 7.72 µm wavelengths
are generated.
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Figure 5. Coupled−ring resonator transmission spectrum in comparison to the single resonator spec-
trum. (a) Coupled−ringresonator electric field distribution |Ex| at (b) λ = 7.67 µm and (c) λ = 7.72 µm.

4. Ring Resonator Sensor

We can make use of the generated EIT effect and the sharp resonances of the proposed
coupled-ring resonator structure in sensing applications. When the structure is subject
to the environment, the surrounding gas fills the empty volume of the structure, i.e., the
insulator (air) in the metal–insulator–metal bus and ring resonator waveguides mentioned
previously. So, changes in the gas mixture of the surrounding environment result in a
change in the surrounding gas refractive index which is followed by a change in the
plasmonic mode effective index, thereby altering the resonance position and causing a shift
in the induced EIT effect spectral resonances. Figure 6 demonstrates the generated EIT
spectral resonances at different surrounding refractive indices, as we vary the refractive
index from 1 to 1.001 in increments of 0.0002, where the spectral resonances are blue-shifted
from 7.728 µm to 7.736 µm as the refractive index increases. Figure 7 illustrates the linear
relationship between the shifted wavelength and the change in refractive index.The sensor
sensitivity defined by ∆λ/∆n is calculated from the slope of Figure 7 to be 7539.9 nm/RIU,
while the figure of merit is defined by the sensitivity divided by the full length at half
maximum of the resonant line, i.e., FOM = ∆λ/(∆n.FWHM).
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Figure 6. Spectral resonance red shift with surrounding gas index.

Figure 7. Resonance wavelength position vs. surrounding gas index.
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5. Analysis for Testing Hydrocarbon Gases

We study the sensitivity of our plasmonic sensor to detect ethane (C2H6) and methane
(CH4) gases. The frequency shift and splitting are also expected when the designed
resonator coincides with the resonance frequency of the gas molecules. This is one of
the reasons that our proposal works closely with the resonance frequency (absorption peak
of the gas) while avoiding coinciding with it. By using the gas absorption data from the
National Institute for Standards and Technology “NIST” database [58], both the real and
the complex refractive indices were calculated by Equations (5) and (6), where Equation (5)
relates the absorption α(λ) to the extinction coefficient k(λ):

α(λ) =
4πk(λ)

λ
(5)

Equation (6) is the Kramers–Kronig relation, which allows us to estimate the refractive
index (n) at each wavelength λ0 from the extinction coefficient k(λ) by implementing [59].

n(λ0) = n(λ1) + p
2(λ2

1 − λ2
0)

π

∫ ∞

0

λk(λ)dλ

(λ2
0 − λ2)(λ2

1 − λ2)
(6)

where p is the Cauchy principle value of the integral, and n(λ1) is a known refractive index
of the gas at wavelength (λ1). Furthermore, we test our sensor to detect and differentiate
between methane and ethane gases. Methane (CH4) is an inflammable gas that is devoid of
both smell and color. It serves as the primary constituent of natural gas and holds immense
importance as a global fuel source for electricity production and heating. However, it
also plays a substantial role in contributing to climate change. Methane acts as a potent
greenhouse gas (GHG) with a global warming potential 28 times higher than carbon dioxide
(CO2) over a span of 100 years [60]. The industrial revolution has led to a substantial
rise in atmospheric methane concentration, soaring from approximately 800 parts per
billion (ppb) in the early 1900s to over 1800 ppb in 2016 [61]. This increase can be mainly
attributed to anthropogenic sources, such as landfills, animal waste management systems,
coal mining, petrochemical exploration, power transformers, and oil and gas distribution
and production facilities [60]. It is important to note that methane gas is flammable and
can become explosive if its concentration reaches 5 to 15% in a confined space [62]. Despite
its negative environmental impacts, natural gas remains highly sought after due to its
abundance and cleaner combustion process, ensuring its continued widespread use [63].
In fact, natural gas is replacing coal, particularly in the power sector in the United States,
due to its lower CO2 emissions during combustion and its lower production costs [64].
Furthermore, projections indicate that natural gas will become the second most prominent
energy source in the future [65]. In Figure 8, we show how our sensor is able to detect and
differentiate between methane and ethane gases.

The sensing process for our sensor depends on detecting the change in the refractive
indices, which allows us to differentiate between gases and know whether they are pure
gases or mixed gases. For illustration, the blue line shows the presence of pure ethane gas,
while the red line shows the presence of pure methane gas. The refractive index changes
proportionally with the percentage of the methane–ethane mixture [66], as any percentage
change in the methane and ethane mixed gases will cause a shift in the curve. Moreover,
to study the sensor selectivity, we found that when working near to the absorption peaks
for the interesting gas, the full width at half maximum (FWHM) increases. In this part, we
studied the sensor selectivity for methane gas, and we studied the relation between the
wavelength and the FWHM near and far from the absorption peaks as shown in Figure 9a.
Methane has multiple resonance peaks lying in the region from 6 µm to 9 µm as representing
in Figure 9b,c for both real and imaginary eps verses the wavelength respectively.
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Figure 8. Ring resonance lines in the presence of methane and ethane gases.

Figure 9. (a) shows how the full width at half maximum increases as it gets closer to the absorption
peaks; (b) shows how the methane real refractive index varies with the wavelength; and (c) shows
how the methane imaginary refractive index varies with the wavelength.
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6. Conclusions

A plasmonic electromagnetically induced transparency gas sensor based on doped sili-
con in the MIR spectral region is designed and optimized. We introduce two non-concentric
ring resonators that resonate at the same wavelength to achieve the EIT phenomena. The
splitting of resonance frequency in a coupled resonator configuration provides the system
with sharp resonance peaks, which in turn leads to an increase in both sensitivity and selec-
tivity. This configuration was tested for detecting ethane and methane gases and achieved
a sensitivity of up to 7539.9 nm/RIU and a figure of merit (FOM) of 6231. Additionally, we
provide plasmonic mode analysis for the slotted waveguide and the transmission difference
between a single-ring resonator and coupled-ring resonator.

Author Contributions: Conceptualization, M.S.; methodology, M.S.; software, S.S. and S.M.; vali-
dation, S.S.; formal analysis, S.S. and S.M.; investigation. M.S., S.S. and S.M.; resources, M.S.; data
curation, M.S., S.S. and S.M.; writing—original draft preparation, S.S. and S.M.; writing—review and
editing, S.S., S.M. and M.S.; supervision, M.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:

SOI Silicon on Insulator
EIT Electromagnetically Induced Transparency
FOM Figure of Merit
MIR Mid-infrared Range
FWHM Full Width at Half Maximum

References
1. Gamal, R.; Shafaay, S.; Ismail, Y.; Swillam, M.A. Silicon plasmonics at midinfrared using silicon-insulator-silicon platform. J.

Nanophotonics 2017, 11, 016006. [CrossRef]
2. Swillam, M.A.; Gamal, R.; Ismail, Y. Silicon Waveguides at the Mid-Infrared. J. Light. Technol. 2015, 33, 3207–3214.
3. Sherif, S.M.; Swillam, M.A. Silicon-based mid infrared on-chip gas sensor using Fano resonance of coupled plasmonic microcavi-

ties. Sci. Rep. 2023, 13, 12311. [CrossRef] [PubMed]
4. Wong, H.M.K.; Helmy, A.S. Optically defined plasmonic waveguides in crystalline semiconductors at optical frequencies. J. Opt.

Soc. Am. B 2013, 30, 1000. [CrossRef]
5. Kuo, J.B.; Su, K.W. SOI CMOS Technology BT—CMOS VLSI Engineering: Silicon-on-Insulator (SOI); Springer: Boston, MA, USA,

1998; pp. 15–70. [CrossRef]
6. El Shamy, R.S.; Swillam, M.A.; Li, X. On-chip complex refractive index detection at multiple wavelengths for selective sensing.

Sci. Rep. 2022, 12, 9343. [CrossRef] [PubMed]
7. Shafaay, S.; Swillam, M.A. Integrated slotted ring resonator at mid-infrared for on-chip sensing applications. J. Nanophotonics

2019, 13, 036016. [CrossRef]
8. El Shamy, R.S.; Swillam, M.A.; ElRayany, M.M.; Sultan, A.; Li, X. Compact Gas Sensor Using Silicon-on-Insulator Loop-Terminated

Mach–Zehnder Interferometer. Photonics 2022, 9, 8. [CrossRef]
9. Thomson, D.; Zilkie, A.; Bowers, J.E.; Komljenovic, T.; Reed, G.T.; Vivien, L.; Marris-Morini, D.; Cassan, E.; Virot, L.; Fédéli, J.M.;

et al. Roadmap on silicon photonics. J. Opt. 2016, 18, 73003. [CrossRef]
10. Mohamed, S.; Shahada, L.; Swillam, M. Vertical Silicon Nanowires Based Directional Coupler Optical Router. IEEE Photonics

Technol. Lett. 2018, 30, 789–792. [CrossRef]
11. Nishijima, Y.; Adachi, Y.; Rosa, L.; Juodkazis, S.; Juodkazis, S. Plasmonic Gas Sensor. In Proceedings of the JSAP-OSA Joint

Symposia 2013 Abstracts, Kyoto, Japan, 16–20 September 2013. [CrossRef]

http://doi.org/10.1117/1.JNP.11.016006
http://dx.doi.org/10.1038/s41598-023-38926-9
http://www.ncbi.nlm.nih.gov/pubmed/37516742
http://dx.doi.org/10.1364/JOSAB.30.001000
http://dx.doi.org/10.1007/978-1-4757-2823-1_2
http://dx.doi.org/10.1038/s41598-022-13033-3
http://www.ncbi.nlm.nih.gov/pubmed/35660767
http://dx.doi.org/10.1117/1.JNP.13.036016
http://dx.doi.org/10.3390/photonics9010008
http://dx.doi.org/10.1088/2040-8978/18/7/073003
http://dx.doi.org/10.1109/LPT.2018.2815040
http://dx.doi.org/10.1364/JSAP.2013.18p_D4_6


Sensors 2023, 23, 9220 12 of 13

12. Kazanskiy, N.L.; Khonina, S.N.; Butt, M.A. Subwavelength Grating Double Slot Waveguide Racetrack Ring Resonator for
Refractive Index Sensing Application. Sensors 2020, 20, 3416. [CrossRef]

13. Hübert, T.; Boon-Brett, L.; Palmisano, V.; Bader, M.A. Developments in gas sensor technology for hydrogen safety. Int. J. Hydrogen
Energy 2014, 39, 20474–20483. [CrossRef]

14. Gupta Chatterjee, S.; Chatterjee, S.; Ray, A.K.; Chakraborty, A.K. Graphene–metal oxide nanohybrids for toxic gas sensor: A
review. Sens. Actuators B Chem. 2015, 221, 1170–1181. [CrossRef]

15. Yang, D.; Gopal, R.A.; Lkhagvaa, T.; Choi, D. Metal-oxide gas sensors for exhaled-breath analysis: A review. Meas. Sci. Technol.
2021, 32, 102004. [CrossRef]

16. Elsayed, M.Y.; Ismail, Y.; Swillam, M.A. Semiconductor plasmonic gas sensor using on-chip infrared spectroscopy. Appl. Phys. A
2017, 123, 113. [CrossRef]

17. Rothman, L.S.; Gordon, I.E.; Barbe, A.; Benner, D.C.; Bernath, P.F.; Birk, M.; Boudon, V.; Brown, L.R.; Campargue, A.; Champion,
J.P.; et al. The HITRAN 2008 molecular spectroscopic database. J. Quant. Spectrosc. Radiat. Transf. 2009, 110, 533–572. [CrossRef]

18. Kazanskiy, N.L.; Khonina, S.N.; Butt, M.A. Advancement in Silicon Integrated Photonics Technologies for Sensing Applications
in Near-Infrared and Mid-Infrared Region: A Review. Photonics 2022, 9, 331. [CrossRef]

19. Shahbaz, M.; Butt, M.A.; Piramidowicz, R. Breakthrough in Silicon Photonics Technology in Telecommunications, Biosensing,
and Gas Sensing. Micromachines 2023, 14, 1637. [CrossRef]

20. Soref, R. Mid-infrared photonics in silicon and germanium. Nat. Photonics 2010, 4, 495–497. [CrossRef]
21. Soref, R.A.; Emelett, S.J.; Buchwald, W.R. Silicon waveguided components for the long-wave infrared region. J. Opt. A Pure Appl.

Opt. 2006, 8, 840. [CrossRef]
22. Zhou, W.; Cheng, Z.; Wu, X.; Sun, X.; Tsang, H.K. Fully suspended slot waveguide platform. J. Appl. Phys. 2018, 123, 63103.

[CrossRef]
23. Kazanskiy, N.L.; Butt, M.A.; Khonina, S.N. Silicon photonic devices realized on refractive index engineered subwavelength

grating waveguides—A review. Opt. Laser Technol. 2021, 138, 106863. [CrossRef]
24. Majorel, C.; Paillard, V.; Patoux, A.; Wiecha, P.R.; Cuche, A.; Arbouet, A.; Bonafos, C.; Girard, C. Theory of plasmonic properties

of hyper-doped silicon nanostructures. Opt. Commun. 2019, 453, 124336. [CrossRef]
25. Wang, M.; Debernardi, A.; Berencén, Y.; Heller, R.; Xu, C.; Yuan, Y.; Xie, Y.; Böttger, R.; Rebohle, L.; Skorupa, W.; et al. Breaking

the Doping Limit in Silicon by Deep Impurities. Phys. Rev. Appl. 2019, 11, 54039. [CrossRef]
26. Babicheva, V.E. Optical Processes behind Plasmonic Applications. Nanomaterials 2023, 13, 1270. [CrossRef]
27. Song, M.; Feng, L.; Huo, P.; Liu, M.; Huang, C.; Yan, F.; Lu, Y.Q.; Xu, T. Versatile full-colour nanopainting enabled by a pixelated

plasmonic metasurface. Nat. Nanotechnol. 2023, 18, 71–78. [CrossRef]
28. Beiranvand, B.; Sobolev, A.S. A proposal for a multi-functional tunable dual-band plasmonic absorber consisting of a periodic

array of elliptical grooves. J. Opt. 2020, 22, 105005. [CrossRef]
29. Musa, A.; Alam, T.; Islam, M.T.; Hakim, M.L.; Rmili, H.; Alshammari, A.S.; Islam, M.S.; Soliman, M.S. Broadband Plasmonic

Metamaterial Optical Absorber for the Visible to Near-Infrared Region. Nanomaterials 2023, 13, 626. [CrossRef]
30. Hong, J.; Qiu, F.; Cheng, X.; Spring, A.M.; Yokoyama, S. A high-speed electro-optic triple-microring resonator modulator. Sci.

Rep. 2017, 7, 4682. [CrossRef]
31. Sherif, S.M.; Swillam, M.A. Metal-less silicon plasmonic mid-infrared gas sensor. J. Nanophotonics 2016, 10, 026025. [CrossRef]
32. U.S. Environmental Protection Agency (USEPA). Overview of Greenhouse Gases. Available online: https://www.epa.gov/

ghgemissions/overview-greenhouse-gases#overview (accessed on 30 September 2023).
33. Fano, U. Effects of Configuration Interaction on Intensities and Phase Shifts. Phys. Rev. 1961, 124, 1866–1878. [CrossRef]
34. Limonov, M.F.; Rybin, M.V.; Poddubny, A.N.; Kivshar, Y.S. Fano resonances in photonics. Nat. Photonics 2017, 11, 543–554.

[CrossRef]
35. Zografopoulos, D.C.; Swillam, M.; Beccherelli, R. Hybrid Plasmonic Modulators and Filters Based on Electromagnetically Induced

Transparency. IEEE Photonics Technol. Lett. 2016, 28, 818–821. [CrossRef]
36. Novikov, V.B.; Murzina, T.V. Borrmann effect in photonic crystals. Opt. Lett. 2017, 42, 1389–1392. [CrossRef] [PubMed]
37. Zhang, Z.; Dainese, M.; Wosinski, L.; Qiu, M. Resonance-splitting and enhanced notch depth in SOI ring resonators with mutual

mode coupling. Opt. Express 2008, 16, 4621–4630. [CrossRef] [PubMed]
38. Liu, C.; Sang, C.; Wu, X.; Cai, J.; Wang, J. Grating double-slot micro-ring resonator for sensing. Opt. Commun. 2021, 499, 127280.

[CrossRef]
39. Xu, Z. A Metamaterial Design Based on Electromagnetic Induction Transparency-Like Effect and Its Slow-Wave Performance.

Opt. Photonics J. 2021, 11, 79–88. [CrossRef]
40. Sun, D.; Qi, L.; Liu, Z. Terahertz broadband filter and electromagnetically induced transparency structure with complementary

metasurface. Results Phys. 2020, 16, 102887. [CrossRef]
41. Zhang, X.; Shao, M.; Zeng, X. High Quality Plasmonic Sensors Based on Fano Resonances Created through Cascading Double

Asymmetric Cavities. Sensors 2016, 16, 1730. [CrossRef]
42. Chen, Z.; Song, X.; Jiao, R.; Duan, G.; Wang, L.; Yu, L. Tunable Electromagnetically Induced Transparency in Plasmonic System

and Its Application in Nanosensor and Spectral Splitting. IEEE Photonics J. 2015, 7, 1–8. [CrossRef]
43. Tanji-Suzuki, H.; Chen, W.; Landig, R.; Simon, J.; Vuletic, V. Vacuum-induced transparency. Science 2011, 333, 1266–1269. .

[CrossRef]

http://dx.doi.org/10.3390/s20123416
http://dx.doi.org/10.1016/j.ijhydene.2014.05.042
http://dx.doi.org/10.1016/j.snb.2015.07.070
http://dx.doi.org/10.1088/1361-6501/ac03e3
http://dx.doi.org/10.1007/s00339-016-0707-2
http://dx.doi.org/10.1016/j.jqsrt.2009.02.013
http://dx.doi.org/10.3390/photonics9050331
http://dx.doi.org/10.3390/mi14081637
http://dx.doi.org/10.1038/nphoton.2010.171
http://dx.doi.org/10.1088/1464-4258/8/10/004
http://dx.doi.org/10.1063/1.5017780
http://dx.doi.org/10.1016/j.optlastec.2020.106863
http://dx.doi.org/10.1016/j.optcom.2019.124336
http://dx.doi.org/10.1103/PhysRevApplied.11.054039
http://dx.doi.org/10.3390/nano13071270
http://dx.doi.org/10.1038/s41565-022-01256-4
http://dx.doi.org/10.1088/2040-8986/abb2f3
http://dx.doi.org/10.3390/nano13040626
http://dx.doi.org/10.1038/s41598-017-04851-x
http://dx.doi.org/10.1117/1.JNP.10.026025
https://www.epa.gov/ghgemissions/overview-greenhouse-gases#overview
https://www.epa.gov/ghgemissions/overview-greenhouse-gases#overview
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1038/nphoton.2017.142
http://dx.doi.org/10.1109/LPT.2016.2514362
http://dx.doi.org/10.1364/OL.42.001389
http://www.ncbi.nlm.nih.gov/pubmed/28362776
http://dx.doi.org/10.1364/OE.16.004621
http://www.ncbi.nlm.nih.gov/pubmed/18542560
http://dx.doi.org/10.1016/j.optcom.2021.127280
http://dx.doi.org/10.4236/opj.2021.114006
http://dx.doi.org/10.1016/j.rinp.2019.102887
http://dx.doi.org/10.3390/s16101730
http://dx.doi.org/10.1109/JPHOT.2015.2492550
.
http://dx.doi.org/10.1126/science.1208066


Sensors 2023, 23, 9220 13 of 13

44. Tassin, P.; Zhang, L.; Zhao, R.; Jain, A.; Koschny, T.; Soukoulis, C.M. Electromagnetically Induced Transparency and Absorption
in Metamaterials: The Radiating Two-Oscillator Model and Its Experimental Confirmation. Phys. Rev. Lett. 2012, 109, 187401. .
[CrossRef] [PubMed]

45. Tang, Y.; Liang, Y.; Yao, J.; Chen, M.K.; Lin, S.; Wang, Z.; Zhang, J.; Huang, X.G.; Yu, C.; Tsai, D.P. Chiral Bound States in the
Continuum in Plasmonic Metasurfaces. Laser Photonics Rev. 2023, 17, 2200597. [CrossRef]

46. Liang, Y.; Koshelev, K.; Zhang, F.; Lin, H.; Lin, S.; Wu, J.; Jia, B.; Kivshar, Y. Bound States in the Continuum in Anisotropic
Plasmonic Metasurfaces. Nano Lett. 2020, 20, 6351–6356. [CrossRef] [PubMed]

47. Christina Manolatou, H.A.H. Passive Components for Dense Optical Integration; Springer: New York, NY, USA, 2012; p. 170.
[CrossRef]

48. Miyao, M.; Motooka, T.; Natsuaki, N.; Tokuyama, T. Change of the electron effective mass in extremely heavily doped n-type Si
obtained by ion implantation and laser annealing. Solid State Commun. 1981, 37, 605–608. [CrossRef]

49. Aspnes, D.E.; Studna, A.A.; Kinsbron, E. Dielectric properties of heavily doped crystalline and amorphous silicon from 1.5 to
6.0 eV. Phys. Rev. B 1984, 29, 768–779. [CrossRef]

50. Slaoui, A.; Siffert, P. Determination of the Electron Effective Mass and Relaxation Time in Heavily Doped Silicon. Phys. Status
Solidi (a) 1985, 89, 617–622. [CrossRef]

51. van Driel, H.M. Optical effective mass of high density carriers in silicon. Appl. Phys. Lett. 1984, 44, 617–619. [CrossRef]
52. Palik, E.D. (Ed.) Handbook of Optical Constants of Solids; Academic Press: Orlando, FL, USA, 1985.
53. Lumerical Inc. MODE: Waveguide Simulator. Available online: https://www.ansys.com/products/photonics/mode (accessed

on 30 September 2023).
54. Butt, M.A.; Khonina, S.N.; Kazanskiy, N.L. Device performance of standard strip, slot and hybrid plasmonic micro-ring resonator:

A comparative study. Waves Random Complex Media 2021, 31, 2397–2406. [CrossRef]
55. Lumerical Inc. Lumerical FDTD Solver: 3D Electromagnetic Simulator. Available online: https://www.ansys.com/products/

photonics/fdtd (accessed on 30 September 2023).
56. Lau, B.; Swillam, M.A.; Helmy, A.S. Hybrid orthogonal junctions: Wideband plasmonic slot-silicon waveguide couplers. Opt.

Express 2010, 18, 27048–27059. [CrossRef]
57. Zhu, B.Q.; Tsang, H.K. High Coupling Efficiency Silicon Waveguide to Metal–Insulator–Metal Waveguide Mode Converter. J.

Light. Technol. 2016, 34, 27048–27059. , 2467-2472 [CrossRef]
58. NIST Chemistry WebBook. Mass Spec Data Center, S. E.Stein, Director, “Mass Spectra” NIST Chemistry WebBook in NIST Chemistry

WebBook, NIST Standard Reference Database Number 69; Linstrom, P.J., Mallard, W.G., Eds.; The National Institute of Standards and
Technology (NIST): Gaithersburg, MD, USA, 2018. [CrossRef]

59. Lucarini, V.; Saarinen, J.J.; Peiponen, K.E.; Vartiainen, E.M. Kramers–Kronig Relations in Optical Materials Research; Springer Series
in Optical Sciences; Springer: Berlin/Heidelberg, Germany, 2005; Volume 110. [CrossRef]

60. Aldhafeeri, T.; Tran, M.K.; Vrolyk, R.; Pope, M.; Fowler, M. A Review of Methane Gas Detection Sensors: Recent Developments
and Future Perspectives. Inventions 2020, 5, 28. [CrossRef]

61. Turner, A.J.; Frankenberg, C.; Kort, E.A. Interpreting contemporary trends in atmospheric methane. Proc. Natl. Acad. Sci. USA
2019, 116, 2805–2813. [CrossRef] [PubMed]

62. Stocker, T. Climate Change 2013: The Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014.

63. Tran, M.K.; Fowler, M. A review of lithium-ion battery fault diagnostic algorithms: Current progress and future challenges.
Algorithms 2020, 13, 62. [CrossRef]

64. Jaramillo, P.; Griffin, W.M.; Matthews, H.S. Comparative analysis of the production costs and life-cycle GHG emissions of FT
liquid fuels from coal and natural gas. Environ. Sci. Technol. 2008, 42, 7559–7565. [CrossRef]

65. Gagarin, H.; Sridhar, S.; Lange, I.; Bazilian, M. Considering non-power generation uses of coal in the United States. Renew.
Sustain. Energy Rev. 2020, 124, 109790. [CrossRef]

66. Dandapat, K.; Kumar, I.; Tripathi, S.M. Ultrahigh sensitive long-period fiber grating-based sensor for detection of adulterators in
biofuel. Appl. Opt. 2021, 60, 7206–7213. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

.
http://dx.doi.org/10.1103/PhysRevLett.109.187401
http://www.ncbi.nlm.nih.gov/pubmed/23215325
http://dx.doi.org/10.1002/lpor.202200597
http://dx.doi.org/10.1021/acs.nanolett.0c01752
http://www.ncbi.nlm.nih.gov/pubmed/32479094
http://dx.doi.org/10.1007/978-1-4615-0855-7
http://dx.doi.org/10.1016/0038-1098(81)90144-7
http://dx.doi.org/10.1103/PhysRevB.29.768
http://dx.doi.org/10.1002/pssa.2210890223
http://dx.doi.org/10.1063/1.94854
https://www.ansys.com/products/photonics/mode
http://dx.doi.org/10.1080/17455030.2020.1744769
https://www.ansys.com/products/photonics/fdtd
https://www.ansys.com/products/photonics/fdtd
http://dx.doi.org/10.1364/OE.18.027048
http://dx.doi.org/10.1109/JLT.2016.2535490
http://dx.doi.org/10.18434/T4D303
http://dx.doi.org/10.1007/b138913
http://dx.doi.org/10.3390/inventions5030028
http://dx.doi.org/10.1073/pnas.1814297116
http://www.ncbi.nlm.nih.gov/pubmed/30733299
http://dx.doi.org/10.3390/a13030062
http://dx.doi.org/10.1021/es8002074
http://dx.doi.org/10.1016/j.rser.2020.109790
http://dx.doi.org/10.1364/AO.427495

	Introduction
	Device Structure
	Ring Resonator Characterization
	Plasmonic Mode Analysis
	Single-Ring Resonator Behavior
	Coupled-Ring Resonator Behavior

	Ring Resonator Sensor
	Analysis for Testing Hydrocarbon Gases
	Conclusions
	References

