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Abstract: We propose a polarization-insensitive design of a hybrid plasmonic waveguide (HPWG)
optimized at the 3.392 um wavelength which corresponds to the absorption line of methane gas. The
waveguide design is capable of providing high mode sensitivity (Smoqe) and evanescent field ratio
(EFR) for both transverse electric (TE) and transverse magnetic (TM) hybrid modes. The modal
analysis of the waveguide is performed via 2-dimension (2D) and 3-dimension (3D) finite element
methods (FEMs). At optimized waveguide parameters, Spode and EFR of 0.94 and 0.704, can be
obtained for the TE hybrid mode, respectively, whereas the TM hybrid mode can offer Spoq. and EFR
of 0.86 and 0.67, respectively. The TE and TM hybrid modes power dissipation of ~3dB can be
obtained for a 20-um-long hybrid plasmonic waveguide at the 60% gas concentration. We believe
that the highly sensitive waveguide scheme proposed in this work overcomes the limitation of the
polarization controlled light and can be utilized in gas sensing applications.
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1. Introduction

Optical sensors have several applications in
various fields, such as medicine, chemistry, biology,
health, and safety requiring compact, reliable, and
yet cost-effective optical devices [1-4]. Due to the
high accuracy, the sensitivity of recognition, and
detection of chemical products, optical gas sensors
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have been extensively investigated in the field of
chemistry [5—7]. Poisonous and dangerous gases in
an atmosphere exposing human health to danger and
even leading to the casualties are increasingly
revealing the need for the highly sensitive optical
sensors to detect toxic gases [8]. Methane (CHy) is
an extremely combustible gas that has the potential
for being mixed with other chemicals at very low
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levels of about 5% and is at the risk of explosion [9].
Normally, it has a foul odour when being mixed
with hydrogen sulfide (H,S) that could constitute a
hazardous alarm for an agonizing explosion. On the
other hand, methane gas itself is not detrimental but
it has a high toxicity potential when being mixed
with certain substances. Alternatively, CH, gas is
one of the most useful fossil fuels extracted
naturally from the ground [10], making it possible to
classify optical gas sensors as an explorer capable of
detecting CH,4 gas resources.

There are several waveguide (WG) schemes
based on different platforms that can be utilized to
realize the gas sensors [11-13]. Lately, silicon on
insulator (SOI) emerged as an extremely attractive
platform for integrated optics [14, 15]. The devices
based on the SOI highly
polarization-dependent due to high contract between
silicon (n = 3.45 at 1550nm) and silica (n = 1.45 at
1550 nm). The polarization of light injected in a

platform are

standard optical fiber can change arbitrarily which
can influence the proper functioning of the
integrated chip if the fiber is directly coupled to the
SOI devices [16]. One possible way to solve this
problem is to split the incoming light into two
separate  polarizations and  process  them
independently, which may raise the complexity and
size of the optical system. Another approach is to
develop polarization-insensitive SOI WGs [17-19]
which  will be

interconnect

realistic for on-chip optical

applications, where there is no
straightforward way to manage the polarization state
of light.

For highly

absorption gas sensors, the overlap of the evanescent

responsive  evanescent  field
field with the surrounding medium should be high.
The evanescent field of the propagating mode can be
enhanced by reducing the standard SOI WG
dimensions. However, it will lead to the high
propagation loss of the WG. Moreover, the ability of
these WGs to confine light is limited by diffraction.
Plasmonic WGs propagate the surface plasmons

Photonic Sensors

wave at the dielectric-metal interface which is
evanescently confined in the direction perpendicular
to the propagation [20-22]. These WGs can confine
the light to the subwavelength region as their light
confining ability is not affected by the diffraction
limit [23]. However, these WGs put up with high
propagation loss due to the presence of the metal as
the main building block of the WG [24]. There are
several other applications based on the principle of
plasmonics [25-27]. The hybrid plasmonic WG
(HPWG) structure can provide a way out related to
the low evanescent field and high propagation loss.
This WG is composed of a thin layer of the low
refractive index material (such as SiO,) sandwiched
between the high refractive index material (for
example Si) and metal (typically Ag or Au). The
HPWG can be designed in horizontal or vertical
configurations capable of supporting (only one
polarization at a time) the transverse electric (TE)
and transverse magnetic (TM) hybrid modes,
respectively. The marriage between the horizontal
and the vertical WG configurations allows the
possibility of utilizing these WGs free of the
polarization state. In our previous works [11-13],
we studied an evanescent field ratio (EFR) of the
polarization-dependent strip, rib, and slot WG
structures, which offered EFRs of 0.55, 0.5, and 0.47,
respectively. Here, we propose a novel design of the
polarization-insensitive HPWG which shows a
significantly higher EFR than one obtained in the
conventional SOI WGs.

2. WG scheme

The proposed WG scheme is composed of a
horizontal HPWG structure formed by a sub-
wavelength low refractive index material layer
sandwiched between a high index material and a
metal layer. This arrangement of layers provides the
confinement of the TM hybrid mode. Silicon
dioxide, silicon, and gold are selected as the low
index material, high index material, and metal,
respectively. The refractive indices of silicon and
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silicon dioxide at 3.392 um used in this work are
3.4294 [28] and 1.4090 [29], respectively. For gold,
the refractive indices along with the extinction
coefficient at 3.392 um are 1.4132 and 23.382,
respectively [30]. The layer thicknesses of the
silicon core, silicon dioxide, and the top gold are
denoted as Hore, Hsioy, and Hip, au, respectively. The
width of the WG core is represented as Weope.
Besides, a thin Au layer of height (Huau) 1S
deposited on both sides of the WG separated by a
nano-gap (g) to provide optical confinement of the
TE hybrid mode. The modal analysis of the WG is

TM hybrid mode

simplified by fixing two geometric parameters:
(1) Hpait-aw= Heore and (2) Wegre = Heore- In the rest of
the paper, Weoe = Heore 18 represented as variable X
which has an equal control on both the TE and TM
hybrid modes. The schematic representation of the
HPWG is shown in Fig.1. Inset shows the E-field
distribution of the TE and TM hybrid modes at
3.392 um which is taken in the xy-plane (at Hsio,/2)
and zy-plane (at W../2), respectively. The geometric
parameters of the WG used in this representation
are as follows: X = Hyjay = 200nm, Hgpau= g =
Hsio, = 50nm.

TM hybrid mode

xy-plane cut at HS,OZ/Z

Fig. 1 Graphical representation of the polarization-insensitive HPWG design. Inset shows the 3-dimension (3D) E-field distribution
of TE (bottom-right) and TM (top-left) polarized lights in the WG geometry.

The effective refractive index (n.) and mode
sensitivity (Spode) study of the HPWG design are
carried out via a 2-dimension (2D) finite element
method (FEM)-based model in COMSOL
Multiphysics 5.1. The electromagnetic
(EM-wave) frequency domain is elected as the

wave

physics interface and the modal analysis is added to
the study. Whereas, EFR is investigated with the
help of the 3D model in the aforementioned module.
In COMSOL simulations, the WG geometry is
divided into triangular mesh elements with a “very
fine” mesh grid size for the whole design. The
computational power of the system is one of the
which ensure how

limiting factors swiftly

simulations can be carried out. We have used the
system with i5 core central processing unit (CPU) at
2.5 GHz and 64 GB random access memories
(RAMs). For wave propagation systems, it is always
desired to model a domain with open boundaries of
the computational domain as it allows the EM wave
to pass without any reflection. The open geometry is
estimated by assigning a scattering boundary
(SBC) at the outer edges of the
simulation window.

The E-field distribution of the TE and TM
hybrid modes is visualized in a 10-um-long HPWG,

conditions

as shown in Fig.2. The propagation plane is cut with
an interval of 1.5um to expose the E-field all the
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way through the WG. It can be seen that the TE
hybrid mode is confined in the air gaps on both sides
of the Si core whereas the TM hybrid mode is
material  (Si0,)

located in the low index

Length=10 um
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sub-wavelength layer sandwiched between the Si
core and Au layer on the top. The geometric
parameters of the WG are the same as used in
Fig. 1.

0.40
0.35
0.30
0.25
0.20

0.15

0.10
| 0.05

Propagation direction

Fig. 2 E-field distribution of the propagating mode in a 10-um-long WG structure where X=200 nm: (a) TE hybrid mode and
(b) TM hybrid mode. The plane is cut along the xz-plane with an interval of 1.5 um.

3. Effective refractive index estimation of
the HPWG

The sensing mechanism in optical WGs is based
on the contact between the electric field of the
guided mode and the targeted sensing material.
There are two vital phenomena such as EFR and
Smode Of the propagating mode to be considered
while designing the sensitive device. As a general
rule, the light-matter interaction is determined by the
field
confinement around the WG core. For that reason,
EFR should be calculated to understand the fraction
of light interacting with the ambient medium. EFR is

amount of the evanescent electrical

the ratio of the power in the cover medium to the
total power of the guided mode. Homogenous
sensing is the best sensing method to detect
variations in the concentration of gas analytes or
chemical solutions present in the ambient medium.
This mechanism determines the mode sensitivity of
the optical WG by changing the refractive index of
the analyte (ambient medium) resulting in the

change of the effective refractive index (n.g) of the
propagating mode. The real and imaginary parts of
neg of the TE and TM hybrid modes are calculated
for X in the range of 200nm — 1000nm. Additionally,
the influence of other parameters such as g, Hsio,,
and H,, are also taken into consideration, which
seems to have less control on ny The real part of
neg for both the hybrid modes increases with an
increase in the Si core size, i.e., X due to the gradual
formation of the dielectric mode as shown in Fig.3.
The imaginary part of 7er [Im (n.5)] also shows a
strong dependence on the WG geometry which
reduces significantly as X increases. The reduction
in Im (ne) signifies that the system has low loss
which can be useful in the realization of the WGs
length. The loss
associated with the TE hybrid mode is significantly
smaller than that with the TM hybrid mode as shown
in Fig.3. This is because the TM hybrid mode is
confined in a low-index SiO, (n = 1.44) layer which

with a longer propagation

has some absorption in the mid-infrared band
whereas the TE hybrid mode is concentrated in two
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air slots (n = 1.0).
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Fig. 3 Real and imaginary parts of the effective refractive
index of HPWG: (a) TE hybrid mode and (b) TM hybrid mode.
4. Estimation of propagation loss and
electric field intensity

The modal propagation loss of the HPWG is
directly linked to Im (n.) which is calculated by
using the following expression:

Loss[d—BJ =2K, xIm(n,)x4.34 (1)
pm

where K, is i—ﬂ , and A, is the vacuum wavelength

(um). It is quite evident from the equation that a
smaller n.s will provide a lower propagation loss.
From Fig.4(a), it can be seen that the TM hybrid
mode has a higher propagation loss as compared

with the TE hybrid mode. This is because the TE
hybrid mode propagates in nano-slots (air) whereas
the TM hybrid mode is formed in a thin layer of the
Si0; layer. The Im (n.g) of both the modes decreases
as X increases which eventually reduces the
propagation loss. Other geometric parameters such
as g, Hsio,, and Hy, also influence the propagation
loss of the WG which is quite visible in Fig.4. The
propagation losses of TE and TM hybrid modes
are obtained in the range of 0.010 7 dB/um -
0.134 0 dB/um and 0.027 dB/um — 0.347 dB/um,
respectively. These losses can be further reduced by
increasing X at the cost of low EFR. However, we
aim to keep EFR as high as possible and the
propagation loss can be compensated by using a
high input power light source or small length of
the WG
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Fig. 4 Calculation of (a) modal propagation loss vs WG
geometry and (b) dependence of the electric field intensity on
nano-slot (g).

Moreover, the electric field intensity of the TE
hybrid mode in nano-slots is also investigated by
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varying g in the range of 20nm — 100nm. Strong
modal intensity can be obtained at narrow g, i.e.,
20nm and decays exponentially as g approaches to
100nm as shown in Fig.4(b). However, tight modal
confinement leads to a higher modal loss of the WG.
Therefore, g should be selected where both modal
intensity and propagation losses are optimized.

5. Mode sensitivity analysis of TE and
TM hybrid mode

Smode 18 an essential parameter which should be
taken into consideration while designing sensing
devices [31]. Smode 18 evaluated for the geometric
parameters of the WG and is calculated by using the
following expression:

S @)
where n.m 1S the effective refractive index at the
refractive index of the analyte under consideration
(ny), and neg is the effective refractive index at the
refractive index of the medium (#,). In this analysis,
n; is fixed at 1.3 whereas 7, is varied between 1.34
and 1.4 to calculate the sensitivity of the TE and TM

hybrid modes as shown in Figs.4 and 5, respectively.

Smode 18 almost stable for the range of ambient
refractive indices but progressively increases as X
decreases as shown in Fig. 5(a). The maximum
Smode=0.94 of the TE hybrid mode is obtained at X =
400 nm which rapidly decreases to 0.24 as X
approaches to 1000nm. The E-field distributions of
the hybrid mode for X=500nm and X=700nm are
shown in Figs.5(b) and 5(c). At X < 500nm, the WG
is capable of supporting only the hybrid mode
confined in the low  refractive index
material/nano-slot. However, at X > 600nm, the WG
geometry is large enough to facilitate the formation
of the dielectric mode in the Si core. The mode
power of the hybrid mode is partially transferred to
the dielectric mode. This is the point when Sp,,4e and
EFR of the hybrid mode decrease rapidly. The line
graph of the E-field distribution of the TE hybrid
mode is taken along the horizontal axis in the middle

Photonic Sensors

of the WG (H.o/2) as shown in the insets of Figs.
5(b) and 5(c). At X=500nm, the TE hybrid mode has
an equal mode power distribution in the nano-slots
and almost zero power in the silicon core. Whereas,
the WG geometry is big enough at X = 700nm to
facilitate the formation of the dielectric mode in the
Si core which raises the power level in the middle of

the line graph.
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Fig.5 Calculation of (a) mode sensitivity of the TE hybrid
mode, (b) E-field distribution in the HPWG at X = 500 nm, and
(c) E-field distribution in the HPWG at X = 700 nm. The
remaining WG parameters such as Hy,, g, and Hgo, are fixed at
50 nm. Insets show the line graphs of the TE hybrid mode.

X= 700 nm

The TM hybrid mode is also highly influenced
by X and falls abruptly as there is an increase in X as
shown in Fig.6(a). Therefore, WG geometry should
be optimized where both the TE and TM hybrid
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modes possess high mode sensitivity. For instance,
Smode @s high as 0.91 and 0.86 can be obtained for
the TE and TM hybrid modes, respectively for the
WG geometric parameters of X =200nm, g = Hsio, =
Hp, = 50 nm. That is why we can use these
geometric parameters for the designing of a WG for
gas sensing applications. The line graph of the
E-field distribution of the TM hybrid mode is taken

1.0
0.9 7 A A A A A A
0.8 1
0.7 1
o 0.6 1 g a A A A 4 Y
E 05
%)
0.4 1
03 - | el X=500 nmM
" b X=2001m
0.2 b= X=700 nm
| el X=1000 nm
0.1 4 & ¥=4001m g=HSi02=g=HAu=50 nm
0.0 -
1.34 1.35 1.36 1.37 1.38 1.39 1.40
RI
(a)

along the vertical axis in the middle of the WG
(Weore/2) as shown in the insets of Figs. 6(b) and 6(c).
The TM hybrid mode has an asymmetric field
distribution as the E-field is only confined in the low
index medium sandwiched between the silicon layer
and gold layer on the top. At X = 700nm, the mode
power in the silicon core increases which can be
visualized in the line graph.

TM hybrid mode []
2.0
1.5
TM hybrid mode 1.0

“ O.S

-————

X=700 nm

Fig. 6 Calculation of (a) mode sensitivity of the TM hybrid mode, (b) E-field distribution in the HPWG at X = 500 nm, and
(c) E-field distribution in the HPWG at X = 700 nm. The remaining WG parameters such as Hy,, g, and Hg;o, are fixed at 50nm. Insets

show the line graphs of the hybrid modes.

6. Evanescent field ratio analysis of the
HPWG

Every gas has a characteristic absorption peak
which is considered as a benchmark for that
particular gas. When the WG sensor is exposed to a
gaseous medium, the evanescent field interacting
with that gas results in a power decay of the
transmitting mode if it correlates with the absorption
line of the measurand gas. The decay in power can
be expressed according to Lambert-Beer’s law
[32-34], which normally depends on the gas
concentration, length, and EFR of the WG. That is
why EFR is a vital parameter for the apprehension
of gas sensors based on the evanescent field
absorption [35, 36]. EFR is the ratio of the intensity
integration of the desired region (upper cladding +
nano-slot) and overall intensity integration of the

WG structure which is expressed as
I” . E(x,y,z)|2 dxdydz
EFR = desired > .
I3, dxdya

EFR of the TE and TM hybrid modes largely
depends on the WG geometry. WG structures with

3)

large geometric parameters have the strong mode
confinement and possess the low evanescent field in
the surrounding of the core. Therefore, it is
necessary to calculate EFR of the WG before
utilizing it for sensing applications. For the TE
hybrid mode, EFR has a strong dependence on g
(Hay and Hsjo, do not matter too much) which
increases as g decreases from 100nm to 50nm as
shown in Fig. 7(a). This is because the field
confinement is stronger in smaller g. At X > 600nm,
the dielectric mode starts to appear in the silicon
core which kills the mode power of the hybrid mode,
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consequently, EFR falls abruptly. Similarly, the TM
hybrid mode is highly influenced by X and least
affected by other parameters such as Hsio,, g, and
Hy, as shown in Fig.7(b). The highest EFRs of the
TE and TM hybrid modes are obtained at 0.75 and
0.61, respectively for the WG length of 3 um.

The dependence of EFR on the length of the WG
is also determined. The geometric parameters of the

WG, such as X = 200nm and Hsio, = g = Haw =

Length of waveguide=3 um

Photonic Sensors

50nm, are used to calculate EFR of both the hybrid
modes. The length of the WG is varied between
3um and 20um. EFR of the hybrid modes increases
(0.67 — 0.7 for the TE hybrid mode and 0.61 — 0.67
for the TM hybrid mode) with an increase in the
length (3 um to 20 wm) as shown in Fig. 7(c).
However, it stabilizes in the range of 12um — 15um
which signifies the need for an appropriate WG
length for sensor applications.

Length of waveguide=3 um
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Fig.7 EFR versus WG geometry at the fixed WG length: (a) TE hybrid mode, (b) TM hybrid mode, and (c) EFR versus WG length
at fixed geometric parameters, i.e., X=200nm and g= Hsio, = Hx,=50nm.
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7. CH, gas sensing via Lambert-Beer’s
formulism

The sensing performance of the
HPWG

3.392 um is analyzed for CH4 gas detection. CHy4

polarization-insensitive optimized at
possesses weak absorption lines at 1.33 um and
1.66 um and demonstrates a strong fundamental
absorption at 3.392 um. The absorption of CH,4 at
3.3um is approximately 100 times stronger than that
in its overtone band at 1.65 um. According to
Lambert-Beer’s law, the light propagating through
the gas experiences power decays if it contains the
absorption line of that gas. It can be calculated as
follows:

P =Pexp(enCL—alL) 4)
where P; is the input power. In this analysis, P; is
fixed at 15 mW; ¢ is the gas absorption coefficient
which is equal to 0.00083atm'.um " for 3.392um
line of a He-Ne laser [13]; 7 is EFR; C is the
concentration of CHy gas; L is the length of light
through the gas; « is the intrinsic loss of the WG; P,
is the power at the output of the WG. The power is
articulated in decibel (dB), therefore: Power (dB) =

L
IOXIg(F

). The gas sensing process is revealed
in Fig.8(a). It can be seen that the gas molecules
encircle the WG sensor which will then absorb the
light of the propagating mode via the evanescent
field. As a result, the power at the output of the WG
will be diminished. The WG sensor response is
calculated at fixed geometric parameters, i.e., X =
200 nm, g= Hsio, = Hay = 50nm. For these WG
geometric parameters, we can acquire high £FR and
Smode at the cost of the high intrinsic loss of the TE
hybrid and TM hybrid modes. As shown in Fig.7(c),
1 highly depends on the WG length, therefore, we
select three WG lengths for instance: 3 um, 10um,
and 20 wm. From Lambert-Beer’s law, it is
perceptible that C is directly proportional to the
decay in the output power that is why the gas

concentration is taken in the range of 0 — 100%. The
transmitted power decreases as C increases because
a large number of gas analytes can absorb more light
which results in the reduction of the output power.
Moreover, the intrinsic loss of the WG reduces the
power of the TE hybrid and TM hybrid modes at the
input to 0.58dB and 1.51dB, respectively. A WG
with a longer length (20um) shows a strong power
decay as shown in Figs.8(b) and 8(c). For instance,
a 3dB power decay in the 20-um-long WG can be
obtained for both the TE and TM hybrid modes for
60% gas concentration. From this discussion, it is
suggested that the length of the WG sensor should
be longer than 10 uwm so as to have a 3dB power
decay at any given polarization.

Gas molecules
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—~ 11
m J
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Fig. 8 Schematic representation of (a) gas sensor cell,
(b) power variation versus gas concentration for the TE hybrid
mode, and (c) power variation versus gas concentration for the
TM hybrid mode.
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8. Suggested fabrication steps of the
HPWG

The polarization-insensitive HPWG is the
combination of vertical and horizontal HPWGs,
which can be fabricated in two steps. In the first step,
a horizontal oriented HPWG is manufactured which
supports the TM hybrid mode. This can be obtained
as follows: at first, the 50 nm thin SiO, layer is
deposited on the SOI wafer followed by a 50nm of
the Au layer on the top. A suitable photoresist (PR)
with a suitable thickness is spun on the sample
which will act as a mask. The WG patterns are
transferred on the PR which protects the WG core
The WG
structures can be formed via the reactive ion
etching (RIE) technique. The vertical HPWG is
obtained in the following steps: PR is spin-coated on

region during the etching process.

the WG structure and the desired part is patterned to
protect the core region. A 200 nm Au layer is
deposited on the sample followed by a lift-off
removing the unwanted Au along with PR sitting
next to the vertical HPWG structure. As a result, a
HPWG
developed. The proposed fabrication steps are

polarization-insensitive structure  is

presented in Fig.9.

SOI wafer Sio, deposmon Au deposmon

PR spin coating Dry etching PR patterning PR spin coating

6
ﬁ E
Au deposition

PR patterning L1ft off

Si Reslst
e

Fig. 9 Proposed fabrication steps of the HPWG.

9. Conclusions

We present an attractive design of a
polarization-insensitive hybrid plasmonic WG for
evanescent field absorption gas sensing applications.

The WG geometry is optimized at the 3.392 um

Photonic Sensors

wavelength which corresponds to the absorption line
of methane gas. The electric field distribution, e,
Smodes and EFR are calculated via the 2D and 3D
finite element methods. We obtain Sy.4. and EFR of
0.94 and 0.704 for the TE hybrid mode which are
slightly higher than those of the TM hybrid mode
re., 0.86 and 0.67, respectively. The TE and TM
hybrid mode power dissipation of 3dB is obtained
for 20-um-long hybrid plasmonic WG for the 60%
gas concentration. We believe that the proposed WG
scheme can be applied to those situations where
strong polarization control is an issue or even can be
used in typical applications as a highly sensitive gas
absorption sensor.
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