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Abstract. Plasmonic waveguides have attracted much attention owing to the associated high field intensity at
the metal—dielectric interface and their ability to confine the modes at the nanometer scale. At the same time, they
suffer from relatively high propagation loss, which is due to the presence of metal. Several alternative materials
have been introduced to replace noble metals, such as transparent conductive oxides (TCOs). A particularly
popular TCO is indium tin oxide (ITO), which is compatible with standard microelectromechanical systems
(MEMS) technology. In this work, the feasibility of ITO as an alternative plasmonic material is investigated
for infrared absorption sensing applications: we numerically design and optimize an ITO-based plasmonic slot
waveguide for a wavelength of 4.26 um, which is the absorption line of CO,. Our optimization is based on a
figure of merit (FOM), which is defined as the confinement factor divided by the imaginary part of the effective
mode index (i.e., the intrinsic damping of the mode). The obtained optimal FOM is 3.2, which corresponds to
9um and 49 % for the propagation length (characterizing the intrinsic damping) and the confinement factor,

respectively.

1 Introduction

In recent years, plasmonic effects and devices have com-
manded increased attention, as they enable sub-wavelength
photonics applications. The existence of surface plasmon po-
laritons (SPPs), which are essentially guided electromag-
netic waves propagating along a metal—dielectric interface
with strong near-field confinement, allows for efficient light—
matter interactions (Primassing et al., 2020; Gaur et al.,
2021). For the guided mode, the maximum intensity occurs
at the metal-dielectric interface where the field amplitudes
decay exponentially in the direction perpendicular to the in-
terface (Dionne et al., 2006). This so-called evanescent field
represents the bound, non-radiative nature of SPPs (Barnes
et al., 2003). A plasmonic device that has attracted particu-
lar attention is the plasmonic waveguide. A specific merit of
SPP-based waveguides is that they can break the diffraction

limit related to the dielectric waveguides, leading to strong
field confinement (Sun et al., 2014). Among the plasmonic
waveguides, plasmonic slot waveguides are particularly at-
tractive due to the provided lateral confinement and the ca-
pability of guiding the mode in low-index materials, which
can be an asset in the fabrication of miniaturized optical cir-
cuits. Therefore, compared with dielectric waveguides, they
allow compact integration and short coupling lengths (Os-
owiecki et al., 2014). Furthermore, as plasmonic slot waveg-
uides allow for a high-energy fraction in low-index material,
they promise high sensitivity with respect to absorption in a
gaseous sensing medium, acting as a low-index medium in
such a sensor.

Traditionally, noble metals have been widely used as
plasmonic materials due to their chemical stability, large
plasma frequency and high electrical conductivity (Paulraj
et al., 2020). However, they typically suffer from high intrin-
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sic losses and high costs, hampering practical applications
(Chen et al., 2017). As alternatives to noble metals, transpar-
ent conductive oxides (TCOs) can be considered. They not
only show a low loss in the infrared range but their compat-
ibility with standard microfabrication also makes them par-
ticularly appealing for the simple integration of plasmonic
devices (Wang et al., 2017). Another feature of TCOs is that
their optical and electrical properties can be tuned by chang-
ing the doping concentration. In addition, TCOs are often
fabricated using thin-film technology and are utilized in opto-
electronic applications, such as electrode materials in biosen-
sors and other sensors (Sohn et al., 2011). Among TCOs, in-
dium tin oxide (ITO) has attracted particular attention from
many scientists and researchers due to its surface smooth-
ness, mechanical stability, robustness in moist air and simple
fabrication (Dao et al., 2019). Therefore, it has been used
in many studies related to optical meta-surfaces (Shrestha et
al., 2018), localized plasmonic nanoparticles (Xi et al., 2018)
and active tuneable plasmonic devices (Liu et al., 2018).
Moreover, ITO is an appropriate material for sensing appli-
cations owing to unique features such as high electrical con-
ductivity, substrate adhesion, and electrochemical and phys-
ical stability (Aydin et al., 2017). However, as ITO is a non-
stoichiometric compound, its optical properties crucially de-
pend on the fabrication processes such as growth and depo-
sition procedures as well as on annealing conditions (West et
al., 2010). It has already been shown that sputtering power
and annealing processes can affect the optical properties of
ITO in the mid-infrared spectrum (Wang et al., 2017). ITO
thin films can be produced using technologies such as mag-
netron sputtering, electron beam evaporation and chemical
vapor deposition. Among these methods, magnetron sputter-
ing is widely used due to the better film quality, faster de-
position rate and the associated repeatability (Zhang et al.,
2020).

Although ITO has been introduced as a desirable plas-
monic material to replace noble metals, to the author’s
knowledge, it has neither been studied in detail theoretically
nor experimentally for application in waveguiding systems
to date. We consider ITO for waveguiding systems because it
shows a high carrier density which makes it a suitable al-
ternative plasmonic material in the near- and mid-infrared
region. In this paper, a plasmonic slot waveguide based on
ITO has been designed and numerically analyzed for sens-
ing applications. Our sensor platform is designed for a wave-
length of 4.26 um, which corresponds to the absorption peak
of CO;, and serves as an example of the application of in-
frared absorption sensing in gases. We used an ITO-based
slot waveguide on top of 2 um silica as a substrate, as illus-
trated in Fig. 1. In practice, this substrate can be an oxidized
silicon wafer. In the simulation, the region to be occupied
by the sensing medium in the final application is associated
with a refractive index of 1, as we are studying the proper-
ties of the guided mode. The modal properties of the pro-
posed structure have been investigated using the finite ele-
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Figure 1. Cross-sectional view of an ITO-based plasmonic slot
waveguide. The blue region, which consists of the slot region and
upper cladding, is considered as the sensing medium.

ment method (FEM) implemented by the COMSOL Mul-
tiphysics software (COMSOL, 2022). The refractive index
of SiO; and ITO at 4.26 um is nsjo, = 1.38 +0.00043i and
nito = 1.9213 +5.65i (Wang et al., 2017), respectively.
The preliminary results of this study were presented at the
Sensors and Measurement Science International (SMSI) con-
ference in 2021 (Saeidi et al., 2021a). In the conference pa-
per, our sensor platform had been optimized based on the
figures of merit (FOM) as a product of the evanescent field
ratio and propagation length. In the current work, to consider
the effect of group velocity, the confinement factor including
both the evanescent field ratio and group velocity has been
evaluated. Therefore, our sensor platform is optimized based
on a FOM, which is defined as the confinement factor divided
by the imaginary part of the effective mode index. Our aim
is to optimize the waveguide geometries to reach the optimal
propagation length and confinement factor simultaneously.

2 Results and discussion

2.1 Propagation length

One of the crucial parameters for sensing applications is
propagation length (Lspp). The Lgpp of an SPP mode is de-
fined as a distance over which the intensity of the SPP mode
reduces to 1/e of its original value. The calculation of Lgpp
has been discussed in Spettel et al. (2021) and Stocker et
al. (2021). In any kind of plasmonic waveguide, the presence
of metal or metal-like material causes the plasmonic waveg-
uide to be lossy. We note that, in the present work, potential
additional losses due to the surface roughness are not consid-
ered.

The real part of the effective mode index (Negr=
Kspp/ Ko, where Kspp and K are the wave vectors of the
SPP mode and free-space light, respectively) of the fun-
damental SPP mode of a plasmonic slot waveguide as a
function of slot thickness (k) is depicted in Fig. 2a. In-
creasing h results in decreasing Negr. Moreover, for a given
h, Negr decreases with increasing slot width (w), which is
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Figure 2. (a) The real part of the effective mode index (Ne¢r), (b) the propagation length (Lgpp) and (c) the fraction of guided electromagnetic

energy in ITO versus slot height (%) for different slot widths (w).
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Figure 3. The confinement factor (I") as a function of slot height
(h) for different slot widths (w).
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due to less field confinement in the slot region (Heydari et
al., 2020). Furthermore, the Lgpp for a given %, shown in
Fig. 2b, increases with increasing w because the fraction of
guided electromagnetic energy in the ITO rails decreases (see
Fig. 2c), which reduces the intrinsic loss associated with the
ITO. Similarly, increasing / leads to an increase in Lgpp for
the same reason.

2.2 Confinement factor

Light absorption in a waveguide that is placed in a sensing
medium can be described using a generalized Beer—Lambert
law (VIk et al., 2021):

I=Ipe ", (1)

where I and [y indicate the measured intensity and the initial
intensity at a particular CO; concentration c, respectively; I'
is the confinement factor; « is the absorption coefficient; and
L is the interaction path length.

Based on this law, the confinement factor (I') plays a ma-
jor role in the sensitivity of the sensor. The I', which includes
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Figure 4. (a) The figures of merit (FOM) as a function of slot height (%) for different slot widths (w). (b) The x component of the electric
field distribution (Ey) of the SPP mode for optimum values of the structure.

both the evanescent field ratio (EFR) and group velocity (Vy),
can describe the efficiency of light—matter interaction. The
EFR describes the amount of electromagnetic energy present
in the evanescent field which interacts with the analyte (e.g.,
gas in our case). When the sensor platform is placed in a
gaseous medium to be sensed, which essentially forms the
cladding, the evanescent field interacts with the gas via ab-
sorption along the waveguide. A high EFR indicates that
the sensor interacts more efficiently with the analyte, which
eventually improves the sensitivity of the device. The EFR
can be calculated as follows:

2

) dxdy

2 9
)dxdy

where E indicates the electric field vector, and ¢ is the per-
mittivity of each material. The integrals extend across the
cross section of the waveguide (orthogonally with respect
to the propagation direction), which is assumed to be in the
xy plane here. The integral in the numerator extends across
the area filled by the analyte, whereas the integral in the de-
nominator covers the entire cross section. The confinement
factor (I") is defined as

‘E(x,y)

f f Gas®eas (

EFR =

Iy y) (H&m »

ng
I' = —=EFR, 3)
ne

where ng and n. are the group index (ng = ¢/ V,) and refrac-
tive index of the cladding, respectively. The group velocity
V, corresponds to the speed of energy that flows through the
cross section of the waveguide (Robinson et al., 2008). The
mixture of both field delocalization and dispersion, which are
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characterized by EFR and Vy, respectively, can cause I to ex-
ceed unity, which means that the absorption per unit length
in the propagation direction is larger than that achieved by
a free-space beam. The confinement factor I of the funda-
mental mode of the plasmonic slot waveguide as a function
of h for different w is given in Fig. 3. Increasing % leads to
a reduction in I'. Moreover, for a given &, increasing w re-
sults in less field being confined in the gap region and, corre-
spondingly, more field penetrating the silica substrate, which
results in a decrease in I'.

There is a trade-off between Lspp = 1 and I'. To

2KoNm

quantize their trade-off, we define a dimensionless FOM as
follows:

FOM = “4)

New ™
This FOM acts as an indicator of the waveguide sensitivity.
The FOM of the ITO-based plasmonic slot waveguide as a
function of & is illustrated in Fig. 4a. The optimal FOM is
3.2, which is associated with w = 500 nm and /# = 1000 nm.
The obtained FOM corresponds to roughly 49 % and 9 ym
for I' and Lgpp, respectively. In comparison to the plasmonic
slot waveguides that are reported in Saeidi et al. (2021b), the
proposed structure shows a lower FOM which is mainly due
to its low propagation length. However, the I" provided by the
structure is higher than that reported in Saeidi et al. (2021b).
Further, compared with the dielectric waveguide structures
that are designed for the same purpose (Ranacher et al.,
2018a, b), the present design features a lower FOM, but it
again represents a higher I'. We note that the optimization
of the ITO-based plasmonic slot waveguide presented in this
work is performed for a wavelength of 4.26 pm, which is the
absorption line of CO;. To consider the performance of the
proposed waveguide for other gases, different refractive in-
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dices have to be used in the model and yield different FOMs,
although the general approach remains the same.

In plasmonic slot waveguides, the x component of the
electric field distribution (E, ) is a major component that indi-
cates lateral confinement. Figure 4b shows the E, of the SPP
mode for the optimized parameters of the structure, clearly
illustrating that the mode is confined in the slot region, al-
though a part of it penetrates the silica substrate.

3 Conclusions

We investigated the feasibility of ITO as an alternative plas-
monic material to replace noble metals for sensing applica-
tions in the mid-infrared region. Considering a specific exam-
ple, an ITO-based plasmonic slot waveguide was designed
and numerically analyzed for a wavelength of 4.26 pm,
which is the absorption band of CO;. The plasmonic slot
waveguide was optimized based on a figure of merit (FOM)
composed of the product of the propagation length and the
confinement factor, which are two crucial quantities in sens-
ing applications. The achieved optimal FOM is 3.2, which
is associated with 9 um and 49 % for the propagation length
and confinement factor, respectively. As the optical proper-
ties of ITO are highly dependent on the fabrication process
such as growth and deposition process and also on annealing
conditions, based on the adopted fabrication methods, the op-
tical properties of ITO, such as the complex refractive index,
can vary. Thus, the obtained FOM might change if another
refractive index associated with another fabrication method
is used. Nevertheless, the optimization approach introduced
in this work can always be used to find the best geometrical
parameters of any plasmonic slot waveguide.

As the proposed structure shows low propagation lengths,
we finally have to conclude that ITO appears not to be an
appropriate candidate for plasmonic waveguiding systems.
However, based on the achieved high confinement factor, it
could be an attractive material for applications in which a
cavity or resonator would be used.
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