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Abstract | The design and optimization of a suite of novel optical sensors 
is presented, showing the value of using rigorous full-vectorial numerical 
approaches. Although fibre based optical sensors are well established in 
the market, designs based on more exotic nanowires and photonic crystal 
fibres are becoming increasingly important and showing much improved 
sensitivity by accessing a larger evanescent field. Similarly, novel planar 
design concepts, such as the silicon slot guide-based design is showing 
even greater promise, allowing the exploitation of well developed CMOS 
fabrication technologies for potentially low-cost sensor elements. Some 
selected results illustrating the value and potential of the numerically effi-
cient finite element method in systems design are presented.

1 Introduction
Although the emergence of photonics as a sub-
ject has initiated major research and development 
work for high data rate communication systems, 
the field has broadened and photonics is also iden-
tified as a key enabling technology with its appli-
cations across many diverse fields. In particular, 
there is a growing potential for the exploitation 
of photonics in sensing applications, for the better 
measurement of various physical, chemical and 
biological variables, including pressure, strain, 
temperature, magnetic field, current, rotation, 
acceleration, displacement, pH, humidity and a 
range of gas, chemical and environmental sens-
ing. Sensors play a key role in engineering today 
and the world market for optical sensors has been 
continuously growing, and is valued in the several 
billions of dollar range annually.

One of the main advantages of optical sensors 
stems from the fact that optical waveguides can be 
purely dielectric, and thus can be used in hazard-
ous conditions where conventional electric sensors 
are not be safe. Optical sensors are also immune to 
electromagnetic interference, and are light weight 
and potentially more reliable than mechanical 
sensors. So far most of the well-developed optical 
sensors are fibre optic based, and with the rapid 
development in manufacturing technology, more 

compact planar designs are showing their poten-
tial for new sensor designs. In this paper, some of 
these emerging design concepts for sensing appli-
cations are considered showing the value of effi-
cient numerical methods in the design process.

2 Sensor Principles
A sensor converts a measurable physical quantity 
into a signal, often an electronic signal which can 
readily be manipulated or measured. Sensors can 
be classified by the nature of the applications or 
the measurand, e.g. being physical sensors, chemi-
cal sensors, or biosensors. They can also classified 
into intrinsic or extrinsic. For a fibre optic sensors, 
when the fibre itself is used as the sensing element, 
an intrinsic sensor is created; however, when fibre 
is used only to guide light signal remotely from a 
sensing element to the optical element where the 
light interacts with the measurand, an extrinsic 
sensor device is created. This paper looks at the 
use of numerical modelling techniques to design 
both types of sensor.

In applications in biomedicine and bio-
technology, sensors that detect analytes, such as 
cells, protein, nucleic acid or biomimetic poly-
mers, are termed biosensors—these are becom-
ing increasingly important bio-analytical tools in 
the pharmaceutical, biotechnology, food control, 
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environmental monitoring and other consumer-
oriented industries. The development of effec-
tive and selective biosensors is currently one of 
the most active areas of research that can be sup-
ported by advanced numerical modelling, creat-
ing a very attractive approach for many different 
applications.

Optical sensors can also be classified by the 
principle they exploit as the basis of the sensing 
mechanism. Fluorescent-based sensors typically 
exploit the delay time of the fluorescent signal or 
the ratio of the optical intensity at two or more 
wavelengths when excited by light at a shorter 
wavelength. The use of Fibre Bragg Gratings 
(FBGs), which are perturbed in a reproducible 
way by the measurand exploits the sensitivity of 
the reflected optical signal ultimately to the sens-
ing parameter. However, Long Period Gratings 
(LPG) that show a different and more complex 
spectral signature, exploit the coupling of core 
mode to the cladding modes and the sensitiv-
ity of that interaction to the sensing medium. In 
evanescent sensors, the modal field is accessed 
in the cladding region, and earlier designs used 
polished fibre to access the evanescent field. 
However, more recent designs using nanowires 
exploit sub-wavelength operation to access the 
higher evanescent field at the waveguide bound-
ary. Again advanced modelling techniques can 
reduce the time and costs involved in the design 
of such sensors.

Plasmonic sensors have also been well estab-
lished using metal-coated side-polished optical 
fibre. At the interface between two media whose 
dielectric constants have opposite signs (e.g. metal 
and dielectrics), there exist charge-density oscil-
lations giving rise to the Surface Plasmon Wave 
(SPW). When this wave comes in contact with the 
analytes, the usually TM-polarized SPW undergoes 
a phase change, and this phase change is measured 
and can be related as proportional to the quan-
tity of analytes present. Here the phase matching 
between the core mode and a plasmonic mode 
which is influenced by the adjacent sensing media 
is exploited. In this case, when phase matching is 
achieved, power couples to highly lossyplasmonic 
modes and the sensitivity to this power loss forms 
the basis of the sensing principle.

In the early generation of SPR probes, mostly 
multimode optical fibres were used. Single mode 
fibre has also been used to fabricate fibre optic 
SPR probes where the surface plasmon resonance 
sensor concept using side-polished single mode 
optical fibre and a thin metal over layer has been 
exploited widely. In this configuration, the guided 
mode propagating in the fire excites the surface 

plasmon wave at the interface between the metal 
and a sensing medium. A resonance occurs if the 
two modes are closely phase matched. Therefore, 
variations in the refractive index at the sensor sur-
face induced by the interaction between the target 
analyte molecules in the sample and a biomolecu-
lar recognition element (e.g. an antibody) immo-
bilized on the sensor surface may be observed in 
terms of changes in the resonant wavelength. Such 
a single-mode optical fibre based SPR sensor is 
more sensitive and more accurate in comparison 
to those designed with multi-mode optical fibres. 
However, the fabrication processes involved are 
much more complex and sophisticated compared 
with those that use multi-mode fibres. An advan-
tage of a side-polished half block SPR sensor is 
that it requires a very small amount of sample, 
such as in an application for measuring the refrac-
tive index of a liquid.

An important concept in optical sensing is 
to exploit changes in phase or intensity due to 
the presence of the sensing medium. For exam-
ple, simple Mach-Zehnder based sensors exploit 
the differential phase in two parallel arms, where 
one arm can be used as the reference arm. Alter-
natively, in a ring resonator, the presence of sens-
ing materials influences the phase of a mode for 
complete transit along the ring perimeter, and this 
may be used to find resonating wavelength of the 
drop port.

There are now many methods that allow the 
direct detection of biological analytes without 
labels. Label-free detection generally involves a 
transducer capable of directly measuring some 
physical property of the chemical compound, 
DNA molecule, peptide, protein, virus, or cell. 
For example, as biochemical molecules and cells 
have finite mass, volume, viscoelasticity, dielectric 
permittivity and conductivity, these are proper-
ties that can be used to indicate the presence or 
absence of the molecule using an appropriate sen-
sor. The sensor functions as a transducer that can 
convert one of these physical properties (such as 
the mass of a substance deposited on the sensor 
active surface) into a quantifiable signal, which 
can be monitored by an appropriate instrument 
(such as a current or voltage proportional to the 
deposited mass). Label-free detection removes 
experimental uncertainty induced by the effect 
of the label on molecular conformation, blocking 
of active binding epitopes, steric hindrance, inac-
cessibility of the labelling site, or the inability to 
find an appropriate label that functions equiva-
lently for all molecules in an experiment. Label-
free detection methods greatly simplify the time 
and effort required for assay development while 
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removing experimental artefacts from quenching, 
shelf life and background fluorescence.

Thus, based on the above, fibre based sensors 
have been well developed and are increasingly 
being used in many different types of instrumen-
tation. In the 1980s, many research group were 
developing optical sensors using polished fibres, 
in so doing often exploiting sensitive plasmonic 
coupling of the modes. Recently, nanowires were 
fabricated by heating and drawing slowly to 
achieve a sub-wavelength dimension, where the 
evanescent field could easily be accessed, thus 
showing greater potential in sensor applications. 
In 1996, a major new development was reported 
by Russel et al., who introduced a new concept 
of optical waveguides which could be fabricated 
with a single material. In this case, a Photonic 
Crystal Fibre (PCF) with many small air-holes 
running parallel along the waveguide was devel-
oped creating a fibre with highly controllable 
dispersion and mode shape properties. How-
ever, for the sensing communities, the presence 
of air-holes in the fibre makes it highly attractive 
by allowing access to the strong field in the air-
holes near the core, thus being able to control the 
modal properties of the waveguide by filling these 
air-holes with materials on which a measurement 
can be made.

Integrated optical waveguides are generally 
more compact than conventional optical sys-
tems as they use a higher index contrast between 
the core and cladding, thereby allowing a much 
smaller bending radius than in the fibres. Thus, 
the smaller bending radius will allow more com-
ponents to be placed in a moderate sized chip, 
and silicon photonics, exploiting well developed 
CMOS technology. Another novel concept is the 
optical slot waveguide, where light guided in a 
low-index region is important, as this allows an 
unprecedented nature of access to high optical 
field in the hollow air-region that can be control-
led by the sensing materials. The setup costs for 
PIC based designs are much higher, but in this 
case sensors can be mass produced and once the 
capital market is setup, much lower unit costs can 
be achieved.

Terahertz (THz) technology, exploiting the 
spectral region which lies between the very well 
developed microwave and the optical frequency 
spectral areas, shows enormous potential for fields 
such as imaging, and has wide potential in sens-
ing applications. The wavelengths correspond to 
a wide range of resonant frequencies for many 
biological and chemicals, creating a momentum 
for the development of a range of new sensors 
exploiting this frequency band.

3 Numerical Methods
The availability of the best tools for numeri-
cal modelling greatly facilitates the design of a 
wide range of optical systems. For any guided 
wave device, the first priority is to obtain modal 
solutions of these waveguides, where the key 
parameters are likely to be the effective index, 
the spatial variation of the full-vectorial field 
profile, the confinement factor, the mode size, 
dispersion, and modal and leakage loss. For a 
circularly symmetric low-index contrast optical 
fibre, a simple scalar approach in the solution 
of the problem may be adequate. However, for 
a high-index contrast, such as is seen in silicon 
nanowires, with nonlinear or anisotropic mate-
rials, or with a complex shape (such as is seen for 
a PCF), a more rigorous full-vectorial approach 
would be necessary. Most of the commercial 
modal solvers available today use the finite dif-
ference approach, or field expansions; however, 
some of the few exploiting computationally effi-
cient finite element method (FEM) are becoming 
increasingly popular. For the modal solutions 
of the equations describing these systems, the 
H-field based FEM1 has been established as one 
of the most suitable method for all practical 
optical waveguides.

For most optical waveguides, the refractive 
index is real, unless the modal loss or gain needs 
to be introduced, and in that case, its refractive 
index also has a small imaginary term. On the 
other hand, thin metal layer supporting plas-
monic modes have a very large imaginary term for 
their refractive index, which makes the real part of 
the permittivity negative. Early fibre optic sensors 
used plasmonic modes to absorb optical power in 
metal layers. However, in more recent photonic 
devices, the exotic modal properties in plasmonic 
layers are exploited to design nano-plasmonic res-
onators to create highly novel sensors.

Some optical sensors will have a component 
that can be approximated as a waveguide with a 
uniform cross-section, where a modal solution 
is applicable. However, it may be necessary to 
change the cross-section of the structure, which 
may be continuously or abruptly varied, where 
the Beam Propagation Method (BPM) would 
be more useful to apply. The first report of the 
BPM used Fourier transforms2 and most of the 
commercial BPM packages are Finite Difference 
Method (FDM)-based; however, a FEM based 
BPM3 approach would be computationally more 
efficient. For the analysis of a bent guide, although 
a BPM approach can be used, a simple conform-
able transformation4 would be computationally 
more efficient.
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Whenever there is a discontinuity between 
two guided wave sections, the tangential elec-
tric and magnetic fields must be continuous at 
that interface. This will cause some reflection of 
the incident wave and the generation of higher 
order guided and radiated modes to satisfy the 
necessary boundary conditions. To analyze such 
a discontinuity, a simple overlap integral method 
can be used; however, it has been shown that a 
full vectorial least squares boundary residual 
method5 would be more rigorous to find the 
necessary scattering coefficients at the interface. 
However, when several such discontinuity inter-
faces exist, such as in a Bragg grating, then an 
approach like the Transfer Matrix Method6 can 
be used.

Although a BPM approach can be used to 
find the evolution of the beam along the guided-
wave structures, if it is important to consider the 
reflected waves at the junction interfaces, then a 
variant of the BPM, known as the Bi-directional 
BPM or a more general time-domain approach, 
would be necessary. In this regard, the well-es-
tablished and versatile Finite Difference Time 
Domain (FDTD) Method7 can be considered, but 
this approach is computationally expensive for a 
truly 3-dimensional structures.

Besides the study of light propagation through 
an optical waveguide or guided wave device, some-
times it is also necessary to exploit other physical 
effects in the design of the sensors. Polarization-
maintaining fibres are often used in optical sen-
sors, and in order to study modal properties of 
highly birefringent fibres such as the so-called 
Panda fibre,8 besides using optical models, it is 
necessary to calculate the spatial variations of the 
stress profile (which is tensor), and from that, cal-
culation of the refractive index changes (which are 
anisotropic) due to the elasto-optic nature of the 
material can be carried out. In a way it is similar 
to the study of the Stimulated Brillouin Scatter-
ing (SBS) effect in an optical fibre, it is necessary 
to study acoustic wave propagation9 through 
such fibres. Similarly, to the study of temperature 
effects or the use of thermal tuning of sensors or 
filters, it is necessary to solve the related Poisson’s 
equation to obtain the 3-dimenstional tempera-
ture profile of the sensor. So in a modern optical 
sensor, the refractive index can be linear, nonlin-
ear, isotropic, anisotropic, or complex, and the 
structure may either be complex shaped or con-
tain a limited number or many periodic discon-
tinuities, such as Bragg gratings, and accordingly 
there is a need for effective numerical methods or 
their combinations to enable their usage in more 
effective modelling of the devices.

4  Illustrations of the Value of Numerical 
Methods in Systems Design

In this section, numerically simulated results for 
several types of emerging optical sensors are pre-
sented. To begin with, a conventional polished 
metal clad optical fibre example is shown, fol-
lowed by the design approach for sub-wavelength 
nanowires, photonic crystal fibres, and slot-
waveguides. In the modal solution approach based 
on the use of the FEM, the intricate cross section 
of a waveguide can be represented by using many 
triangles of different shapes and sizes. This flex-
ibility makes the FEM preferable compared to the 
use of the Finite Difference Method (FDM), which 
not only uses inefficient regular spaced meshing 
but also cannot represent slanted or curved die-
lectric interfaces accurately. The optical modes in 
high contrast metal/dielectric waveguides, with 
two-dimensional confinement, are also hybrid 
(polarization mixing) in nature, with all the six 
components of the E and H fields being present, 
and consequently a scalar-FEM analysis will not 
be valid. For this type of structure, since the E-field 
based formulation cannot represent correctly the 
boundary condition at the dielectric interfaces 
(without adding a cumbersome surface integral), 
only a H-field based full vectorial formulation can 
accurately calculate their modal solutions, which 
is1 used here to study the modal solutions.

4.1 Polished optical fibres
The SPR structure as shown in Fig. 1 is studied 
here. This kind of structure has become com-
mon in many different sensors because it has been 
observed that its behaviour is strongly depend-
ent on the refractive index of the surrounding 
medium. Although a side polished fibre design 
may also be used, in order to study the effect of 
fibre parameters on optical properties, a circularly 
symmetric structure is considered here.

A metal-coated mono-mode optical fibre is 
considered for the better understanding of the 
various loss mechanisms and, subsequently, the 
design and optimization of the biosensor for 
the detection of E. coli was studied. The thickness 
of the gold metallic layer is taken as 21 nm, with 

Figure 1: Schematic of the SPR structure 
studied.
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a refractive index of n = 0.52 + j 10.7. The refrac-
tive index of the core and cladding are taken as 
1.44868 and 1.44439 respectively, at an operating 
wavelength of 1550 nm. Here, R

1
 is the radius of 

the core and R
2
, R

3
, R

4
, and R

5
, are the thicknesses 

of the cladding, gold, outer medium and water 
layers respectively.

Initially, R
1
, the radius of the core is taken as 

4.5 µm, the cladding layer thickness is R
2
 is var-

ied from 5–10 µm, the thickness of the gold, R
3
 

is taken as 21 nm, R
5
 as 1.0 µm, and R

4
, the outer 

medium thickness, was varied from 2 µm to 3 µm. 
The values of the effective indices for the modes of 
the structures are represented as a function of the 
outer medium refractive index, R

4
. The refractive 

index of outer medium was varied from 1.440–
1.453 to study the coupling between the Inner Sur-
face Plasmon Mode (ISPM) and the Outer Surface 
Plasmon Mode (OSPM). There are two metal/
dielectric interfaces which can support SPM: one 
at the outer gold/dielectric boundary and the 
other at the inner gold dielectric boundary. In this 
waveguide, the mode with the dominant H

x
 field 

at the upper and lower metal-dielectric interfaces 
is tangential to these boundaries, which satisfies 
the electric-wall boundary condition n.H = 0 and 
supports two SPMs along these metal/dielectric 
interfaces. These two surface plasmon modes have 
different propagation constants. However, if the 
propagation constants are closer for these two 
modes then the two modes can couple and form a 
supermode or super SPM.

As shown in Fig. 2, as the refractive index of 
the outer medium increases the effective index dif-
ference between the Outer Surface Plasmon Mode 
(OSPM) and the Inner Surface Plasmon Mode 
(ISPM) becomes closer and at phase matching 
condition they are nearly equal. The propagation 
constants of the two SPMs are close at refractive 
indices of 1.449, 1.448 for cladding thickness of 

5 µm and 10 µm respectively. In this case, the 
outer medium thickness was fixed at R

4
 = 2 µm.

Next, the E. coli layer with a refractive index 
value of 1.370 was added to top of the outer 
medium layer, R

4
 with phased matched refrac-

tive index values of 1.449 and 1.448 for cladding 
thickness of 5 µm and 10 µm respectively. The 
variation of the optical properties with the metal 
thickness, t, and the outer cladding materials can 
be better explained with the aid of the field distri-
bution along the radial direction of the fibre and 
particularly near the dielectric/metal and metal/
dielectric interfaces. The variations of the H

x
 field 

along the y-axis and the x-axis for the outer SPM 
are shown in Fig. 3.

Next the effect of the coupling length with the 
cladding thickness was studied for cases of with 
and without E. coli. As can be seen from Fig. 4, 
the coupling length increases monotonically for 
small values of thickness, and it reaches a maxi-
mum around the optimum design condition of 
R

2
 = 10 µm. As can be seen from this figure, the 

coupling length is maximum at a cladding thick-
ness R

2
 = 10 µm. This can be correlated with Fig. 3, 

where the ISPM and the OSPM modes match very 
closely around 10 µm when the outer medium 
index, R

4
 is 1.449. It can also be noticed from 

Fig. 4 that the maximum power transfer occurs 
without E. coli when the device length is around 
1600 µm. However, at nearly the coupling length 
of around 1300 µm, maximum power transfers 
happen when there is a presence of E. coli. Hence, 
by carefully selecting the length of the fibre and 
monitoring power transfer, the presence of E. coli 
may be identified.

4.2 Nanowires
Optical fibres are relatively large compared to the 
wavelength and often show well confined optical 
modes. To access the evanescent field, a part of 
the cladding needs to be removed, as shown in the 

Figure 2: Effective index variation with the refrac-
tive index of the outer medium, R4 for the inner and 
outer SPMs at the gold/cladding.

Figure 3: Hx field profile along the y-axis and 
x-axis for the outer SPM.



B.M. Azizur Rahman et al.

Journal of the Indian Institute of Science  VOL 94:3  Jul.–Sep. 2014  journal.iisc.ernet.in250

earlier example. However, when the waveguide is 
of sub-wavelength dimension as a nanowire, the 
mode extends appreciably at the boundary of the 
core, and this can be exploited to design more 
advanced optical sensors, as discussed below. 
With the improvement in manufacturing tech-
nology, sub-wavelength dimension nanowires 
are becoming increasingly viable optical sensors. 
As the core dimensions are often very small, it 
allows the access to higher field intensity at the 
waveguide surface for higher sensitivity of optical 
sensors.

To illustrate this, the variation of the effec-
tive reactive index of H

x
11 in the reference and the 

sensing arms with the silica nanowire diameter, 
D, has been examined, and the results are pre-
sented in Fig. 5. Here, the effective index of the 
reference arm and the effective index difference 
between the two arms is plotted against the core 
diameter, over a range of 100 nm to 800 nm. As 
can be seen from the aforementioned charac-
teristics, as D decreases, the effective index also 
reduces and the rate of reduction slowly increases. 

The effective index difference between the refer-
ence and the sensing arm is presented in Fig. 5; 
however, this increases with the reduction of the 
core diameter. However, for a core diameter, D, of 
100 nm, this exhibits a peak value, and as the core 
diameter increases further as this value reduces. 
This shows that a very small, 30 µm section of 
nanowire can provide 180° phase shift, useful for 
sensing applications.

4.3 ZnO nanowires
ZnO is a direct and wide band gap semiconduc-
tor material in the near UV range and it has a 
large excitonic process and large peizo-electric 
effect.10 The new technologies such as controlling 
the conductivity of p- and n-type ZnO have also 
given the opportunity to promote the ZnO as the 
core material for photonic and opto-electronic 
devices, and also used as the solid state sensors 
for detecting the oxidizing and reducing gases.11 
In this part, the optical modal properties of the 
gold nanowire embedded in a ZnO cladding has 
been studied. This waveguide structure combines 
the advantages arising from the metal oxide and 
that of the surface plasmon.12 The waveguide with 
a gold nanowire surrounded by a ZnO cladding 
has been analyzed using a full-vectorial FEM.

To expand this analysis, a gold nanowire sur-
rounded by a Zinc Oxide cladding has been consid-
ered, as shown in Fig. 6. The nanowire has a radius, 
r, and the axis of the waveguide is assumed to lie in 
the Z direction. Exploiting the available symmetry, 
a quarter of the waveguide has been considered for 
the FEM analysis. The dispersion of the complex 
refractive index of gold has been obtained by an 
analytical formula given from Etchegoin et al.,13 
which considers the Drude’s model with a high 
frequency limit dielectric constant and the inter-
band transitions that occur in the violet and near 

Figure 4: Coupling length as a function of the 
cladding thickness with and without E. coli for an 
outer medium index, R4 of 1.449.

Figure 5: Effective index (ne) and effective index 
difference (∆neff) between the reference and sens-
ing arms as a function of the fibre diameter (D).

Figure 6: ZnO clad gold nanowire.



Rigorous Design and Optimization of a New Generation of Optical Sensors

Journal of the Indian Institute of Science  VOL 94:3  Jul.–Sep. 2014  journal.iisc.ernet.in 251

several smaller and smoother peaks. In Fig. 8, it 
has been shown that the H

x
 field profile inside the 

metal decays with damped oscillation. The result-
ant phase of these oscillations inside the H

x
 field 

profile varies with the wavelength, which results 
in the small oscillatory behaviour of the attenu-
ation at the higher wavelengths. These oscillatory 
behaviours are also seen in the confinement factor, 
but they are only faintly visible in Fig. 9.

4.4 Photonic crystal fibres
Photonic crystal fiber (PCF) is a microstructured 
optical waveguide with low index air-holes run-
ning parallel to and along the length of the optical 
fibre,17 which allows easy access to the evanescent 
fields. Recently polymer based PCF has also been 
demonstrated to guide terahertz waves (THz).18,19 
Modal properties of a metal-coated defect-core 
PCF with an air-hole at the center have been 
reported by using a full-vectorial finite element 
method (FEM).1 Recently, PCF designs support-
ing a surface plasmon mode (SPM) using the 

UV wavelengths. To include the effect due to finite 
cross section of the wire on the mean free path of 
the free electron in the gold nanowire, size depend-
ent damping frequency has been included in the 
Drude’s model.14 Figure 7 shows the variation of 
the complex refractive index of a bulk gold with 
respect to the operating wavelength. The refrac-
tive index of the cladding, ZnO has been obtained 
from a formulation given by Holden15 with the 
fitting parameters given by Jelllison.16 The refrac-
tive index of undoped ZnO varies from between 
2.2 and 2.0 for the range of wavelength that lies 
between 0.4 µm and 1.0 µm, while imaginary part 
of refractive index is nearly zero.

Figure 8 shows the dominant H
x
 field profile 

for the fundamental plasmonic Hx
11

 mode for a 
nanowire radius r = 50 nm at λ = 0.70 µm. It can be 
observed that the field decays exponentially in the 
ZnO cladding, however, within the metal it decays 
with damped oscillations. This can be explained as 
follows: The effective propagation constant deter-
mines the field profiles of the transverse and lon-
gitudinal electric field inside the gold nanowire, 
which in turn is determined by the difference 
between the effective dielectric constant of the 
mode and the complex dielectric constant of the 
gold. This results in either a sinusoidal or exponen-
tial field profile for the transverse and longitudinal 
electric (and magnetic) fields. The combination of 
transverse and longitudinal electric fields results 
in a damped oscillation superimposed on a decay 
profile for the H

x
 field inside the metal.

Figure 9 shows the variation of the attenua-
tion with the operating wavelength for core radii 
r = 50 and 75 nm. As discussed earlier, as the 
confinement factor reaches a peak value around 
0.50 µm, both loss curves also show a plasmonic 
resonance peaks around this wavelength. It can 
be observed that the loss value is higher for larger 
gold wire. It can also be noted that the variation 
of loss with respect to higher wavelengths shows 

Figure 7: Complex refractive index of the gold 
nanowire (radius 50 nm).

Figure 8: The Hx field profile of the SP mode for 
r = 50 nm.

Figure 9: The variation of the loss with respect 
to the wavelength for two different radii r = 75 and 
50 nm.
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metal-coatings in the cladding region have been 
reported, designed for their applications in the 
optical frequencies.20 A metal may be introduced 
in the central air-hole of a defect-core PCF in order 
to influence the modal properties significantly in 
the THz domain, studying their guidance proper-
ties for a range of potential applications, includ-
ing evanescent sensing.21 The structure suggested 
is one that is feasible as a design for fabrication 
with available technologies involving a) the depo-
sition of metal-coatings on the microstructured 
fibres,22 b) fabrication technology using Teflon to 
create the PCF,23 c) techniques for copper coating 
on Teflon using Chemical Vapor Deposition11 and 
d) metal-coated hollow waveguide technology.24 
Through tailoring the design of a PCF, it is pos-
sible to allow the coupling (which is tunable by 
varying the size of air-holes) between the SPMs 
at the metal-coated interface and the fundamental 
mode of a defect-core PCF (DCPCF). A H-field 
based rigorous full-vectorial FEM has been used 
to analyze a metal coated defect-core PCF (MCD-
CPCF) operating at 1.0 THz.

The PCF design discussed here represents a 
holey microstructured fibre created from Teflon 
with a central air-hole defect. Figure 10 rep-
resents the cross-section of such a PCF with a 
metal-coated central air-hole. The complex refrac-
tive index of Teflon is considered to be 1.445 + j 
0.00119 at 1.0 THz. The material cross section is 
accurately represented where all the air-holes are 
arranged in the triangular lattice, with the pitch 
length, Λ, being the distance between the air-holes 
and d the diameter of all the air-holes (except the 
central one). The radius of the central air-hole is 
R

A
. Here the central air-hole has a metal coating 

of thickness τ. In the illustration, the background 
material shaded in the gray color represents the 
Teflon. A cladding region with three air-hole rings 
being considered in this rigorous evaluation of the 
PCF design.

Initially, the modal properties of a defect-core 
PCF without a metal coating (τ = 0) was studied. 
The H

x
 fields of the fundamental quasi-TM (Hx

11
) 

mode of this PCF at 1 THz (with τ = 0, d/Λ = 0.5, 
Λ = 2.0 mm) for three different radii, R

A
 = 0, 0.05 

and 0.01 mm are shown in Fig. 11. The field pro-
file shown by a solid line is nearly Gaussian shaped 
when R

A
 is zero (without a defect-central air-

hole). However, as R
A
 increases, the field deviates 

rapidly from the Gaussian profile with a dip in the 
centre of the core, showing a profound effect for 
even a smaller R

A
. It can be seen from Fig. 11 that 

when R
A
 = 0.05 mm the field dips to 30% of the 

peak value (shown by a chained line) and when 
R

A
 = 0.10 mm (shown by dotted line) the field is 

reduced to only 8% of the maximum value; when 
R

A
 = 0.2 mm (not shown here), the power con-

finement factor in the central air-hole Γ
A
 is only 

0.0003, while with the air-holes in the cladding 
region, Γ

clad
 ≈ 0.0004 and most of the remaining 

power is in the Teflon. Here, the Poynting vector 
was calculated from the H-field and this energy 
flux density may be integrated to obtain the power 
confinement factor in a particular region. The 
spot-size area for this case is around 7.0 mm2 and 
the spot-size may be calculated by integrating the 
area with a field intensity higher than 1/eth of its 
highest value.

Figure 12 shows variations of effective index 
and the confinement factor with the R

A
 for Λ = 1.0 

and 2.0 mm. The effective index is lower for a 
smaller pitch, Λ = 1.0 mm, as the mode is more 

Figure 11: Hx
11 mode for different defect hole radii 

RA = 0.0, 0.5, 0.1 mm.

Figure 10: Cross section of a metal-coated 
defect-core PCF.
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exposed to the cladding air-holes, compared to 
that of the larger pitch value. The effective indices 
also decrease with R

A
 as the equivalent index of the 

core reduces due to the enlarged central air-hole. 
It can also be observed that the rate of change is 
more profound for the smaller pitch length, as the 
mode is less confined for the smaller waveguide 
dimension. The confinement factor, Γ

A
, initially 

increases with the R
A
, and reaches a maximum 

value. With a further increase of R
A
, the confine-

ment factor Γ
A
 decreases, accompanied by an 

associated increase in the Γ
clad

. As result, the modal 
loss starts to increase until the mode reaches a cut-
off value, at around R

A
 ≤ d/2. When R

A
 = d/2, the 

central defect air-hole is identical to the other air-
holes; the structure becomes fully periodic with-
out defects, and such a uniform medium without 
any defect cannot support a mode. It can also be 
observed that the value of Γ

A
 is large for the smaller 

pitch values, as the tightly packed air-holes lead to 
higher power confinement in the air-holes.

Subsequently plasmonic modes in such as 
metal-clad defect core PCF have been studied. The 
dielectric core of the PCF can support a nearly pure 

dielectric mode, as shown in Fig. 13a. However, 
a small plasmonic peak can be visible along the 
metal interface as shown by a dashed line. On the 
other hand, this waveguide also supports a nearly 
pure plasmonic mode, with high field intensity at 
the metal interfaces, as shown in Fig. 13b. By an 
appropriate design approach, these modes can be 
brought closer to phase matching. In that case, the 
presence of a small sensing medium can yield a 
drastic change in the modal properties, and this 
can be exploited to design very efficient sensors in 
the THz frequencies, as shown here.

4.5 Slot waveguide structure
Recently, the slot waveguide has emerged as a 
novel design where high field can be accessed in 
hollow or low-index region. In this case, the tradi-
tional Snell’s law is no longer useful to explain the 
waveguiding in a low index region. The boundary 
condition at the dielectric interface demand that 
normal component of the H-field should be con-
tinuous. On the other hand, it also demands that 
the normal component of the D-vector should be 
continuous, which makes normal component of E 
vector non-continuous. This rather increases the 
E

n
 field to be higher in the low index region. This 

fundamental concept has been exploited in optical 
slot waveguide where two narrow waveguides, both 
operating below their modal cut-off regions are 
brought close together to generate a high electric 
field in the low-index region of the waveguide.

Such a novel slot waveguide has been inves-
tigated for the biosensing applications. The slot 
waveguide is formed by two Si wires close to each 
other having nanometer dimensions as shown in 
Fig. 14. The refractive index (RI) of silicon, sili-
con oxide and water are taken as 3.476, 1.444 and 
1.31 respectively, at the operating wavelength of 
1550 nm. In this design, the sensing structure is 
first coated with a linker layer (silanes) whose 

Figure 12: Variation of the confinement factor and 
effective index of the Hx

11 mode with the central air-
hole radius RA.

Figure 13: Hx field profile of (a) a dielectric mode and (b) a plasmonic mode in a MCDCPCF.
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refractive index is taken as 1.42 having a thickness 
of t = 1 nm. The actual sensing consists of detec-
tion of the complementary DNA sequence. The 
refractive index of ssDNA and dsDNA are taken 
as 1.456 and 1.53 respectively. The thickness of 
the DNA probe layer is taken as n = 8 nm, and 
remains unchanged when binding of complemen-
tary DNA strands (targets) to DNA probes hap-
pens, i.e. only the refractive index changes from 
1.456 (ssDNA) to 1.53 (dsDNA). A waveguide 
height, GH = 320 nm, and high index region 
width, GW = 180 nm, slot width, SW = 100 nm, 
linker layer thickness of t = 1 nm, and DNA probe 
thickness of n = 8 nm, are considered for the ini-
tial simulation study. In similar structures, by 
optimising design approaches, nearly 40–50% 
power can be confined in the slot, but as the slot 
width is very small, ∼100 nm wide, it produces a 
very high power density, or intense electric field 
which can be exploited. The effective index change 
was produced either by a change of cover medium 
refractive index (homogeneous sensing) or by a 
change of thickness of DNA layer, which is immo-
bilized on waveguide surface (surface sensing). 
The measurement sensitivity depends on optical 
field distribution in the sensing medium, so one of 
the most important design task is the waveguide 
optimization in order to maximize its sensitiv-
ity. The adlayer thickness and change of cover 
medium refractive index affects the effective index 
of propagating optical mode. The thickness of the 
DNA probe layer is taken as 8 nm and remains 
unchanged when binding of complementary DNA 
strands (targets) to DNA probes happens and the 
refractive index of ssDNA and dsDNA are taken as 
1.456 and 1.53 respectively. The waveguide sensi-
tivity can be written as

S = ∆n
eff

/RI (1)

where RI is the DNA layer refractive index and ∆n
eff

 
is the effective index difference when ssDNA and 
dsDNA are present. The effective index difference 
is achieved by simulating first by adding ssDNA 
layer on top of linker layer and then replacing the 
ssDNA by a dsDNA layer.

A waveguide height, GH = 320 nm is fixed, 
and SW = 60, 100 and 140 nm is varied. The 
sensing layers are linker layer (thickness t = 1 nm 
and RI = 1.42), ssDNA (thickness n = 8 nm and 
RI = 1.456), and water respectively. The ssDNA 
layer is replaced with the dsDNAlayer (thickness 
n = 8 nm and RI = 1.53) to achieve the difference 
between the two. Figure 15 shows larger effec-
tive index variation, and waveguide sensitivity is 
achieved at a guide width = 220 nm when the slot 
width is 60 nm, 100 nm and 140 nm respectively. 
The greater the change in ∆n

eff
, the more sensitive 

the biosensor will be. Therefore, when the guide 
width is between 200 nm and 220 nm maximum 
index difference is achieved. Although a smaller slot 
width shows a more sensitive design, while consid-
ering the fabrication techniques available today, a 
100 nm slot-width is seen as a suitable design.

Figure 16 shows the change in effective index, 
and the waveguide sensitivity decreases with the 
increase in the slot width due to presence of DNA 
layers. A waveguide height, GH = 320 nm was 
fixed and GW was varied to equal 140, 180 and 
220 nm in turn. The sensing layers are linker layers 
(thickness t = 1 nm and RI = 1.42), ssDNA (thick-
ness n = 8 nm and RI = 1.456), and water respec-
tively. The ssDNA layer has been replaced with 

Figure 15: Variation of effective index difference, 
∆neff and waveguide sensitivity with guide width.

Figure 16: Variation of effective index difference, 
∆neff and waveguide sensitivity with slot width.

Figure 14: Slot waveguide biosensor.



Rigorous Design and Optimization of a New Generation of Optical Sensors

Journal of the Indian Institute of Science  VOL 94:3  Jul.–Sep. 2014  journal.iisc.ernet.in 255

the dsDNA (thickness n = 8 nm and RI = 1.53) 
to achieve the difference between the two. A large 
effective index variation is achieved when the 
slot width is less than 100 in all cases. Although a 
smaller slot width shows a more sensitive design, 
considering the fabrication techniques avail-
able today, a 100 nm slot-width would be a more 
 realistic design.

4.6 Horizontal slots
Although a horizontal slot may be easier to fabri-
cate, and often have smoother interface, it will have 
a lower optical loss. However, the mode this struc-
ture would support would be the quasi-TM mode, 
as the discontinuity to E

y
 (which is normal to the 

dielectric interfaces here) is exploited here to have 
high power in the low-index region. The cross sec-
tion of the horizontal slot waveguide structure on 
SOI substrate, where the low-index layer (slot) is 
sandwiched by two high-index poly-silicon layers, 
is presented in Fig. 17. The above structure is pro-
posed to be used for bio sensing application, such 
as DNA hybridization. The sensor was designed to 
detect the change of effective index with the varia-
tion of the refractive index of the sensing material. 

In this case, the sensing materials were assumed to 
be bonded with the thin linker layer inside the slot 
region. The linker, thus, was acting as glue in order 
to form the physical or chemical bonding with the 
sensing materials.

The change of the effective index of the hori-
zontal slot waveguide may be investigated when 
single stranded DNA (ssDNA) becomes dou-
ble stranded DNA (dsDNA), to detect the DNA 
hybridization, where the refractive indices of 
ssDNA and dsDNA are considered to be 1.456 and 
1.53, respectively, at an operating wavelength of 
1550 nm. The thickness ssDNA and dsDNA layers 
were taken to be fixed at 8 nm for the initial study. 
The refractive index of the poly-silicon core layers 
was considered to be 3.9 and water has been used as 
the material for the slot and cladding regions with 
a refractive index of 1.33. The refractive index (n

a
) 

and the thickness of the linker layer, assumed to be 
silanes, are taken to be 1.42 and 1 nm, respectively. 
The key parameters optimized in the present work 
are the width (w), the poly-silicon core height (h

1
 

and h
2
), and the slot height (h

s
) of the structure.

In the modal solution of the FEM approach, 
half symmetry has been considered for the hori-
zontal slot waveguide. The quasi-TM mode, where 
the dominant electric field is normal to the inter-
face, is considered because it has a higher confine-
ment in the slot region compared to the TE mode. 
For the quasi-TM mode, H

x
 field is the dominant 

component in the H-field. The contour of fun-
damental H

x
 field mode of the waveguide for a 

width (w) of 0.70 µm, poly-silicon core height of 
0.16 µm and a slot height of 0.10 µm is presented 
shown in Fig. 18. The H

x
 field has a maximum 

intensity in both poly-silicon core layers. However, 
the maximum intensity is not in the centre of the 
core region, but is near to the interface between 
core region and the slot area as can be seen in the 
inset of Fig. 18(a).

Figure 17: Cross section of the horizontal slot 
waveguide for sensing applications.

Figure 18: (a) Hx field, (b) Ey-field and (c) Energy flux density of the TM mode for the slot waveguide for 
w = 0.7 µm, h1 = h2 = H = 0.16 µm and Hs = 0.10 µm.
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This is due to higher refractive index contrast in 
ssDNA, which leads to the larger discontinuity in 
electric field.

One of the most important parameters in 
biosensing applications is the change of effective 
index, used to calculate for the sensitivity of the 
device. The change of effective index with respect 
to the core height is shown in Fig. 20, where the 
effective index of each sensing material also may 
be included.

The change of effective index increases when 
the core height is increased until it reaches a 
maximum point at height of 0.17 µm. At a height 
greater than 0.17 µm, the structure becomes too 
large, and the light more confined to the core 
than in the slot. This leads to a reduction of the 
change of effective index as well as the sensitivity 
of the waveguide. By considering individually, the 
ssDNA has a lower effective index compared to the 
dsDNA due to the smaller refractive index, which 
is 1.456. However, the effective index increases 
when the poly-silicon core height is increased for 
both ssDNA and dsDNA, because of the stronger 
coupling.

From the results presented earlier in Fig. 19, 
the optimum core height for obtaining maximum 
power was found to be about 0.16 µm, and there-
fore, the above dimension was set at 0.16 µm and 
the slot height at 0.10 µm in the study of the effect 
of the structure width. The thickness of linker 
layer (silanes) and the sensing medium (DNA) 
remained the same at 1 nm and 8 nm, respectively. 
The power confinement and the power density 
with the variation of the width of the waveguide 
are presented in Fig. 21.

At smaller width, the power confinement 
in the slot region is less due to the smaller size 
of the structure, where the mode approaches 
cut-off. Therefore, only some light is guided 
in the guiding region, and the rest is spread 

The fundamental E
y
 field has also been derived 

from the H-field solution and demonstrated in 
Fig. 18(b). The E

y
 field shows the discontinuity at 

the interface of core and slot regions providing the 
strong field in the slot area. The energy flux den-
sity so called Poynting vector (Sz) calculated from 
the E and H fields, is also presented in Fig. 18(c). It 
is clearly seen that the energy is more confined in 
the slot area, thus the light was guided in the low-
index region for the slot waveguide.

The effect of the variation of the poly-silicon 
core height, H, which is considered to be symmet-
ric (h

1
 = h

2
 = H), has been examined, where the 

width, w, and the slot height, h
s
, are assumed to be 

fixed at 0.7 µm 0.10 µm, respectively. The power 
confinement and the power intensity in the sens-
ing layer (DNA probe) with the variation of the 
core height are presented in Fig. 19.

The power confinement in Fig. 19 is the sum of 
the power confinement in upper and lower DNA 
probe layers having a thickness of 8 nm each. The 
power density is the average power density for 
both DNA probe layers. The power confinement 
and power density exhibit similar trend when the 
core height is varied. At the smaller core height, 
both power confinement and power density in the 
sensing layers are initially low because it is closed 
to the cut off. Therefore, the optical power losses 
occur due to an evanescent wave spreading into 
the cladding medium and the buffer oxide layer. 
Then the power increases with the core height, due 
to enlargement of guided area, until reaching a 
maximum confinement at a height, H, of 0.15 µm. 
However, if the core height is too large, the light 
will mainly be guided only inside the poly-silicon 
core region. Consequently, the power confine-
ment and power density are decreased as the core 
height increases further. It is also observed that 
ssDNA (n

b
 = 1.456) has higher power in the sens-

ing medium compared to the dsDNA (n
b
 = 1.530). 

Figure 19: Variation of power density and power 
confinement in the sensing layer (DNA probe) with 
the core height, H.

Figure 20: Variation of the effective index differ-
ence and the effective index in each sensing mate-
rial with the core height.
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Figure 21: Variation of the power density and 
power confinement in the sensing layer (DNA 
probe) with the width.

into the cladding region. When the width 
is increased, the power confinement is also 
slightly increased. In the case of the ssDNA 
(n

b
 = 1.456), the power confinement is higher 

than that of the dsDNA (n
b
 = 1.530) due to the 

higher refractive index contrast. On the other 
hand, the power density is inverse proportional 
to the width. At a smaller values of width, the 
power density is high because the guiding area 
is less. As the width increase, the power per area 
is reduced due to the larger guiding area. How-
ever, a higher power density is observed in the 
ssDNA than in the dsDNA due to higher power 
confinement.

5 Conclusions
The basic principle of optical sensing and the 
numerical methods needed for simulations in a 
range of sensor designs are discussed. Numeri-
cally simulated results for some well-established 
sensors, such as simple polished metal clad sin-
gle mode fibres, and the fast emerging silica 
nanowires are presented. Besides that, a metal 
clad ZnO based gas sensing concept has also been 
presented. The design concept for emerging THz 
technology and its application in sensing using 
metal-clad defect core photonic crystal fibres 
have also been shown/handled. Finally, exploiting 
advances in the CMOS manufacturing technol-
ogy, the design optimization of both vertical and 
horizontal slots for bio-sensing applications have 
been demonstrated.

It should be noted that for optical guided 
wave structures with strong index confinement, 
the modal fields are fully vectorial in nature. The 
exotic waveguides, such as those seen for micro-
structured photonic crystal fibre, has an intricate 
air-hole arrangements in the core. Similarly the 
refractive index of the metal layers, or doped ZnO 

are complex in nature. So, for the design opti-
mization full vectorial and numerically efficient 
approaches should be used.

Received 23 July 2014.
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