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Abstract Besides well matured optical fiber-based sensors, emerging compact
down-scaled nanowires, slot waveguides and resonators are now under researcher’s
consideration due to their high sensitivities and on-chip fabrication possibilities.
Along with pure dielectric based waveguides and resonators, clever engineering of
sub-wavelength field confinement and modal propagation loss in plasmonic
nanowire and hybrid plasmonic slot waveguides also showing promising results in
the field of photonic sensing. Numerically efficient, versatile finite element method
based approaches are used for rigorous analyses, design, and optimizations of these
complex optical guided-wave structures. All these sensor devices can exploit the
well-developed state-of-the-art fabrication technologies.
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14.1 Introduction

The maturity of photonic technology not only enlighten the telecommunication
industries through its high-speed data transmission but also shows a great potential
in many diverse fields of applications. One of the key application has been in
optical sensing. Each year, billions of dollars are invested in research and devel-
opment of accurate and non-hazardous sensing technologies. All these demands
impose a considerable amount of responsibility on scientists and researchers. These
increased legislative requirements drive us for the innovation and development of
integrated, compact, nano dimensioned photonic devices for sensing. Our focus
here to present the accurate computational approaches needed for design and
optimization of compact integrated photonic sensors.
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The broadened applications of photonics show a great potential in sensing
applications for accurate measurement of chemical, physical and biological
parameters, such as humidity, temperature, a range of selective gases, stress, strain,
pressure, displacements, surface roughness, microscopic living substance, DNA
hybridizations etc. Photonic sensors can easily be designed with pure dielectric
materials or noble metals which make those reliable in hazardous conditions where
other conventional sensors are unsafe due to fire, electrical short-circuit, high tem-
perature, corrosive environment, and radiation risk and high electromagnetic inter-
ferences. On the other hand, for medical and bio-chemical sensing with lower
weight, compact size with high precision sensitivity is highly desirable. Dielectric
material and noble metal-based optical waveguides and resonators would serve those
purposes for both invasive and non-invasive cases due to a much greater efficiency
for detection of small refractometric changes and nano footprint. Although, fiber
optic sensors are well-developed and most commercially available sensors are fiber
based, the advancement in fabrication technology leads researchers to consider
innovative high index contrast and composite material based sensor designs.

The design of a new system often includes individual component assessment and
its effectiveness for the specially required purpose. Analytical, semi-analytical and
numerical modeling of the devices are often considered to achieve an accurate
and optimized design for evaluation of potential performance and unfavorable
features of the device. Thus, advanced photonics modelings are helpful to predict
and understand the complex sensor characteristics before expensive production and
experimental validation. A complete sensing device comprises of many distributed
complex optical components and waveguides. Understanding of exact fundamental
physics of light guidance and wave propagation characteristics through optical
components are necessary for their effective use. Several modeling methods have
already been proposed based on analytical and semi-analytical approaches. A pure
analytical and semi-analytical method exhibits its inability or inefficiency for the
solution of practical waveguides where optical power confined in the transverse
plane. Analytical approach only can solve the planar waveguide by analyzing the
transcendental equations by taking field continuity at the material interfaces. In the
years of 1969 and 1970 Maracatili [1], Goell [2] and Knox and Toulios [3] have
introduced semi-analytical methods which can only provide solutions for simple
waveguides. However, these methods also inadequate for the analyses of complex
waveguide geometries containing inhomogeneous and anisotropic materials. Over
last 40 years, several methods have been developed such as the matrix methods [4],
the mode matching method [5], the finite difference method [6], the method of lines
[7] and the spectral index method [8]. Beside these approximated approaches the
full-vectorial finite element method (FV-FEM) shows its high efficiency for design
and optimizations of complex structured waveguides and resonators [9—12]. Any
arbitrarily shaped waveguide geometry with isotropic and anisotropic multilayered
materials can easily be handled by this powerful numerical tool. Simple mathe-
matical formulations and clever use of memory management algorithm for sparse
matrices can make this method suitable for readily available computer workstations.
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14.2 Integrated Slot Waveguide for Sensing

Optical waveguides initially developed for the advancement of the telecommunica-
tions. However, their efficient light-matter interactions, noise immunity, precise
detection and dedicated flexible geometry make them suitable for sensing applica-
tions. Nowadays, circularly symmetric optical waveguide i.e. optical fibers are widely
used for label-free macro, micro, and even nano-scale detections. Different fiber
modulation designs, such as clad polishing for high evanescent light-matter interac-
tions, intrinsic and extrinsic fiber interferometry arrangements, fiber Bragg gratings
(FBG) and luminescent-based sensors could be used to dealing with specific sensing
problem. Developments and applications of the fiber-based sensor are discussed in
[13, 14]. But the fiber designs and productions are still limited to telecommunication
applications. Thus, compared to the fiber optic sensors, the nano-dimensioned, high
index contrast rib, channel, hollow-core and slot waveguides have attracted the
considerable attentions in sensing based applications. Both the labeling-based and
label-free sensing processes can be exploited by these exotic waveguide designs. They
can be fabricated with standard lithographic techniques which results in low-cost mass
production on a single-chip. Additionally, SOI based high index contrast waveg-
uiding incorporates sensor integration with other electronic and optical components
on the same chip. The rib, channel, and strip waveguides confines the lightwave in the
high index core surrounded by low index medium. Here, the light guiding is based on
the total internal reflection (TIR) and only a modest fraction of evanescent light tail
interacts with the surrounded sensing analytes. Another interesting structure, the
dielectric coated metallic hollow-core waveguide, reported by Saito et al. [15] is
advantageous for biochemical liquid and gas sensing due to its light guiding mech-
anism through a low index core medium. It works as an absorption cell and its
performance is highly wavelength dependent. However, length of this waveguide is
much larger (few meters) compared to the integrated waveguides (few microns). On
the other hand, the integrated slot waveguide has a unique light guiding mechanism
that confines light in a low index slot. This nanometer wide gap/slot is formed in
between two high index dielectrics, dielectric-metal or metal-metal strips. Thus, the
electric field normal to the high and low index interface becomes discontinuous.
Depending upon the slot orientations, the waveguide could be either vertical, hori-
zontal or a combination of both, forming a cross-slot. In case of both vertical and
horizontal slot waveguides, the dominant electric field components (E; and E ) of the
quasi-TE and TM mode, respectively, encounters discontinuities at the material
interfaces. Thus, instead of an evanescent field i.e. a small fraction of the guided field
for conventional waveguides, a large field enhancement has been observed for a
dielectric and metal-dielectric based slot waveguides. An intense power density in the
slot results in a strong light-matter interaction that makes this structure more attractive
for extensive label-based, label-free and opto-mechanical sensing applications. The
detection of analyte refractometric change is a major sensing mechanism for inte-
grated optical sensors. According to problem demand, the distinct waveguide can be
designed and incorporated into suitable transducer devices, such as interferometers
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and resonators. The mode shift of the waveguide due to light-matter interaction
introduces a corresponding phase change which results in a detectable interference
fringe shift at the output. Several integrated interferometer mechanisms, such as
Mach-Zehnder (MZI), Young (Y]), coupler interferometers (CI) are often used as
transducing device for sensing. They are highly efficient to make a very small mea-
surement that is not possible by any other means. In resonator sensors, the resonating
wavelength shift measures the refractive index changes that arise due to bio-chemical
bindings. Thus, high index contrast dielectrics, noble metal and composite material
based slot and waveguide sensors could be considered as a one step towards future.
Table 14.1 gives an overview of the recently published works on the photonic sensors
based on dielectric and hybrid plasmonic slot waveguides with different sensing
architectures.

In this chapter, we are presenting dielectric, noble metal and composite material
based slot and nanowire for biochemical liquid, gas and vapor sensing. For these
results, we used the two and three-dimensional finite element mode solvers and the
least-squares boundary residual (LSBR) method for junction analyses. These
computational methods are discussed in detail in Chap. 6.

14.3 Detection of DNA Hybridization by Vertical
and Horizontal Slot Waveguide

The light confinement in the void nanostructure was first reported by Almeida et al.
in 2004 [38], since then the slot waveguide became an intriguing area of research in
integrated photonics waveguiding and especially for sensing. A slot waveguide
design comprises of the formation of a low index slot region by bringing two
narrow high index waveguides close together that are operating below their modal
cut-off regions. The lightwave propagates through the low index slot region in
between two high index cores. This low index guiding could be justified with the
help of electromagnetic boundary condition derivable from Maxwell’s equations. It
demands that for a high index contrast dielectric interface, the normal component of
electric flux density (D) must be continuous, i.e. D,; = D,. This, on the other hand,
results in a discontinuity of the corresponding electric field (E,). Thus, a much
higher electric field amplitude could be observed in the low index region which
enhances and strongly confines the light power into the slot. Utilizing this phe-
nomenon, a much effective light-analyte interaction could be obtained in case of
both surface and bulk sensing. The surface sensing or contact sensing is mostly
exploited to measure the refractive index changes of ultra-thin layered film on the
waveguides and/or into slot region. An ultra-thin adlayer of receptor molecules uses
on guiding material to immobilize the targeted analyte. The binding interaction
between the target analyte and adlayer changes the complete (adlayer + analyte)
sensing layer thickness that influences the effective index of the guided optical
mode. The bulk sensing or homogeneous sensing refers to another way of
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sensitivity investigation where the refractive index change of cover and slot regions
are detected. Detection of DNA sequencing by hybridization with the help of slot
waveguide is investigated by surface sensing where both the SOI-based vertically
and horizontally slot geometries were used.

14.3.1 Vertical Slot Waveguide

The novel vertical slot waveguide was designed by keeping two nanometers
dimensioned Si cores close together that simultaneously forms a small nano-gap for
light guiding. The schematic cross-section of the vertical slot waveguide is shown
in Fig. 14.1. The refractive indices of silicon core, silica (SiO;) substrate were
considered as 3.4757 and 1.444, respectively. Cladding and the slot region is filled
with deionized (DI) water-based stock solution having Rl = 1.31. To immobilize
the DNA strings, first, the waveguide is coated with a 1 nm ultra-thin receptor
linker (silanes or ply-L-lysine) bio-layer (7). The detection process consists of
sensing of complimentary DNA sequence, where a single stranded DNA (ssDNA)
is subsequently combined with a double-stranded DNA (dsDNA). The thickness
(Tp) of DNA probe layer was 8 nm, and it remains same after combining with
complementary DNA strand. Only detectable change happens in probe layer
refractive index, increased from 1.456 (ssDNA) to 1.53 (dsDNA).

The complete waveguide modeling and its performance analyses are carried out
by using the H-field based FV-FEM. The one-fold symmetry of the waveguide
structure is considered, in which more than 80,000 irregular triangular elements
have been employed for domain discretization. The structure supports both fun-
damental quasi-TE and quasi-TM modes. Among all the field components, the E,

(a) (b)

Cover medium DNA layer

Bus waveguide

Slot
region

UOI13235-S504)

Fig. 14.1 a Depicts the schematic cross-section of silicon-on-insulator (SOI) based vertical slot
waveguide for detection of DNA hybridization. The slot region is denoted by black dashed line
where an enhanced light-matter interaction occurs. b Denotes a top-view of a ring resonator
incorporated with SOI based vertically slot waveguide
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Fig. 14.2 Modal effective 1.9
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field of fundamental H},l mode shows an enhanced discontinuity as the vertical slot
is along y-direction. So, in vertical slot only quasi-TE mode shows enhanced
confinement in slot region. Figure 14.2 depicts the effective index (n.5) variations
of the H]' mode with the slot width (SW) for different waveguiding conditions.
Effective index is defined as the normalized propagation constant, n.; = f/ko
where f, kp and A are the modal propagation constant, free-space wavenumber
(ko =2z /2) and operating wavelength, respectively. Si core height (GH) and width
(GW) are considered as 320 nm and 180 nm, respectively. The solid and dotted
lines depict the n.y variations for only DI water as cover medium and 1 nm linker
layer and water as sensing medium, respectively. The dashed and dashed-dotted
lines denote the same for 8 nm ssDNA and dsDNA with water as cover medium.
Small slot width confines more power into the slot which enhance the light-analyte
interactions. The n.y increase with slot width in Fig. 14.2 also justify this fact. This
in-turn also suggest that the change of effective index (Angy) due to DNA
hybridization waveguide sensitivity also increases with decrease of slot width.
Optimizations of the waveguide design parameters are highly effective in order to
improve the sensor design for high sensitivity. Measurement of waveguide sensi-
tivity strongly depends on the optical power confinement in the targeted DNA
probe layers. Power confinement in the DNA layers have been evaluated and
plotted with the variation of the guide width keeping the slot width fixed at 60, 100
and 140 nm and guide height fixed at 320 nm, shown in Fig. 14.3. Although, the
lower slot width (60 nm) shows maximum power confinement than followed by
100 and 140 nm slot width however, the 100 nm slot width, is considered for
further device optimization and this will also be easy to fabricate compared to other
smaller slot dimensions. Thus, a 100 nm slot width (SW) with 180 nm guide width
(W) could be an ideal optimized parameters. It is also noticeable that the ssDNA
confines more optical power compared with the dsDNA due to high index contrast
of guiding. The waveguide sensitivity can be written as S,,, = An,y/RI. Here RI is
refractive index of DNA layers and Angy is the effective index difference that
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Fig. 14.3 Power 10 SW=50nm .
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appears due to DNA hybridization. During modelling of DNA hybridization, the
effective index difference is obtained by first simulating the ssDNA on top of
bio-linker layer and then by considering the combination of the ssDNA with its
complementary natured desired ssDNA which forms a layer of dsDNA. Now for
the same waveguide structure (GH = 320 nm, SW = 60, 100 and 140 nm, and GW
= variable) the waveguide sensitivity is determined. A greater change in Angys
makes the bio-sensor more sensitive. Figure 14.4 indicates that a greater An.y and
waveguide sensitivity for the GW in between 200 and 220 nm for all three slot
widths. Both the An.g and S, increase with the Si core height (GH) and for higher
GH, most of the power would be started to confine in the Si cores. Thus, the
waveguide sensitivity measurement parameters will show an almost saturated
variation with high GH (not shown here). Therefore, for a compact slot waveguide
sensor 320 and 340 nm guide heights are taken here as the desirable dimensions.

To calculate the An.y accurately, a compact sensing device containing a slotted
ring resonator with 5 um bending radius is presented and analyzed. The schematic
cross-sectional and top views of the device are presented in Fig. 14.1a, b, respec-
tively. The device sensitivity only depends on its component waveguide sensitivity

Fig. 14.4 Effective index 0.012 0.008
difference (An.y) and -
waveguide sensitivity (S,,,) 0.010
variations with the guide b 0.006 <
width (GW). The solid, o000 | o005 £
dashed, and dotted lines D . ’ ‘;
indicate three different slot < 0.006 L 0.004 E
widths, SW = 60, 100, and B o
140 nm, respectively. Si core [ 8003,

. > Tesp y 0.004
height was fixed at GH = L 0.002
320 nm. From [39]

0.002 - . - : 0.001

140 160 180 200 220 240
Guide width (nm)
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regardless of the type of the devices. Transducing optical parameters are the only
way to measure the device sensitivity. Thus, the relation between device sensitivity
(S) and resonant wavelength shift (A1) can be expressed as

Ad
s=-2 143.1
An ( )
A (4 A res
A= BB (14.3.2)
ng

Here Ang, A5 and ng are the effective index change caused by the analyte
bindings, resonating wavelength of the ring and waveguide group index, respec-
tively. From Fig. 14.5a, the group index (n,) is calculated as 1.81264 at the
operating wavelength of 1550 nm for the optimized design parameters GW =
220 nm, GH = 320 nm and SW = 100 nm. For performance analysis, the
waveguide was simulated once with ssDNA and then with dsDNA to obtain the
Ang = Ne ssDNA — Ne,aspna- By using Eq. 14.3.2, the wavelength shift of the device
is calculated and its variation with Si core width for three different slot widths (60,
100, and 140 nm) are shown in Fig. 14.5b. The slot waveguide with dimensions
GW =220 nm, GH = 320 nm and SW = 100 nm shows that the n.y for ssDNA and
dsDNA as a sensing layer were 1.80549 and 1.81264, respectively. A much higher
resonance wavelength shift A1 = 6.12 nm is achieved and this was calculated by
using Eq. 14.3.2. Similarly, by using Eq. 14.3.1, the sensitivity of ring resonator is
obtained as 856 nm/RIU.

Due to scattering, the propagation loss of a similar slot waveguide was reported
as 12 dB/cm [40]. The absorption spectrum of water shows the absorption value as

(a) (b)

185 10

9 e

1.80 - #r. Teel
. 3 e
e = 84,7 .
% 1.75 % e
E w 7
o= £
@ 170 S | e
= 5 = e
= o

1
B = e,
= s

1.60 —— s3DMA 4 —— SW=140nm

IIIIII dsDNA reseres SW =100 nm
=== SW=80nm
1.55 T T T 3
1520 1540 1560 1580 1600 140 160 180 200 220 240

Wavelength, i (nm) Guide width (nm)

Fig. 14.5 a Shows the effective index (n.y) variation of the slot waveguide against operating
wavelength. The solid and dotted lines denote the n.y variations due to ssDNA and dsDNA as a
sensing layer, respectively; b shows the variation of resonating wavelength shift (A1) against the
Si core guide width during DNA hybridization. The dashed, dotted, and solid lines indicate the
variations for SW = 60, 100, and 140 nm, respectively. The Si core height is kept fixed at 320 nm.
From [39]
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47.5 dB/cm at the wavelength of 1550 nm. Our simulation shows around 30%
power confinement in the cover medium that contains DI water. Thus, roughly the
total propagation loss of our designed waveguide could be estimated as long as
(12 dB/em + 0.30 x 47.5 dB/cm) = 26.25 dB/cm. So, the total loss for few
micron sensor would be very small.

14.3.2 Horizontal Slot Waveguide

Besides vertically slotted waveguide discussed earlier in the previous section, the
light enhancement in void nanostructure is also true for a horizontal slot waveguide.
A nano dimensioned low index channel along the horizontal x-axis is formed by
keeping close two high index dielectric slabs. This geometry is easy to fabricate and
often has smoother and regular interfaces exhibiting a much lower modal propa-
gation loss. The fundamental mode supported by this waveguide shows a high
discontinuity of E, field (normal to the material interfaces) in the low index slot
region. This would make higher power confinement in the slot region for a
quasi-TM H!! mode. An effective horizontally slotted SOI-based sensor design that
uses an enhanced optical power in the low index region, is proposed. Its design
parameters optimization and performance analyses for detection of DNA
hybridization (surface sensing) are investigated by the FV-FEM.

Such a horizontal slot can be fabricated on SOI substrate, where a low index slot
channel is sandwiched by two high index polysilicon slabs. For applications
towards bio-chemical or gas sensing, the slot region should be filled by the desired
target analytes. Thus, the designed horizontal slot waveguide is connected with the
tapered waveguides at both ends to maintain a nanogap by providing support to the
suspended top poly-Si layer, as shown in Fig. 14.6a. Initially, a layer-by-layer
fabrication on top of SiO, substrate is followed to fabricate a multi-layered nano-
wire, starting from poly-Si then followed by SiO, and poly-Si again. Next, a wet

(a) ® W
Linker
s \ ih]
air-gap |
Light in : I:::: slot 9
y L. o )
})1 Poly-silicon Sloz
X |
n=3.60 Si substrate
> X

Fig. 14.6 Schematic diagram of the designed SOI based horizontally slotted waveguide for
detection of DNA hybridization; a shows the 3D structure of the waveguide and b depicts a
cross-sectional view of the waveguide geometry which is used for computational analysis by
FV-FEM. From [41]
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etching process using HCL can be followed to remove the middle oxide layer in the
less wide slot region. Once the oxide under narrow waveguide region is removed
when the etching process is stopped so that the ploy-Si layers can get mechanical
support from the tapered section at both ends where the SiO, is only partially
etched. For optimization and complete analyses of the waveguide as a bio-sensor, a
cross-sectional geometry is considered as shown in Fig. 14.6b. The refractive
indices and bio-layers thickness of linker layer, sSDNA and dsDNA are taken as
same that are used for the previous application. The refractive indices of poly-Si
layers, SiO, and cover DI water medium are taken as 3.9, 1.444 and 1.33 at the
operating wavelength of 1550 nm. In this present work, the key optimization
parameters are core width (w), top and bottom poly-Si core heights (k; and h,) and
slot height (h). For numerical computation, the one-fold symmetry of the geometry
is exploited and used more than 34,000 triangular elements for half structured
domain discretization. The field components of the fundamental quasi-TM mode
are evaluated by mode solver. The E, field shows the discontinuity at the high index
contrast dielectric interface providing the strong field in the slot area. The propa-
gating energy flux density termed as Poynting vector (S;) is calculated from the
E and H vector fields, is also presented in Fig. 14.7. The 1D line plot of S, field also
shown as an inset. It clearly shows that the optical power is mostly guided by the
low index region of slot waveguide.

The power confinement and power density variations in the top and bottom
DNA probe layers (8 nm for DNA layer and 1 nm for linker layer) with high
indexed poly-Si core height are presented in Fig. 14.8. The power density is the
average power confinement per unit area for both DNA probe layers, are shown by
the solid lines and power confinement are shown by the dashed lines. Both the
power confinement and power density exhibit similar trend with the core height.
For smaller core height both the parameters show small values because initially it is
closed to the cut-off. Thus, the smaller power confinement occurs due to most of the
modal evanescent fields are spread over the substrate and the cladding regions.
Modal power increases with the increase of core height, due to enlargement of the
guided area, reaches the maximum confinement at a core height, H = 0.15 um. With

Fig. 14.7 The energy flux
density (S;) of the
fundamental quasi-TM mode
of the slot waveguide for
width (w) = 0.7 pm, poly-Si
core height, h; = hy = 0.16
um and slot height (k) = 0.10
um. From [41]
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Fig. 14.8 Shows optical 14 = 8.0
power density and power mode  <spNa hy=hy=H
confinement variations in the
top and bottom DNA probe
layers with poly-Si core
height (h; = h, = H) for fixed
width, w = 0.70 um and slot
height, 2, = 0.10 nm. An

8 nm thick DNA probe layer
and a 1 nm bio-linker layer
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further increment of H, the power confinement decreases due to most of the light
guided by the high index Si cores. The effective index change (Angy) is one of the
important parameter for the analyses of the bio-sensing waveguides, used to
determine the sensitivity of the waveguide. The An,y variation during DNA
hybridization with core height (H) is shown in the Fig. 14.9. The solid and dashed
lines denote the waveguide effective index variation (n.) and An.g, respectively.
The An.y increases with core height until it reaches to the maximum value at
height, H = 0.17 um. Beyond this value, the optical power mostly guided by the
core rather than the slot. This results reduction of the Any as well as the waveguide
sensitivity. Individually, for both the DNA layers the waveguide n.y increases with
H because of stronger coupling. Poly-Si core height, H = 0.15 um shows the
maximum power confinement into DNA probe layer and H = 0.17 um shows
maximum the An. in Figs. 14.8 and 14.9, respectively. Therefore, the optimized
poly-Si core height is taken as, H = 0.16 um.

Similarly, the power confinement and power density variation in the sensing
layer with the waveguide core width (w) are presented in Fig. 14.10 for a fixed
height H = 0.16 um. At smaller width, the power confinement in the sensing layer,
shown by the dashed lines, were less due to smaller waveguide size. However, with
the core width increment the power confinement slightly increased. Due to high
refractive index contrast, the ssDNA shows higher confinement than the dsDNA.
Besides, the power density variation shows an inversely proportional trend with
w. At smaller width, the small guiding area results in higher power density. As the
width increases, the power confinement per unit area reduces due to the larger
guiding area. The results indicate that the change in the poly-Si core height (H) is
much effective than the core width (w). Next, the dependencies of n.y and Any due
to DNA hybridization with the core width (w) are examined and presented in
Fig. 14.11. It shows that the n.y; values due to both DNA layers, shown by two
solid lines, increase with the increasing w. That indicates more light confinement
and guidance by the larger waveguide geometry. On the other hand, the Angy,
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Fig. 14.9 Shows the variations of the effective index (n.5) due to each sensing medium (ssDNA
and dsDNA) and the effective index difference (An,y) detected during DNA hybridization with Si
core height (H). The DNA probe layer comprises of a 1 nm bio-linker layer (n, = 1.42) and an
8 nm ssDNA (n, = 1.456) or dsDNA (n;, = 1.53) layer. The core width (w) and slot height (4) are
fixed at 0.7 and 0.1 pum, respectively. From [41]

Fig. 14.10 Variation of the
power density and power
confinement in the DNA
probe layer with the
waveguide core width (w).
The other parameters, such as
waveguide core height and
slot height are fixed at 0.16
um and 0.10 pm, respectively.
From [41]

Power Density [p.m'zj

Fig. 14.11 The effective
index (ngy) due to individual
ssDNA and dsDNA as
sensing layer and change in
effective index (Angy) due to
DNA hybridization variations
with the core width (w) when
the core height and slot height
are fixed at 0.16 and 0.10 pm,
respectively. From [41]
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shown by the dashed line, initially increases with increment of w and reaches the
maximum value at w = 0.70 um. For w > 0.70 um, the An.y shows a decremental
trend. Thus, the waveguide design parameters are optimized for the better perfor-
mance and those can be listed as, w = 0.70 um, H = 0.16 um and A, = 0.10 um.
Although a narrower slot provides a larger Ang, but it would be difficult to fab-
ricate a very small and uniform slot due to fabrication limitations. Thus, a 0.10 um
slot height is considered as an optimized value for this design. By looking at the
results, it is also noted that the An.y is more affected by the poly-Si core height
(H) rather than the poly-Si core width (w) as the graph changes more rapidly with
the core height.

To detect the Angy due to DNA hybridization, this optimized horizontal slot
waveguide is incorporated in the sensing arm of an integrated Mach-Zehnder
interferometer (MZI) arrangement. The relative phase shift (A¢) depending on the
effective index change can be obtained as

2
Ap= 7” "L+ Ang (14.3.3)

where L is MZI arm length incorporated with slot waveguides. The destructive
interference with minimum interference signal occurs when the relative phase
difference is equal to z. Therefore, even a smaller effective index difference due to
DNA sequencing can be measured with this efficient horizontal slot waveguide
incorporated MZI transducing device of length 110 pum.

14.4 Cross-Slotted Bio-chemical Sensor

It was shown in Sects. 14.3.1 and 14.3.2 that vertical and horizontal slot guides can
only be effective for the quasi-TE and quasi-TM modes, respectively. This signifies
that both the designs are strongly polarization dependent. Thus, to overcome this
difficulty a novel cross-slot waveguide for biochemical sensing which supports the
much stronger field enhancement in the slot region for both quasi-TE and TM mode
is designed and rigorously studied. The cross-slot structure is composed of both
vertical and horizontal slot regions simultaneously, as shown in Fig. 14.12a.

This structure can be designed to connect via the tapered waveguides and can be
fabricated on an SOI wafer with a 220 nm top-Si layer (or a thicker layer if
necessary) on a 2 pm or similar thick buried oxide (BOX) layer. If necessary, the
top waveguiding silicon layer can be thinned down to an optimized thickness. On
top of this, SiO, can be deposited through plasma enhanced chemical vapor
deposition (PECVD). Following that a low-loss hydrogenated amorphous silicon
(a-Si) layer can be deposited followed by a thin SiO, layer deposition, which can
act as a hard mask, by using PECVD [43]. If necessary these layers can be pla-
narized by using chemical mechanical polishing (CMP), before the next layer
deposition. A vertical slot waveguide can be defined by Deep UV (DUV) or
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Fig. 14.12 a Schematic three-dimensional diagram of the SOI based cross-slot waveguide with
hollow vertical and horizontal slots. b Cross-sectional view of the cross-slot waveguide used for
bio-chemical sensing. A 5 nm bio-sensing layer of refractive index 1.45 is considered for
waveguide surface sensing. From [42]

E-beam lithography and followed by dry etching of silicon and SiO, layer down to
the BOX layer. Next, buffered hydrofluoric acid can be used to etch the SiO, layer
in between the two horizontal silicon guiding layers to form the horizontal slot
[44, 45]. Since the width of the two horizontal slots in between two silicon layers is
smaller, hydrofluoric acid introduced through the vertical slot and outside will
remove this SiO, layer earlier than the much wider SiO, layer beyond the vertical
slot channel. Once the low-index oxide layer under the narrow waveguide region is
removed the etching process is stopped so that two upper silicon layers are
mechanically supported by the wider region at the two ends where silica was only
partially removed. However, it should be noted that any CMOS compatible
material, such as SizNy [46], can also be used to fabricate the initial slot regions,
which later needs to be selectively removed to open the empty slot region. Previ-
ously, sensing arm of several microns long incorporating cantilever suspension
from one end has been fabricated with negligible deformation [47]. However, since
for the proposed structure only a short length of slot waveguide is suspended from
both the ends, it is expected to be mechanically sturdier. After the cross-slot WG is
formed, the several nm-thick sensing layers for biochemical sensing can be added to
all the surface of the silicon cores [17, 25, 45, 48] such as silanized with
3-glycidyloxy propylitrimethoxy saline for label-free protein sensing [17], or dip-
ped into aqueous glutaraldehyde for the study of label-free molecular binding
reactions, as shown in Fig. 14.12b. Here the thickness of sensing layer is taken as
5 nm.

The 2D-FEM simulated E, and E, field profiles for the quasi-TE and TM modes
are shown in Fig. 14.13a, b, respectively. For the quasi-TE mode, the power
confinement factor in the total slot region (I'7 _ gy) increases, reaches its peak value
and then decreases with the increase of silicon core width (W). This peak value also
increases with the increase of silicon core height (H). Similarly, the total-slot
confinement factor (I'y_ g,) for quasi-TM mode shows a similar variation tenden-
cies but with H and W. Thus, I'r _ g, + I'7_ g, is taken as an optimization parameter
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Fig. 14.13 Low index guided E field profile of the fundamental modes with different
polarizations in the cross-slot waveguide. a E,—field profile of the H;l mode, Ey-field profile
of the H!! mode. All the field profiles are generated by using 2D-FEM. From [42]

to maximize the total-slot confinement. This parameter shows total 79% power
confinement for silicon core width and height 205 nm and 220 nm, respectively.
Besides, the ratio of the total-slot confinement factors for the H;l and H)lc] modes
('t — 1y /T’ — 1) is another important parameter for optimization to make the device
polarization independent. Variations of I'r _ g, /I'r _ g with the width, W and height,
H of silicon cores are shown in Fig. 14.14a, b, respectively. The ideal ratio of 1 is
shown here by a black dashed line. It can be observed from Fig. 14.14a that for a
given height, due to the parabolic variation tendency of I'y_p, and the
monotone-increasing variation tendency of I'y_ g, with the silicon core width, all
the ratios increase initially and then decrease with the increase of the silicone core
width. The red curve for H = 250 nm shows that the cross-slot WG can confine
equal power in the whole slot region for both the polarizations, but total-slot
confinement factor for each one is around 34%. On the other hand, for H = 220 nm,
shown by a green line, total-slot confinement factor for each polarization can reach
to the same value of 39.3%, when the silicon core width is taken as 212 nm. Again,
for a given width, the confinement ratios decrease at first and then increase with the
increase of the silicon core height, as shown in Fig. 14.14b. It is obvious that the
ratio can reach 1 at several width and height combinations. To achieve a successful
polarization-independent design, the sensitivities for the Hyl,1 and H!! modes should
be not only nearly the same but also large enough, so the width and height of the
silicon cores are optimized to be around 223 and 216 nm, with the total-slot con-
finement factor for each polarization of 39.4%. It can also be observed here that the
performance would be remarkably stable even for a possible +10 nm fabrication
error of the silicon core dimensions.

Figure 14.15 gives the cross-slot dimension optimization based on surface
sensitivity, S=An.y/Az. A bio-layer with completely saturated with analyte of
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thickness A7 = 5 nm and refractive index of 1.45 is considered. It can be observed
that with the decrease of the width or the height of cross-slot, the sensitivities for
both the two polarization modes increase. However, the sensitivity for H;l mode

increases more quickly when the cross-slot width decreases, while that for H}CI
mode increases more quickly with the decrease of slot height. When both the
cross-slot width and height are set to 100 nm, the sensitivity value for each
polarization mode is 0.012nm~', which is twice the same of
vertical-slot-waveguide or horizontal-slot-waveguide sensors with similar dimen-
sions. Obviously, the sensitivities for both H' and H,' modes can be improved
synchronously by reducing the width and height of cross-slot simultaneously.
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14.5 Straight Vertical Slotted Resonator

Slot waveguide is very attractive in sensing applications because of its enhanced
light-matter interaction inside the low index slot region. So far, many refractometric
sensing devices have been reported where a slot waveguide is incorporated in the
ring resonators. However, a ring resonator also suffers from bending loss and
coupling losses with the bus waveguides. Instead of a ring resonator with com-
parative larger device footprint, a nanometer-scaled straight vertically slotted res-
onator has been designed. The three-dimensional resonating device is shown in the
Fig. 14.16. The main device of interest contains two high index straight silicon
cores separated by a narrow slot channel. This resonating structure is coupled with
the in and out bus waveguides. The tunable light from the laser travels through the
bus waveguide and excites the slotted structure at a particular wavelength. During
the resonance condition, the electromagnetic energy builds up in the slot cavity and
allows to pass that particular light wavelength from input bus to output bus
waveguide. Thus, the resonance wavelength (4,.;) can be detected by the pho-
todetectors (not shown) at both facets of output bus waveguide (4,,,; and 4,,,) and
at the opposite end of the input bus waveguide. The complete resonating structure is
designed and its sensing ability is investigated at the widely-used telecommuni-
cation wavelength, 4 = 1550 nm. The silicon slot guide is separated by a silicon
dioxide (SiO,) buffer layer from the silicon substrate. The silicon and silicon
dioxide refractive indices are taken as ng; =3.476 and ng;o, = 1.44, respectively at
the 1550 nm operating wavelength. The key advantages of this device can be
explained in three steps. First, the nanometer dimension results high scale inte-
gration and ease of fabrication than other complex devices. Second, the dominant
E, field of the quasi-TE mode shows high magnitude inside the slot that results a in
strong light-matter interaction. Third, a much-improved device sensitivity (S) and
detection limit (DL) can be achieved with help of first two steps. For sensing
applications, the slot and surrounding medium can be filled with any low index
solution of one’s interest.

The CMOS compatible fabrication process of this curve free device is simple
compared to other photonic sensing devices. The two rails of Si core can easily be
fabricated by the etching of unwanted Si into a commercially available SOI wafer.
Besides, if required further increment of the Si core height can be achieved by
precise control of Si layer growth with the help of plasma enhanced chemical vapor
deposition (PECVD). A photoresist thin film is deposited on the Si layer for slot
patterning. Then the reactive ion-etching (RIE) process can be followed to make Si
core strips with a slot region in between them.

The 3D slotted resonator is shown in Fig. 14.16 is a short length straight vertical
slot waveguide. Therefore, the rigorous investigation of the design parameters,
calculation of dominant and non-dominant field components, profiles of for the
fundamental quasi-TE and TM modes and power confinement into the different
guiding region are done with the help of 2D FV-FEM. Throughout the 2D-FEM
simulations, 1,280,000 first order triangular elements are used for computational
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domain discretization. After completion of the device design, the 3D FV-FEM is
used to determine the modal solutions and performance analyses of the 3D slotted
resonator. Two different sensing mechanisms, both bulk and surface sensing have
been considered here. A 5 nm ultra-thin sensing layer (7) is taken for
bio-molecular detection, as shown in the bottom inset of the Fig. 14.16. The high
sensitivity of the device strongly depends on the power confinement (I') in the
region where the light and targeted analyte interaction occurs. Thus, optimization of
the slot’s cross-sectional design parameters, such as Si core width (W), height
(H) and low index slot width (W,) are much important. Both the total slot con-
finement (I'sjor— o) and confinement into 5 nm sensing layer (Isior sensing layer)
increases with W, reach their maximum values and then decrease [49] for a fixed Si
core height (H) and slot width (W;). The maximum confinement into slot and
sensing layer and corresponding W indicates the optimized value of Si core width
(W). Now with a fixed W and W, the Si core height (H) variation shows that the
Lsior — totar and Tgjo; ensing layer continuously increase with H. However, the power
density initially increases, reaches a maximum and then decrease with H [49].
Although, the variation of the effective index shift (An.y) due to presence of 5 nm
sensing layer shows an excellent correlation with the Iy, — o Variation. Although,
in practice, a 220 nm Si height is widely used as it is the typical thickness of most
commonly available Si in SOI wafer, however, in this case, the higher core height
yields better sensors, so the optimized Si core height (H) is taken as 500 nm that
can also be easily fabricable with modern technology [50]. Finally, a further
investigation on slot width (W) shows a maximum confinement, Iy, — jprs = 43.8%
could be achieved by the optimized slot waveguide design parameters as, Si core
width (W) = 170 nm, Si core or slot height (H) = 500 nm and slot width (W) =
130 nm. The cover medium and the slot region are considered to be filled with
aqueous solution of refractive index 1.33. By using 2D FV-FEM again, the effective
index (ngy) of the optimized slot structure is evaluated and it was 1.63827.

The vertical slotted cavity supports the longitudinal modes at the specific res-
onating wavelength (4,.,) and that can be defined as

2L - nyg
il (14.5.1)

/1res =
m

Here 2L is the round-trip length of the longitudinal electromagnetic wave in the
resonator and m = 1, 2, 3... denotes the order of supported longitudinal modes.
Equation 14.5.1 indicates that the number of longitudinal modes strongly depends
on the resonator length (L). As the fundamental mode is expected to be more stable
and sensitive than the higher order modes, the slot resonator cavity length (L) has
been calculated for a single (m = 1) longitudinal fundamental mode using
Eq. 14.5.1. Finally, all the device design parameters can be summarized as, Si core
width (W) = 170 nm, core or slot height (H) = 500 nm, slot width (W) = 130 nm

and the device length (L) = 473 nm for a specific resonating wavelength,
Ares = 1550 nm.
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Fig. 14.16 Schematic diagram of the three dimensional (3D) vertically slotted straight resonator.
The right sided insets bordered with red dashed lines show the sensing mechanisms considered for
the refractometric sensing analyses. From [49]

In a resonating cavity, the self-consistent longitudinal field gets confined and
oscillates at a particular wavelength. Thus, the further performance investigations
require a complete three-dimensional analysis of the quasi-TE and TM modes
inside the resonating structure. A dedicated rigorous and full vectorial H-field based
three-dimensional finite element method (3D-FEM) is developed and used to solve
the problem. All the field components of the resonating modes can be generated by
the post-processing of the eigenvectors obtained from complete device simulation
by the 3D FV-FEM. The 3D iso-surface profile of the dominant and most sensitive
E, field of the slotted resonator is simulated by the 3D-FEM shown in Fig. 14.17.
During 3D-FEM simulations over 456817 first order tetrahedral elements are
considered for the three-dimensional computational domain discretization of
dimensions 1.47 um (along x) X 0.473 pym (along y) X 1.5 pm (along z). Its
performance analyses divided into two stages: (1) surface sensing, where an
ultra-thin bio-molecular layer covers the sensing device surface (Fig. 14.16, bottom
inset) and (2) bulk sensing, where refractometric changes of the homogeneous
medium are considered (Fig. 14.16, top inset).

14.5.1 Surface Sensing

In case of surface sensing, a thick bio-layer (linker + bio-molecular layer) of
refractive index 1.45 have considered on top of both Si strips and the slot region.
The cover medium is filled with the aqueous solution (1,44 = 1.33). The 3D-FEM
computation measured a 5.2 nm resonating wavelength shift for a 5 nm sensing
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Fig. 14.17 2D and 3D profiles of the dominant E, field confined into a straight single slotted
resonator at the resonating wavelength, A,., = 1550 nm; a shows the E, field profile at the
mid-sliced x-z plane of the slot resonator, b depicts the 3D iso-surface profile of the E, field where
boundary walls are considered to be placed at both end faces of the Si cores, ¢ shows the 3D E,
field when the boundary walls are placed away from the both end faces and side faces of the Si
strips. A 3D FV-FEM is used for complete resonating structure simulations. From [49]

layer of refractive index, n = 1.45. The device sensitivity has been investigated for
different thickness of sensing layers ranging from 5 to 50 nm. The surface sensi-
tivity of the device can be defined as

Aldes
At

Ssurface = (1452)

Here, Al and Ar are the resonance wavelength shift and corresponding
bio-layer thickness change. The Al linearly increases with the thickness of
sensing bio-layer shown by the red solid line in Fig. 14.18. Thus, A4, and
bio-layer thickness change (Af) shows a strong linear relationship. Similarly, the
variation of the surface sensitivity of the device against different bio-layer thickness
is shown by the green diamond markers, plotted using a high-resolution scale. Thus,
the Fig. 14.18 shows a small reduction of Sy, With an increase of bio-layer
thickness.
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14.5.2 Bulk Sensing

The bulk sensing process follows the detection of the refractive index change of the
homogeneous bulk medium in the cover and slot regions. For rigorous investiga-
tions, aqueous sucrose solutions with different concentrations are used over the
sensing device. The refractive indices of sucrose solution for different sucrose
concentration at ambient temperature (20 °C) are taken from the datasheet [51].
Similar to practical situations, two different cases have been investigated in the
simulation process: (1) the cover and slot region are completely filled with the
sensing fluid, and (2) only cover medium is filled with the fluid and the slot is filled
with air bubbles.

The bulk refractometric sensitivity of the vertically slotted waveguide has been
investigated by 2D-FEM. The low index guided E,-field profile and its response to
the homogeneous refractive index change are shown in Fig. 14.19. The variation of
the normalized effective index change (Any/n.y) with refractive index changes of
the sucrose solution presents a linear relationship, shown by a red line. The bulk
sensitivity of the waveguide structure can be determined from the slope of the curve
as Sy = (Angﬁ- /ncﬁ) /RIU and its value was calculated as 1.025 per RIU. In case
of the 3D resonating device, the bulk sensitivity can be defined as

A/lres
RIU

Sputk = (14.5.3)

Here A4,.; and RIU denote the resonating wavelength shift of the device and the
refractometric change due to different concentration of sucrose in the solution,
respectively. The resonating wavelength change (A4,.) of the designed structure as
a function of the sucrose solution refractive index are shown in Fig. 14.20. The
solid and dashed lines show the device responses when the boundary electric walls
are placed both ends of and far away from the Si strips, respectively. A strong linear
shift is observed by the lines and its slope i.e. sensitivity (Sp,;) show the value of
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Fig. 14.19 Bulk refractometric sensitivity analysis of the vertically slotted waveguide with
optimized design parameters, such as, W = 170 nm, W, = 130 nm and H = 500 nm at 1550 nm
operating wavelength. The curve slope denotes the sensitivity of the waveguide when the cover
medium is fully covered with the sucrose solution. The inset shows the 2D-FEM simulated E,-
field profile that is essential for low index guiding sensing. From [49]

635 nm/RIU and 335 nm/RIU for the fully filled and empty slot cases. The empty
slot condition may arise when the sensing liquid may not enter slot region due to the
presence of air bubbles. A better response of the resonator device could be obtained
when the boundary walls are placed away from the Si strip end faces. Fluid-Si contact
at both ends increases in this case that also increases the device sensitivity, shown by
the blue and green dashed lines in Fig. 14.20. The slope of the linear resonance
wavelength shift indicates a much high device sensitivity of 820 nm/RIU and
683 nm/RIU for filled and empty slot cases, respectively. Besides the spectral shift
the detection limit (DL) of the device can be estimated from the device sensitivity
(Spuir) and the sensor resolution (R) as, DL = R/Sp,x. The device resolution strongly
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depends on the wavelength resolution (4,,somsi0n) Of the laser source. A laser source
with wavelength resolution of 5 pm indicates that a minimal detectable refractive
index of 7.9 x 1079 RIU and 6.1 x 10~° RIU could be achieved for the boundary
walls touching the end facets and away from the Si strips, respectively.

A rigorous least-squares boundary residual (LSBR) [52] method is used to
determine different coupling parameters of the coupled Si bus waveguides and the
slotted resonating structure for different gaps. The junction interface between input
guide and the resonator slot section shows some back reflections of the input
signals. Those reflection coefficients (p,) have been calculated as 0.024, 0.020, and
0.012 for three different separations 250, 300, and 450 nm, respectively. On the
other hand, the coupling losses at the junction interface are calculated as 0.2886,
0.1956, and 0.0833 dB for all three mentioned separations. It shows that the
250 nm gap provides higher evanescent coupling the slot resonating structure but
with higher coupling loss, whereas the 400 nm gap provides less evanescent cou-
pling with higher coupling efficiency. Therefore, 250-400 nm could be considered
as suitable separation range for this coupling between bus waveguide and slot
resonating structure.

14.6 Plasmonic Gas Sensing by Al*> Doped ZnO Coated
Au Nanowire

Metal oxides have been extensively used in sensing devices. Among them, zinc
oxide (ZnO) has attracted considerable interests for different areas, such as sensing
[53], lasing [54], light harvesting [55] and detection [56]. Similarly, gold
(Au) nanoparticles have also received much attention due to its plasmonic prop-
erties at visible wavelengths. In this section, an Au nanocore with an A3 doped
ZnO (AZO) cladding layer has been designed and studied by using the H-field
based full-vectorial finite element method (FV-FEM) for use as an optical gas
sensor. In the numerical simulations, the wavelength dependent Au and ZnO
refractive indices are taken from [57, 58], respectively. A small concentration of
AI*? doping in ZnO results in an effective replacement of Zn atoms by Al atoms
which increase the conductivity of doped ZnO. This in turn also modify the plas-
monic frequency of the AZO thin film that can be described by the Lorentz-Drude
model [59] as follows

0)2

Ep =EZno — P 14.6.1
o W, +jyo ( )

Here ez,0 is the optical dielectric constant of ZnO and w), is the plasma fre-
quency, defined by @, =Ne*/egm” with N as the carrier concentration in the range

of 1 x 107 to 1x 10?° cm™. The y denote the carrier damping constant given by
y=e/um". Here the electron mobility u has been considered as 24 cm?/Vs for the
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Fig. 14.21 Real and 28  of undoped Zn0 0.20
imaginary refractive index - ——+——  iorN=1x1020 cm3
variations with the r
wavelength for ZnO and
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index calculation. From [61]
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target Al" of 2 w.% (weight ratio). m" denotes the effective mass that has been taken
as the 0.24 times of the electron mass. Figure 14.21 presents the real and imaginary
parts of ZnO and AZO with the carrier concentration of N = 1x 10 ¢cm™ and
5% 102 cm™. The refractive index of ZnO is nearly 2.0 for visible wavelengths
and tend to rise while reaching the UV direct band edge of ZnO at 3.3 eV. The
figure illustrates that an increase in the carrier concentration reduces the AZO
refractive index and this reduction is greater for longer wavelengths. Due to
increased conductivity of AZO, the imaginary part of the refractive index also
increases. Thus, the loss is higher for longer wavelengths and also for higher doping
levels.

As a practical device, a finite dimension AZO coated Au nanowire with height,
h = 60 nm and width, w = 250 nm is considered, as shown in the inset of
Fig. 14.22. A 100 nm of AZO cladding around the metal core, which is also
surrounded by the infinite air cladding is considered for computation analysis. In
the simulation, it has been observed that the modal propagation length (L,) of the
waveguide is around 3 um for an AZO cladding with lower carrier concentration,
N, =1x 10" cm™>. With the increase of carrier concentration, the refractive index
of AZO reduces from its undoped ZnO value and as a result, the effective index of
the quasi-TM mode decreases. Additionally, as N increases the material loss also
increases due to increasing conductivity. Therefore, the change in effective index
and differential loss could be the important parameters for sensing investigations.

Anggp = ngg (NL) = negr (V)| (14.6.2)
ALoss =|Loss(N.) — Loss(N)|in dB/mm (14.6.3)

Here N; and N are the fixed (1 x 10!7 cm_3) and variable doping carrier con-
centration. The curves in Fig. 14.22 depict the variations of An.s and ALoss with
the carrier concentration, N. It can be seen that An.y changes linearly with the
carrier concentration. On the other hand, ALoss increases with N but tends to
saturate at a high carrier concentration. This is due to the fact that as the N
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increases, the refractive index of AZO decreases and simultaneously the modal
power confinement in the AZO cladding reduces from a value of ~80% at
N.=1x 10" cm™ to a value ~55% at N=7.4x 102 cm™. In the case of finite
cladded Au nanowire, reducing the width of the core tends to reduce ALoss and
Anep as a large amount of power leaks into the surrounded air cladding. Thus, the
width changes of the Au core and its effect has not been analysed rather a fixed core
width, w = 250 nm has been considered for further investigations.

Electrons are the majority charge carrier in the AZO. Therefore, absorption of
gas and vapor liquid on the AZO surface will deplete electrons, resulting in a
decrease in conductivity. The Debye length is used to quantify the thickness of the
space charge layer that has deficient carriers due to electron trapping by the che-
misorbed oxidizing agent in the n-type semiconductor. The Debye length of the
AZO layer is taken as 10 nm [60] for the carrier concentration of the order of
10'7 ¢cm™. Initially, the Au core dimension of w = 250 nm and % = 60 nm with
N=7.4x 10 cm™ has been considered. It has also been assumed that the N in
the depletion region is changing from Np;=7.4x 10® cm™ to a value of
Np,p=10" cm™ for a Debye depth equivalent to 10 nm. For simplicity, a uniform
depletion of the carrier concentration also has been taken at the AZO boundaries.
A large cladding thickness makes the core far away from the depletion layer. Thus,
the quasi-TM mode do not get affected by the higher degree by the refractometric
change in the depletion layer. When the cladding thickness is very small, a large
portion of the modal power might spread into the outer air cladding region.
Therefore, cladding thickness is considered as an important parameter for opti-
mization. Figure 14.23 depicts the effective index change (An.y) as a function of
AZO thickness for three different operating wavelengths, such as 650, 700 and
750 nm. Above 90 nm thickness, the effective index change is larger for 1 =
750 nm, compared to that of A=650nm. When the cladding thickness is larger,
around 100 nm, the surface plasmon mode guided by the core has a spot size area
that is two to three times larger than that of A=650nm. This allows a higher
proportion of the modal power in the depletion region, as shown by the I'p
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variations in the Fig. 14.24. Additionally, at 650 nm the metal core shows higher
power confinement compared to that in the depletion region. Furthermore, the Any
is larger for longer wavelengths. Due to these factors, for large AZO thickness
~100 nm, the Ang is higher for longer wavelengths. It can be seen in the
Fig. 14.23, for the lower thickness (<80 nm) the An.y is higher at A = 650 nm than
that of 1 = 750 nm. As the depletion region is closer to the metal core, the con-
finement in the depletion region (I'p) becomes larger for those operating
wavelengths.

Figure 14.25 presents the percentage change of the modal propagation length,
L,=1/2p; (B, is the imaginary part of the propagation constant) with respect to the
AZO cladding thickness. The percentage change of the modal propagation length
(AL,%) can be calculated as
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The red (4 =650 nm) and black (4 =750) nm) lines in Fig. 14.25 indicate that as
the cladding thickness decreases, the modal propagation length change (ALp) rises
from its negative and reaches a maximum value. Further reduction of thickness
starts leakage of a higher proportion of power in the air cladding and thus, the AL,
starts to decrease. For a larger thickness, the AL, shows negative value whereas, for
lower AZO thickness AL, becomes positive. For a lower thickness of AZO clad-
ding the confinement in both the depletion (I'p) and metal core (I',,) decrease.
Furthermore, due the close position of the depletion and metal core influences the
surface plasmonic mode such that the modal loss increases with the increasing
refractive index in the depletion layer. With the help of these rigorous analyses, it
has been shown that for finite AZO cladding thickness (20—100 nm), the depletion
of carriers for a depth equivalent to Debye length can affect the modal effective
index variation that is greater than 0.035 and a variation of the propagation length
which is greater than 5%. These waveguide modal properties can be exploited by
incorporating this plasmonic waveguide into a Mach-Zehnder based opto-chemical
Sensor.

14.7 Ethanol Vapor Sensor by Composite Plasmonic
Waveguide

Now a day, ethanol (CH3CH,OH) is one of the most important constituents in daily
life, from chemical and pharmaceutical products to heavy engineering and fuel
industries. Mixing of excessive ethanol vapor with air may cause explosive fire with
an easy ignition. Only 3.5% ethanol vapor in the air can causes fire explosions, and
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this often called as lower explosion limit (LEL). On the other hand, the upper
explosion limit (UEL) of ethanol is 19% [62]. Therefore, for accurate sensing of
ethanol vapor in the industrial environment several sensing mechanisms can be
considered, such as spectrometric sensing, electrochemical, sloid state semicon-
ductor and microcontroller based devices. However, the dielectric waveguide based
interferometric and resonating sensing devices are more convenient for its high
precision sensitivity and compactness. Here a horizontal slotted composite plas-
monic waveguide (CPWG) is designed and its performance has been rigorously
investigated by incorporating it into a Mach-Zehnder interferometer (MZI) device.
The novel CPWG is composed of lossy silver (Ag) layer, porous ZnO (P-ZnO),
silicon (Si) and silica (SiO,). The P-ZnO layer is sandwiched in between metal and
high index Si, shown in Fig. 14.26a. This novel waveguide structure guides the
light through its low index slot region as a supermode that is a coupled form of the
surface plasmon (SP) mode and dielectric waveguide mode. Surface plasmon
polaritons (SPPs) are the surface waves tightly confined at the metal-dielectric
interfaces. The SP mode is TM-polarized in nature and that can be excited either by
electrons or photons having same frequency and momentum. Here the CPWG is
designed and optimized for the widely used telecommunication wavelength, 1 =
1550 nm. This waveguide supports both quasi-TE and TM modes. However, the
plasmonic supermode which is quasi-TM polarized is concentrated in the low index
region, whereas, the quasi-TE mode is guided by the high index Si core. The
analytical and semi-analytical solutions to exploit the hybrid plasmonic mode is not
so easy. Thus, a full-vectorial H-field based modified FEM is used as a computa-
tional tool for the device design and performance analyses. For accurate simula-
tions, the one-fold symmetry of the CPWG is discretized with 1,280,000 triangular
elements. A much higher mesh density is used near the metal-dielectric interfaces to
resolve the sub-wavelength SP field confinements. The optical properties of the
silver (Ag), Si and SiO, are taken as na, =0.13880+j 11.310 [63], ng; =3.4757
[64] and nsjo, =1.4440 at the operating wavelength of 1550 nm. The electro-
magnetic boundary condition at the material interface demands the continuity of the
normal component of electric flux density (D) at the interface that results in an
enhanced E,-field discontinuity at that interface. The FV-FEM simulated E, and H,
field components of the fundamental quasi-TM mode are shown in the Fig. 14.26b,
¢, respectively.

The porous ZnO (P-ZnO) is used as a low index medium which shows a
comparative lower index than that of bulk ZnO, as the P-ZnO contains air (71, = 1)
pores. To make the waveguide efficient for sensing, different types of P-ZnO layer
templates can be used, such as porous flakes composed of ZnO spheres, P-ZnO
nanosheets, and nanoplates. All these P-ZnO templates are mesoporous where the
pore diameters are ranging from 2 to 50 nm. Different templates show its best
response and selectivity at different operating temperatures. The P-ZnO sphere layer
shows a great selective response to 100 ppm ethanol at 280 °C [65]. Similarly, the
strong ethanol selectivity can be observed around 400-450 °C for nanosheets [66]
and nanoplates [67], respectively. Thus, in terms of selectivity, all these P-ZnO
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Fig. 14.26 Schematic diagram of a horizontal slotted CPWG and its simulated field distributions,
a shows the waveguide cross-section. One-fold symmetry of the structure is used for FV-FEM
simulations. b and c¢ are the E, and H, field profiles of fundamental quasi-TM mode (H)l(l),
respectively. d Shows a compact, integrated Mach-Zehnder set-up where the CPWG is used in the
interferometer arms. From [70]

configurations show excellent ethanol selectivity compared to methanol, acetone,
chlorobenzene, and methane at 280, 400 and ~450 °C. When the porous layer is
placed in the target analyte vapor, the void pores are then filled with the condensed
analyte (n > 1). Depending on different volume fraction of absorbed and condensed
ethanol, the equivalent index as well as the dielectric constant of P-ZnO changes.
To determine the effective refractive index of P-ZnO and the equivalent refractive
index of ethanol absorbed P-ZnO, the Lorentz-Lorenz model [68] is used.

2 2 2 2
n; —1 ns—1 n-—1 ny;—1

=(1-P)( < P— g \% 14.7.1
n2+2 ( )(n2+2>+( V)(n2+2>+ <n§+2 ( )

c a

Here P denotes the number of pores per unit volume, called porosity of the
medium and V is the volume fraction of liquid after capillary condensation. n,, n.
and n, represent the refractive index of air (n, = 1), homogeneous (bulk ZnO) and
dispersed medium (condensed vapor), respectively. For the investigations, the
P-ZnO layer of porosity P = 30, 40, 50 and 60% are considered. Corresponding
refractive index variations (np_z,0) and equivalent refractive index of the P-ZnO
with respect to the different volume fraction of ethanol are shown in Fig. 14.27. As
expected, the np_z,0 decreases with the increasing porosity in the medium shown
by the black solid line. Additionally, while the P-ZnO pores are replaced by the
condensed ethanol the equivalent index of refraction increases for P-ZnO layers
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Fig. 14.27 Refractive index
variation with ZnO porosity
(P) and change of equivalent
refractive index of P-ZnO
layer with volume fraction
(V) of condensed ethanol.
From [70]
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with P = 30, 40, 50 and 60%. The lower porosity (P = 30%) shows higher
equivalent refractive index than the higher porosity (P = 60%). At ambient tem-
perature (20 °C), the bulk ZnO refractive index is taken as 1.9267, derived from the
dispersion formula in [69] and the condensed ethanol refractive index is derived by
using the Sellmeier equation.

A2 Ax2?

2
) -1=—"— +
@) 22-B, A-B,

(14.7.2)

Here A; > and B, denotes the material property parameters and absorption
wavelengths. The constant values used for the analysis are, A} =0.83189, A, =
—0.15582, By = 0.00930 um ™2 and B, = —49.45200 pym 2.

To obtain a high sensitive accurate CPWG, its design parameters, such as core
width (W,,.) and low index slot thickness (t,,) are needed to be optimized
carefully. For simplicity, fixed Si nanowire height and top Ag layer thickness have
been considered as 220 nm and 100 nm, respectively. Figure 14.28 shows the
power confinement variations of the fundamental quasi-TM and TE modes with slot
thickness (zy,,;) for three different CPWG core width, W,,, = 350, 450, and
550 nm. For all three CPWG core widths the quasi-TM power confinements
(Trmsior), shown by solid lines, increase with g, increment, reach a maximum
value of 41.79% at t,; =70 nm and then decrease gradually with further increment
of t4,. It can also be seen that the W, =450 nm, shown by the red solid line,
confines higher optical power than other two core widths (350 and 550 nm).
Additionally, the quasi-TE power confinement (I'7gy,,), shown by dashed-dotted
lines, increases with the increment of ¢,;,,. But these values are much lower than the
TM mode confinement. The curves for all three core widths intersect each other at
68 nm and exhibits only 3.56% power confinement. Thus, optimized #,, value is
taken as 70 nm with maximum power confinement in the slot region. Furthermore,
the optimization of core width (W) has been carried out for two different ¢, =
70 and 100 nm and the results are presented in Fig. 14.29. As the W,,. increase the
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I'7asi0r grows and confines maximum 41.80% and 41.09% TM energy into 70 and
100 nm slots, respectively at W, =450 nm. From both the figures, it can be
observed that a 100 nm slot can confine 41.09% power in the low index region. As
the 74,,=70 nm and 100 nm show a small difference in 'z, and a few
nanometers extra wide may be convenient to accommodate more numbers of pores
in mesoporous ZnO layer as well as be easier to fabricate. Thus, finally the opti-
mized ty,, is considered as 100 nm.

Next, the efficiency of ethanol vapor detection with the help of CPWG is ana-
lyzed. The quasi-TM and TE real effective index difference (ARe(neﬁv)) of the
CPWG with the volume fraction of ethanol for different P-ZnO are shown in
Fig. 14.30. The solid lines in the main figure and dashed lines in the inset represent
the TM-ARe(noy) and TE-ARe(n.y) variations, respectively. Both the effective
index difference between TM and TE modes increase with the increment of the
volume fraction of ethanol. The higher porosity (60%) shows better effective index
difference than that of lower porosity (30%) P-ZnO. Furthermore, the ARe (neﬁc) for
TM mode shows much higher values than that for the TE mode. This indicates that
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the hybrid plasmonic quasi-TM mode is more sensitive in compare to the quasi-TE
mode. Figure 14.31a, b depict the waveguide TM modal sensitivity variations for
both real and imaginary effective index. The black, red, blue and cyan markers
denote the real effective index sensitivity (Sge(rum) =ARe(neff) /Ang,,) and nor-
malized attenuation sensitivity (Sp,(zm) = AIm(ngs)/Ange) of the fundamental
quasi-TM mode for porosity, P = 30%, 40%, 50% and 60%, respectively. For each
P-ZnO layer the Sge(rar) and Sp,(ry) initially decreases up to ~15% of ethanol
absorption and then increases with the increase of volume fraction of ethanol. The
sensitivity curves also indicate that the P-ZnO layer with lower porosity (P = 30%)
shows higher Sg (73 and Sy, 7y than that of the higher porosity (P = 60%). In case
of waveguide based sensor, the Sge(7pr) is much important than Sy,,ra) and here a
much higher Sge7a) (*0.71 per RIU) can be obtained with this novel design
CPWG. Besides, the Fig. 14.31b depicts that the Sy, is significantly less sen-
sitive to slot refractometric changes.

Effective index change of the CPWG due to analyte’s refractometric variation is
the only detectable parameter for a waveguide-based sensor. Thus, for accurate
measurement of this effective index change, a compact Mach-Zehnder interfer-
ometer (MZI) can be used as a transducer device. The MZI schematic diagram is
shown in Fig. 14.26d where the designed and optimized CPWG is incorporated in
MZI arms. One arm is passed through the ethanol vapor chamber to measure the
volume fraction of ethanol, is called sensing arm and other is used as a reference
arm. The phase difference between both arms can be derived from the detectable
effective index change ARe(n.s) due to a different percentage of absorption of
ethanol into P-ZnO.

Ap= 2/1—” -ARe(ngr) - L (14.7.3)
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Fig. 14.31 a and b present the quasi-TM real effective index sensitivity (Sge(rar)) and normalized
attenuation sensitivity (Sy,(ry)) variations with volume fraction of ethanol, respectively. The black,
red, blue and cyan markers on both figures denote the sensitivity variation with absorbed ethanol
into low index P-ZnO slot with porosity, P = 30%, 40%, 50% and 60%, respectively. From [70]

Here L denotes the CPWG arm length. A 7 phase difference between reference
and sensing arm makes a destructive interference with a zero MZI output. By using
the fact in Eq. 14.7.3 the MZI arm lengths are calculated as 7.51, 6.02, 5.15 and
4.59 pum for each type of P-ZnO layer having porosity P = 30%, 40%, 50% and
60%, respectively. Thus, higher porosity gives higher An,y that results in shorter
MZI length (L). All these CPWG incorporated MZI arms show a much low
propagation loss around 0.2 dB for each aforementioned arm lengths. It can also be
seen that with and without ethanol vapor absorption the waveguide modal loss
changes in PWG incorporated MZI arms are 0.045 dB for P = 30%, 40% and 50%
and 0.047 dB for P = 60%, respectively. Often it is assumed that the attenuation ()
of the incorporated waveguide is same for both MZI waveguides. However, in case
of the CPWG in sensing, both the sensing and reference arms may show different
attenuations, o,r =a and @y, =@ + Ade,, respectively. It is considered that the
sensing waveguide arm attenuation is modified by a small change Aq,,, due to
different absorption levels of ethanol vapor. Therefore, including this attenuation
change, the normalized power output of the MZI can be expressed as [70]

1
Pom = 2¢ ~2al o= Al co5h( Adge,L) (1 4 FeosAd) (14.7.4)

Here, the parameter F is defined as the interferometric fringe contrast and it can
be defined as, F =1/cosh(Aay,,L). Additionally, a part of the Eq. 14.7.4 could be
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termed as power fraction, PF =e‘A”’”"Lcosh(AamL). It denotes the sensing arm
power increment or decrement compared to reference arm waveguide. The P, is
the only measurable parameter of the MZI that changes with the resulting phase
difference. Thus, the MZI phase sensitivity could be defined as

aPnOrWl 1 _ .
) = 3¢ QatAae)l cos5h( Adtgen L) Fsin(Ad) (14.7.5)

In this CPWG incorporated MZI, the balance between both arms may break due
to different attenuations (a.s # ). Hence to make the device error free the
attenuation in both arms should be controlled such that it does not interfere with the
MZI balance. In this design, for all the volume fractions of ethanol into P-ZnO
having porosity, P = 30, 40, 50, and 60%, the fringe contrast is ~0.99 and the
power fraction (PF) is ~0.96 (F~PF=1). Thus, the extra attenuation change in the
sensing waveguide is very small to cause any noticeable effect in the MZI per-
formance. The Fig. 14.32 depicts the normalized power (P,,,) and absolute value
of the phase sensitivity (|0P,om/0(A¢@)|) variations with respect to the volume
fraction of ethanol for different P-ZnO layers. The results indicate that 100%
ethanol vapor absorption in sensing arm makes a z phase difference with zero
output and a minimum 5% volume fraction of ethanol provides a minimum phase
difference with maximum 60%, 70%, 76%, and 81% light output for 30%, 40%,
50%, and 60% P-ZnO, respectively. The high porosity in P-ZnO provides better
light output. Blue, red, black and green markers with dashed lines show a sinusoidal
variation of phase sensitivity for all four P-ZnO layers. The higher porosity (P =
60%) shows better phase sensitivity than that of the lower porosity (P = 30%). It can
also be seen that for all P-ZnO layers with different porosity, P = 30%, 40%, 50%
and 60% exhibit maximum phase sensitivities of 0.30, 0.34, 0.38 and 0.40 when
51.57%, 52.05%, 52.59% and 53.16% of the P-ZnO pores are filled by the con-
densed ethanol, respectively when an exact z/2 phase difference is observed in
between sensing and the reference arms. Thus, with the help of numerically
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simulated investigation a label-free ethanol vapor or gas sensor using a coupled SPP
and dielectric field confined in a low index horizontal slot is designed and
demonstrated.

14.8 Conclusions

In this chapter, a range of compact micro and nano dimensioned integrated optical
sensors are designed and optimized its performance for biochemical and gas
sensing applications. The results suggest that the on-chip integrated dielectric,
plasmonic and composite plasmonic waveguides and resonators have a great
potential to be used for high precision sensing and detection technologies. Different
numerical methods, such as 2D-FEM, 3D-FEM, and LSBR have been formulated
and successfully used to analyse these photonic devices.

Recently published works on slot-waveguide based photonic devices have
proved their advantages over conventional waveguides in many ways, such as
enhanced and easy-accessible low index light confinement for sensing, trapping,
manipulation of nanoparticles, biomolecules and opto-mechanical transducers.
These exotic waveguides and resonators could be easily realized by CMOS com-
patible high index contrast materials and noble metals, such as Si/SiO,,
SizNy/SiO,, and SOI in combination with Au, and Ag metals. The reported
applications in refractive index based liquid and gas detection, labeling-based and
label-free biochemical detection, optical trapping, transport and manipulation
bio-molecules lead us to a progressive improvement of nano-bio technology.
However, standardization and commercialization of these devices require further
attention on improved waveguiding design schemes, material engineering, modern
sensing architectures, compatibility and assembly of photonic devices with elec-
tronic devices, and real-time signal processing.
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