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Abstract

Muhammad Fayyaz KASHIF

Design and Characterization of Resonant Devices for Optical
Applications

Periodic structures have attracted huge research interest over the past many years
due to their interesting electromagnetic properties. There are lots of useful applica-
tions in the fields of photonics and microwave engineering that come from periodic
structures. Examples of periodic structures include diffraction gratings, photonic
crystals, phased array antennas, frequency selective surfaces, and metamaterials. A
diffraction grating is composed of diffracting elements arranged periodically. The
spacing between these elements is comparable to the wavelength of the incident
light. The amplitude, or phase, or both, of the diffracted electromagnetic radiation
from a diffraction grating, can be modified in a controlled and predictable manner.
Another interesting phenomenon is the presence of sharp resonant features in the
optical spectra of the gratings such as Guided-Mode Resonances (GMR). GMR grat-
ings have been employed in wide-ranging applications such as sensors for biosens-
ing, optical absorbers, efficient photodetectors and tunable filters for optical com-
munication systems, reflection mirrors for lasers, and spectrometers.

The first part of this work focuses on the design, fabrication, and characteriza-
tion of resonant pillar gratings. This is further split into two parts. The first part
describes the graphene-based pillar grating for optical absorber applications. The
performance of the proposed periodic structure is investigated through numerical
simulations. The proposed design exploits the guided mode resonances of the struc-
ture to achieve enhanced absorption in the monolayer graphene. In the second part,
a phase change material vanadium-dioxide (VO2) is integrated with the pillar grat-
ing structure to achieve the thermal tuning of the optical response exploiting the
phase change properties of VO2. The grating has been fabricated utilizing a nanoim-
print lithography system exploiting a silicon mold. VO2 nano-powders have been
deposited by spin-coating. In addition to the experimental tests, the proposed struc-
ture is simulated using the RCWA method.

Next, plasmonic grating structures on planar as well curved surfaces are de-
signed and analyzed through numerical simulations for sensing and Surface En-
hanced Raman Spectroscopy (SERS) applications. The work related to plasmonic
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structures has also been further split into two parts. In the first part, a planar plas-
monic grating is designed and synthesized for sensing applications in the transmis-
sion domain exploiting Extraordinary Transmittance (EOT) properties of the plas-
monic modes as well as the sensitivity of these modes to the changes in the refractive
index of the surrounding media. A Finite Difference Time Domain (FDTD) model
of the finite set of nanoplatelets has been developed to theoretically investigate and
optimize the nanostructure as well as validate the experimental results. Plasmonic
modes can concentrate light to much smaller locations creating field hotspots. This
makes plasmonic structures a suitable platform for SERS. In the second part of the
work, plasmonic gratings on planar and curved surfaces are investigated as SERS
platforms.
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Chapter 1

Introduction to Periodic Structures

Periodic structures have attracted huge research interest over the past many years
due to their interesting electromagnetic properties. There are lots of useful applica-
tions in the fields of photonics and microwave engineering that come from periodic
structures. Examples of periodic structures include diffraction gratings, photonic
crystals, phased array antennas, frequency selective surfaces, and metamaterials [1].

A diffraction grating is composed of diffracting elements arranged periodically.
The spacing between these elements is comparable to the wavelength of the incident
light. The amplitude, or phase, or both, of the diffracted electromagnetic radiation
from a diffraction grating, can be modified in a controlled and predictable manner.
This is fundamentally possible due to the periodic variation of the refractive index
near the surface of the grating [2]. Another interesting phenomenon is the pres-
ence of sharp resonant features in the optical spectra of the grating. The study of
these resonance effects dates back more than 100 years by the work of Wood on op-
tical gratings in 1902 [3]. The theoretical interpretation of these effects was given
by Rayleigh [4] and Fano [5] in the later years. Many years later, Hessel and Oli-
den [6] presented a complete interpretation of grating anomalies and divided them
into two parts: one being the Wood’s anomalies which correspond to the exchange of
energy between the diffracted orders, and the second being the resonant-like anoma-
lies which correspond to the guided mode in the grating or the waveguide coupled
to the grating. This kind of resonant grating structures are termed as Guide-Mode
Resonance (GMR) gratings and are also known with many different names such as
leaky mode resonant gratings and resonant waveguide gratings. They can produce
a variety of optical effects for example coupling, filtering, focusing, field enhance-
ment and nonlinear effects. Moreover, their optical response can be modulated by
tuning the optical parameters of the incident light source and/or the geometrical
parameters of the structure as well as the material properties. GMR gratings have
been employed in wide ranging applications including but not limited to sensors for
biosensing, optical absorbers, efficient photodetectors and tunable filters for optical
communication systems, reflection mirrors for lasers, and spectrometers [7], [8].

The first part of this work focuses on the design, fabrication, and characteriza-
tion of resonant pillar gratings. This is further split into two parts. The first part de-
scribes the graphene-based pillar grating for optical absorber applications [9]. The
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performance of the proposed periodic structure is investigated through numerical
simulations. Simulations are carried out employing Rigorous Coupled Wave Anal-
ysis (RCWA) method. The proposed design exploits the guide mode resonances of
the structure to achieve enhanced absorption in the monolayer graphene. In the sec-
ond part, a phase change material vanadium-dioxide (VO2) is incorporated with the
pillar grating structure to achieve the thermal tuning of the optical response exploit-
ing the phase change properties of the VO2 [10]. The grating has been fabricated
utilizing a nanoimprint lithography system exploiting a silicon mold (footprint of
2.5 × 2.5mm and 900nm deep holes). Vanadium-oxide nano-powders have been de-
posited by spin-coating. In addition to the experimental tests, the proposed structure
is simulated using the RCWA method.

Next, plasmonic grating structures on planar as well curved surfaces are de-
signed and analyzed through numerical simulations for sensing and Surface En-
hanced Raman Spectroscopy (SERS) applications. Plasmonic nanostructures sup-
port Surface Plasmon Resonance (SPR) and Localised Surface Plasmon Resonance
(LSPR). The coupling of light into plasmonic modes requires momentum matching.
Several techniques have been developed in this regard. One of the most common
techniques to excite the SPP for sensing is the Kretschmann configuration [11]. How-
ever, this technique is only suitable for flat surfaces. Another common technique to
excite SPRs is grating coupling. Periodic structures exhibit very narrow resonances
due to the formation of leaky modes and can excite plasmonic modes without the
need for complex arrangements based on prisms [12, 13]. Plasmonic modes exhibit
unique properties such as nonradiative bound nature, extremely short wavelengths,
strong near fields, and are highly sensitive to changes in the refractive index of the
surrounding media. Based on this, they find applications in biosensing and spec-
troscopy [14, 15, 16]. The work related to plasmonic structures has also been further
split into two parts. In the first part, a planar plasmonic grating (2D array of gold
nanoplatelets) is designed and synthesized for sensing applications in the transmis-
sion domain exploiting Extraordinary Transmittance (EOT) properties of the plas-
monic modes as well as the sensitivity of these modes to the changes in the refrac-
tive index of the surrounding media [17, 18]. An array of gold nanoplatelets has been
fabricated on a glass substrate using a Focussed Ion Beam (FIB) milling system. A
Finite Difference Time Domain (FDTD) model of the finite set of nanoplatelets has
been developed to theoretically investigate and optimize the nanostructure as well
as validate the experimental results. Plasmonic modes can concentrate light to much
smaller locations creating field hotspots. This makes plasmonic structures a suitable
platform for SERS. In the second part of the work, plasmonic gratings on planar
and curved surfaces are investigated as SERS platforms. The rest of this thesis is
organized as follows:

Chapter 1: A review of the state of the art topics covered in this thesis is pre-
sented. Basics of the electromagnetic properties of the materials are briefly explained.
The dispersive analytical as well empirical models of the different materials used in
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this work are covered. A brief description and background of the numerical meth-
ods used in this work are presented.

Chapter 2: Basic theory of diffraction gratings and GMR is briefly presented.
This chapter covers the design, analysis, fabrication, and measurements of pillar
gratings. In the first part, graphene-based pillar gratings are detailed for optical ab-
sorber applications. The second part of this chapter explains the design, fabrication,
and measurement of VO2 based pillar gratings.

Chapter 3: A brief theoretical background of the SPR is provided. Details on
the design and analysis of plasmonic nanostructures on planar as well as curved
surfaces for sensing and SERS applications are provided. The first part covers the
numerical modeling of a finite subset of gold nanoplatelets fabricated through FIB
milling. In the second part, nonlinear simulation models of plasmonic gratings are
explained for SERS applications.

Chapter 4: The main outcomes of this research work are summarised.

1.1 Dielectric function of materials

Classically, the optical and dispersive properties of the materials are described by
a complex dielectric function. Along with the experimental techniques to measure
the complex dielectric function of the materials, several analytical models have also
been developed over the years to theoretically calculate the material properties at
the diverse range of electromagnetic radiations. In the following, after introducing
the complex dielectric function of materials through Maxwell’s equations, Lorentz
and Drude models for metals are elaborated as these are the most used models, espe-
cially for metals. A brief introduction of another material model called the Sellmeier
equation is also presented.

Like any of the electromagnetic phenomena, Maxwell’s equations are taken as
starting point to study the electromagnetic response of the metals.

∇ · D = ρv (1.1)

∇ · B = 0 (1.2)

∇× E = −∂B
∂t

(1.3)

∇× H = J +
∂D
∂t

(1.4)

These equations describe the relation among electromagnetic fields, electric field E,
magnetic field B, dielectric displacement D and magnetic induction H, the charge
density ρv, and current density J. However, Maxwell’s equations do not directly
describe how the fields interact with materials. Two more fields called polarization
P and magnetization H are linked to other fields by:
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D = εoE + P (1.5)

H =
1
µo

B + M (1.6)

where εo and µo are the electric permittivity and magnetic permeability of the free
space, respectively. P describes the electric dipole moment per unit volume inside
the material. It is related to charge density via ∇ · P = −ρ. Further, the relation
between internal charge and current densities results in:

J =
∂P
∂t

. (1.7)

It is worth noting that M can be neglected for a non-magnetic response.
The constitutive relations given below in describe the interaction of fields with

materials via linear relations. These equations contain the fundamental parameters
of relative electric permittivity ε, relative magnetic permeability µ, and electrical
conductivity σ. The relative magnetic permeability µ is 1 for nonmagnetic materials.

D = εoεE (1.8)

B = µoµH (1.9)

J = σE (1.10)

The constitutive relations describe above are valid for linear and isotropic materials
only where these properties are independent of the direction and strength of the
fields. The linear relation (1.8) between D and E is often also implicitly defined in
terms of the dielectric susceptibility χ which describes the linear relation between P
and E by:

P = εoχE. (1.11)

Considering the dispersion in time and space the linear constitutive relations can
be generalized as follows:

D (r, t) = εo

∫
dt′dr′ε(r − r′, t − t′)E(r′, t′) (1.12)

J (r, t) = εo

∫
dt′dr′σ(r − r′, t − t′)E(r′, t′). (1.13)

These equations can be significantly simplified to get constitutive relations in the
Fourier domain.

D(K, ω) = εoε(K, ω)E(K, ω) (1.14)

J(K, ω) = σ(K, ω)E(K, ω) (1.15)
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Using equations (1.5), (1.7), and (1.14), a fundamental relation between the elec-
tric permittivity and the conductivity is found. The electromagnetic phenomenon
of metals can be described using either of these fundamental quantities. However,
historically, conductivity is a preferred choice at microwave frequencies whereas
permittivity also referred to as the dielectric function is used at optical frequencies.
These are related as following:

ε(K, ω) = 1 + j
σ(K, ω)

εoω
. (1.16)

This works deals with devices at optical frequencies, so from now on wards only
dielectric function ε will be considered. The equation (1.16) can further be simplified
to the limit of a spatial local response ε(K = 0, ω) = ε(ω). In general, ε is complex
valued function ε(ω) = ε1(ω) + jε2(ω).The complex refractive index of a material
can be determined from the dielectric function as follows:

n̄(ω) = n(ω) + jκ(ω) =
√

ε(ω). (1.17)

The real part n of the refractive index quantifies the lowering of the phase velocity of
the propagating waves while the imaginary part κ, called the extinction coefficient,
determines the optical absorption of electromagnetic waves propagating through
the medium [19].

1.1.1 Lorentz model for metals

The optical properties of the metals, as well as dielectrics, can be modeled by a
Lorentz oscillator model. It is based on the motion of electron plasma against a
fixed background of positive ions core. It assumes electron oscillations in response
to the applied electromagnetic field like a mass-spring system. Just like a classical
harmonic oscillator, an equation of motion for an electron considering both free-
electron plasma and bound electrons subjected to an external electric field E can be
written as:

m
∂2r
∂t2 + mγ

∂r
∂t

+ mω2
or = −qE (1.18)

where m and q are the mass and charge of an electron, respectively, γ is the damping
rate, and ω0 is the natural frequency. By taking the Fourier transform and after
simplification, the displacement r(ω) can be described as:

r(ω) = − q
E

E(ω)

mω2
o − ω2 − jωγ

. (1.19)

It tells how far a charge is displaced from its equilibrium position. The displace-
ment of electrons is in turn a measure of dipole moment which contributes to the
polarization of material. From this average polarization of all atoms in a material
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considering N as electron density which is the number of electrons per unit volume
can be written as:

P(ω) = −Nq2

m
E(ω)

mω2
o − ω2 − jωγ

(1.20)

Since
P(ω) = εoχ(ω)E(ω). (1.21)

This leads to an equation for electric susceptibility as:

χ(ω) =
ω2

p

mω2
o − ω2 − jωγ

(1.22)

where ω2
p = ( nq2

εom ) is called the plasma frequency. Inserting equation (1.11) into
equation (1.8) yields:

D(ω) = εo(1 + χ(ω))E(ω). (1.23)

By comparing the above expression with the equation (1.8), the dielectric function
can be written in terms of electric susceptibility as follows:

ε(ω) = 1 + χ(ω). (1.24)

Using the electric susceptibility derived by using the Lorentz oscillator from equa-
tion (1.22), the final expression for the complex dielectric functions comes out as:

ε(ω) = 1 +
ω2

p

mω2
0 − ω2 − jωγ

. (1.25)

The dielectric function described by (1.25) is known as the Lorentz model of the
optical response of metals. This dielectric function has only one resonance whereas
in the case of real materials there can be multiple resonances. A typical Lorentz re-
sponse is plotted in Fig.1.1. It can be noticed that the response is dispersive. The
imaginary part is very high near the resonance which means higher losses. Far from
the resonance, the value of the imaginary part is low. The bandwidth of the res-
onance is determined by the damping rate. At much higher frequencies, the real
part approaches unity with negligible imaginary part giving the material vacuum
characteristics.



1.1. Dielectric function of materials 7

0 1 2 3 4

Frequency  

-4

-2

0

2

4

6

8

10

D
ie

le
ct

ri
c 

fu
n

ct
io

n
 

(
) 0

Re

Im

FIGURE 1.1: A plot of a typical Lorentz response with ωp = 2, ω0 = 2,
and Γ = 0.3.

1.1.2 Drude model for metals

The Drude model is a special case of the Lorentz model. In metals, the majority
is of free electrons. For this reason, the contribution from bound electrons can be
neglected which implies the restoring force is negligible and there is no natural fre-
quency ωo. This leads to a simple expression given as follows:

ε(ω) = 1 −
ω2

p

ω2 − jωγ
. (1.26)

The motion of free electrons is damped via collisions occurring with a characteristic
collision frequency γ = 1/τ. The parameter τ is known as the relaxation time of
the free electron gas, which is typically on the order of 10−14s at room temperature,
corresponding to γ = 100THz.The ideal metals behave like a free electron gas which
means no damping as τ approaches infinity resulting in only real-valued dielectric
function which attains a value of unity for ω >> ωp as follows:

ε(ω) = 1 −
ω2

p

ω2 . (1.27)

For real metals, a correction term P∞ = εo(ε∞ − 1)E is added to account for d-band
electrons polarization in equation (1.26). The dielectric function becomes:

ε (ω) = ε∞ −
ω2

p

ω2 + jωγ
(1.28)

where the dielectric constant ε∞ usually is in the range 1 ≤ ε∞ ≤ 10. The Drude
model is valid for microwave and radio frequencies where ω < ωp. In the case
of metals, the optical response is correctly described up to the interband transition
threshold. For example, for gold, the Drude model is valid for up to 600nm. A plot of
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the Drude model for gold fitted to the experimentally measured gold data is shown
in Fig.1.2.
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FIGURE 1.2: Dielectric function ε(ω) of gold (solid lines) derived by
the Drude model of equation (1.20) and fitted to the experimentally
measured dielectric data for gold (dotted line). This model has lim-

ited validity at visible wavelengths.

1.1.3 Drude-Lorentz model

Drude and Lorentz models can be combined to account for both the intraband (Drude
model) and interband (Lorentz model) electron transitions. It eliminates the problem
of the imaginary part of the dielectric function approaching zero at higher frequen-
cies as described in the previous section. Several Lorentz terms with the individual
resonant frequency of each interband transition are expanded for best fit to the ex-
perimental data. The resulting dielectric function is given as:

ε (ω) = ε∞ −
ω2

p

ω2 + jωγ
+

N

∑
k=1

Akω2
k

ω2
k − ω2 − jωγk

. (1.29)

The main advantage of having analytical formulae for the dielectric function is
that they can be easily incorporated into numerical simulation software packages.
For example, the finite-difference time-domain (FDTD) requires an analytical model
of materials including dispersion to produce a broadband result in a single run.

The dielectric data usually retrieved from experimental data handbooks avail-
able in the literature [20, 21] is mostly for bulk materials. However, thin films of ma-
terials ranging from a few tens to hundreds of nano-meters are used for plasmonic
and photonic devices. It has been reported in a recent experimental study [22] that
the dielectric function of the metals is determined by their structural morphology
and is strongly dependent upon the film thickness. Since the imaginary part of the
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TABLE 1.1: Values of the fittig parameters.

Parameter Value

ε∞ 6.155991
γD(rad/s) 1.66938 × 1015

ωD(rad/s) 1.34759 × 1016

∆ε 2.07122
ωL(rad/s) 4.66171 × 1015

γL(rad/s) 7.20958 × 1013

dielectric function is responsible for optical losses in metals, the procedure described
in [22] is used to adjust a fitting parameter called damping rate (or scattering loss)
to analyze the influence of film thickness on the optical absorption. The scattering
loss parameter can further be tuned as one, two, and three times that of initial value
to account for optical losses by thin gold films [23]. The Drude-Lorentz model pro-
posed in [24] is used. The model is described by equation (1.30) where γD and γL

are damping coefficients, ωp is the plasma angular frequency, ωL is the resonance
frequency of the Lorentz oscillator, δε is oscillator strength and ε∞ is the relative
permittivity for high frequencies.

εDL(ω) = ε∞ −
ω2

p

ω(ω + jγD)
− δεω2

L
ω2 − ω2

L + jγLω
(1.30)

Values of the different parameters taken from [24] are shown in Table.1.1 below. The
value of damping rate γ can be adjusted to match the thickness of the samples. The
resulting dielectric function of the gold is fitted against the experimentally measured
data for gold as shown in Fig.1.3. The effect of the tunning of the damping rate
parameter is also demonstrated.
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FIGURE 1.3: Dielectric function ε(ω) of gold derived by Drude-
Lorentz model (solid lines) of equation (1.30) using a single Lorentz
oscillator and fitted to the experimentally measured dielectric data for
gold (dotted line). The effect of changing the damping rate parameter
is shown when its value is changed from (a) one time to (b) five times.

1.1.4 Sellmeier equation

Sellmeier equation is an empirical formula that describes the relationship between
the refractive index and wavelength particularly for the transparent media. It is
based on Cauchy’s work on the modeling of dispersion. The Sellmeier equation in
its general form is written as:

n2 (λ) = 1 +
N

∑
i=1

Biλ
2

λ2 − C2
i

(1.31)

where Bi and Ci are experimentally determined Sellmeir coefficients. Bi represents
the strength of ith resonance at the Ci wavelength. Refractive indices of pure silica
glass and silicon nitride (Si3N4) are plotted in Fig.1.4 showing the data calculated by
the Sellmeier equation (1.31) fitted to the measured points (red dots). The Sellmeier
coefficients for glass used are B1 = 0.6961663, B2 = 0.4079426, B3 = 0.8974794,
C1 = 0.0684043µm, C2 = 0.1162414µm and, C3 = 9.896161µm which are adopted
from [25]. For silicon nitride, the coefficients are taken from [26]. The values are
B1 = 3.0249, B2 = 40314, C1 = 0.1353406µm and, C2 = 1239.842µm.
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FIGURE 1.4: Refractive indices of the pure silica glass (a) and silicon
nitride (b) show the data from the Sellmeier equation (solid line) fitted
to the experimentally measured data (dots) at VIS-NIR wavelengths.

1.1.5 Nonlinear properties of materials

Equation (1.11) describes the linear relation between P and E. In general, this relation
is nonlinear and is dependent upon the strength of the fields. The complete relation
can be expressed as a polynomial [27] as following:

P = εoχ(1)E + εoχ(2)E2 + εoχ(3)E2 + . . . (1.32)

where χ(1), χ(2), and χ(3) are first, second, and third-order electric susceptibilities.
The second and third-order nonlinear susceptibilities are responsible for distinct
physical processes. The third-order electric susceptibility (χ(3)) is used to model
Kerr and Raman interactions. It has units of m2

V2 . The dispersive χ(3) can be described
as a Lorentz like oscillator as follows:

χ(3) (ω) = αχ
(3)
0 + (1 − α)

χ
(3)
0 ωRAMAN

ω2
RAMAN − 2jδω − ω2

(1.33)

where α is a splitting parameter that splits the third-order nonlinearity into Kerr
and Raman effects and sets the relative strength of each interaction,ωRAMAN is the
Raman resonance frequency and χ

(3)
o is the third-order electric susceptibility of the

material. δ is the damping factor that controls the line width of the resonance. Equa-
tion (1.33) shows a single resonance. A linear sum of multiple resonances can also
be used as described in (1.29).

The total refractive index of material has both linear and nonlinear terms and is
written as follows:

n = no + n2 I (1.34)

where no is the linear refractive index, n2 is the nonlinear refractive index and I is
the intensity of the light beam. The nonlinear refractive index n2 is dependent upon
the χ(3) and its relation is given as:
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n2 =
3χ(3)

4 n2
0

Z0 (1.35)

where Z0 is the free space impedance. n2 has a unit of m2

W .
Generally, all materials are nonlinear. However, some have stronger nonlinear

responses than others. A very intense electric field is required to excite nonlinear
behavior. Nonlinear properties are commonly exploited at optical frequencies. At
microwave frequencies, materials undergo a breakdown before the nonlinear effects
can be observed. Nonlinear materials have numerous applications for example sec-
ond harmonic generation, frequency mixing, third-harmonic generation, and Raman
spectroscopy.

1.2 Graphene

Graphene is a two-dimensional material consisting of a single layer of carbon atoms
arranged in a honeycomb lattice. Over recent years it has emerged as an attrac-
tive two-dimensional material due to its exceptional mechanical, electrical, and op-
tical properties. K.S. Novoselov et. al. were able to fabricate an ultra-thin layer of
graphene in 2004 in their pioneering work for which they were awarded the Nobel
Prize in Physics in 2010 [28]. Since then, it has attracted significant scientific activity
for the research and development of graphene-based electronic and optical devices.
Monolayer graphene exhibits superior thermodynamic characteristics compared to
atomically thin metal films and supports variation in charge concentration under
electric field effect which makes it suitable for the development of nanoelectronics
devices. In the optical domain, it is suitable for applications in sensors, photodetec-
tors, and meta-surfaces, etc.

Several different material models of graphene are being used for the simulation
of graphene-based devices. This includes the conventional permittivity model [29]
and surface conductivity model of graphene [30, 31]. The conductivity of graphene
is expressed by the Kubo formula as:

σ(ω, µc, Γ, T) =
je2(ω − j2Γ)

πh̄2

[
1

(ω − j2Γ)2

∫ ∞

0
ε(

∂ fd(ε)

∂ε
− ∂ fd(−ε)

∂ε
) dε−∫ ∞

0

fd(−ε)− fd(ε)

(ω − j2Γ)2 − 4(ε/h̄)2 dε (1.36)

where ω is the angular frequency, µc is chemical potential, Γ is scattering rate, T is
temperature, e is the electron charge, h̄ is the reduced Plank’s constant, and fd(ε) is
the Fermi-Dirac distribution. The expression in equation (1.36) includes both intra-
band and interband transitions.

In [29], a simple method is presented to derive an approximate dielectric func-
tion of graphene at visible wavelengths. The results are consistent with the exper-
imental spectra. The obtained dielectric function can accurately describe graphene
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behavior for various thicknesses of graphene starting from monolayer graphene to
bulk graphite. The general equation for the light propagation through an absorbing
medium is given as:

4πk
λ

= − 1
nd

ln
[

I
Io

1
(1 − R)

]
(1.37)

where n is the real part of the refractive index, k is extinction coefficient, d is thick-
ness, λ is the wavelength, R is the reflected light, and I and Io are the transmitted
and incident light intensities, respectively. At visible wavelengths, (1.37) is approx-
imated for a single layer of graphene considering R = 0 and I/Io ∼ (1 − πα). The
resultant equation is written as:

k = − λ

4πnd
ln [1 − πα] = L1

λ

n
. (1.38)

For monolayer graphene, thickness d = 0.34nm which gives L1 = 5.446µm−1. The
real part of the refractive index n is considered a constant. This is a reasonable ap-
proximation since the real part of the refractive index of graphite does not have sharp
resonances at visible wavelengths. The value of n is chosen to best fit the measured
spectra. Then the value of the imaginary part of the refractive index k is obtained
from equation (1.38). For bulk graphite, the best fit gives a value of 3 for n.

1.3 Vanadium dioxide (VO2)

Phase change materials are currently receiving great attention for the development
of tunable photonic devices. The phase transition can be controlled externally by
temperature, electrical, or an optical signal. This results in drastic changes in the
electrical and optical properties of the material. The ability to dynamically change
the physical characteristics of the material can open up new possibilities for the
design and fabrication of electrical and optical devices whose response can be dy-
namically controlled and modulated. Vanadium dioxide (VO2) is one of the most
promising phase change materials. It undergoes reasonably large changes in the
refractive index under a low-intensity stimulus. The insulator to a metal phase tran-
sition happens at a temperature of 68◦C which is easily attainable under ordinary
circumstances. The phase transition of VO2 is reversible once the external stimulus
is removed and it can withstand millions of cycles [32]. Moreover, the phase tran-
sition is achievable over a broadband range of optical wavelengths from visible to
infrared.

Under phase transition conditions, there is a structural change inside the mate-
rial from a monoclinic insulator phase to a tetragonal metallic phase. This results in
changes in the electrical and optical properties of the material. The measured com-
plex refractive index of vanadium dioxide used in this work is plotted in Fig.1.5 at
visible and near-infrared wavelengths. The plot shows refractive index data at two
different temperatures, 30◦C and 100◦C which corresponds to an insulator and a
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metallic phase of the material, respectively. The experimentally measured refractive
index data for a thin film of VO2 is taken from [33].
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FIGURE 1.5: Real (bold) and imaginary (dashed) parts of the refrac-
tive index of a thin film of VO2 at 30◦C (insulator phase) and 30◦C

(metallic phase).

For tunability where it is needed to dynamically change the refractive index of
the VO2 over a given temperature range, the intermediate refractive index data can
be approximated using effective medium theories. Using a simpler Looyenga rule
refractive indices of VO2 can be approximated as in equation (1.39). Temperature-
dependent F can be expressed in equation (1.40) where kB is Boltzmann constant, w
is the width of temperature range and Thal f is the temperature at which half of the
film volume is in the metallic state. The resulting complex refractive index of VO2

over a temperature range of [30 − 100]◦C is shown in Fig.1.6.

εs
e f f = (1 − F)εs

i + Fεs
m (1.39)

F (T) =
1

1 + exp
[

w
kb
( 1

T − 1
Thal f

)
] (1.40)
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FIGURE 1.6: A plot of the temperature-dependent dynamic complex
refractive index of a thin film of VO2 when the temperature is varied
from 30◦C to 100◦C. The bold lines show the real and the dashed lines

show the imaginary part of the refractive index.

1.4 Numerical methods in electromagnetics

In this work, three different numerical techniques namely Finite Difference Time
Domain (FDTD) method, Rigorous Coupled Wave Analysis (RCWA) method, and
Beam Propagation Method (BPM) have been used for the investigations and analy-
sis of photonic structures composed of finite and infinite periodic structures having
dielectric as well as metallic components. A brief description of the technical back-
ground of these methods is given below.

1.4.1 Finite Difference Time Domain (FDTD) method

The FDTD method is based on the rigorous solution of Maxwell’s equations. It is a
widely used method for the solution of electromagnetic problems such as scattering
from metallic and dielectric objects and antennas. The technique was first developed
by K. Yee in 1934 and then improved by others in the early 70s. It is simple to im-
plement and suitable for broadband simulations. It is also applicable for nonlinear
problems. Being a time-domain method, it is excellent for field visualization. How-
ever, it is a computationally expensive method and requires a large amount of mem-
ory, computational power, and time. FDTD is basically a time-domain method, but
frequency analysis is also possible using the Fast Fourier Transform (FFT) and the
Discrete Fourier Transform (DFT). A book by Taflove and Hagness [34] is a definitive
reference on this subject. Several other books and numerous commercial software
packages that implement FDTD algorithms are also available [35, 36, 37]. A com-
mercial FDTD package by RSoft called FullWAVE has been used for simulations in
this work.
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The general formulation of the method is based on Maxwell’s curl equations (1.3)
and (1.4). Assuming no flow of currents (J = 0) and no free charges (ρ = 0), these
equations can be expanded in cartesian coordinates for the lossless case as:

ε0
∂Ex

∂t
=

∂Hz

∂y
−

∂Hy

∂z

−ε0
∂Ey

∂t
=

∂Hz

∂x
− ∂Hx

∂z

ε0
∂Ez

∂t
=

∂Hy

∂x
− ∂Hx

∂y

−µ0
∂Hx

∂t
=

∂Ez

∂y
−

∂Ey

∂z

µ0
∂Hy

∂t
=

∂Ez

∂x
− ∂Ex

∂z

−µ0
∂Hz

∂t
=

∂Ey

∂x
− ∂Ex

∂y
.

(1.41)

Based on the Yee method, the above equations are solved by first discretizing the
equations via central differences in time and space as in equation (1.42) written for
Ex, and then numerically solving these equations in software.

(Ex)
(n+1/2)
i − (Ex)

(n−1/2)
i

∆t
=

1
εo

(Hz)n
(i+1/2) − (Hz)n

(i−1/2)

∆y
− 1

εo

(Hy)n
(i+1/2) − (Hy)n

(i−1/2)

∆z
(1.42)

Update equation (1.43) is obtained by solving the difference equations which express
unknown fields (future) in terms of known fields (past). These steps are repeated
until the fields are obtained over the desired duration.

Et+∆t = Et +
∆t
ε
(∇× Ht+∆t/2) (1.43)

Along with Maxwell’s curl equations, the constitutive relations (1.8) and (1.9) are
used to get E and H fields from D and B fields and to include losses and the material
dispersion in the calculations.

An initial launch filed can be expressed as (1.44) having both a spatial and tem-
poral component. A variety of different excitation schemes can be used for example
a continuous wave, a Gaussian pulse, or an impulse function.

ϕL(r, t) = f (ro) g(t) (1.44)

Additional numerical simulation parameters are required in the FDTD algorithm.
This includes a finite simulation domain, the boundary condition(s), the spatial grid
sizes, a time step, and total simulation time. Choice of these parameters is important
as it can affect the accuracy of the results and the stability of the simulation. Per-
fectly matched layer (PML) and periodic boundary conditions are supported in the
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FDTD method to simulate finite as well as infinite periodic structures. The spatial
grid sizes (∆x, ∆y, and ∆z) should be small enough to resolve the smallest features
of the fields. However, grid sizes must be chosen wisely for an accurate and efficient
simulation. A rule of thumb is to set the grid sizes as λ/10 at least where λ is the
wavelength in the material. Time step affects the stability of the simulation. For a
stable simulation, the Courant condition (1.45) must be followed:

c∆t <
1√

1
∆x2 +

1
∆y2 +

1
∆z2

(1.45)

c is the velocity of light. Stop time must be long enough so that all fields in the
simulation domain are converged.

1.4.2 Rigorous Coupled Wave Analysis (RCWA) method

The RCWA method was first developed in the 1980s [38, 39]. It is also known with al-
ternative names of Fourier modal method and transfer matrix method with a plane
wave basis [40]. It is typically known to solve scattering from periodic structures.
RCWA is a rigorous method based on the full vectorial solution of Maxwell’s equa-
tions. In this work, a commercial software package DiffractMOD by RSoft has been
used to study diffractive optical structures [36]. It is based on the RCWA method
and can be used to solve scattering from complicated periodic structures containing
both dielectric and metallic components. Both lossy and dispersive materials can
be incorporated. DiffractMOD can be applied to a wide range of devices such as
diffraction gratings, polarization-sensitive devices, solar cells, etc., to name a few.

In the RCWA method Maxwell’s equations are solved in the Fourier domain
where fields are represented as a sum of coupled waves and the periodic dielec-
tric function of the structure is represented as Fourier harmonics [41]. Maxwell’s
equations from equation (1.41) can be expressed in the frequency domain as:

∂Hz

∂y
−

∂Hy

∂z
= jωεoεr,xEx

∂Hz

∂x
− ∂Hx

∂z
= −jωεoεr,yEy

∂Hy

∂x
− ∂Hx

∂y
= jωεoεr,zEz

∂Ez

∂y
−

∂Ey

∂z
= −jωµo Hx

∂Ez

∂x
− ∂Ex

∂z
= jωµo Hy

∂Ey

∂x
− ∂Ex

∂y
= −jωµo Hz.

(1.46)
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The above equations can be expressed in terms of the transverse fields only by elim-
inating Ez and Hz dependency. The resulting equations are written as:

∂Ex

∂z
=

(
−j
ωε0

∂

∂x
1

εr,z

∂

∂y

)
Hx +

(
j

ωε0

∂

∂x
1

εr,z

∂

∂y
+ jωµ0

)
Hy

∂Ey

∂z
=

(
−j
ωε0

∂

∂y
1

εr,z

∂

∂y
− jωµ0

)
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(
j

ωε0

∂

∂y
1

εr,z

∂

∂x

)
Hy

∂Hx

∂z
=

(
j

ωµ0

∂

∂x
∂

∂y

)
Ex +

(
−j

ωµ0

∂

∂x
∂

∂x
− jωε0εr,y

)
Ey

∂Hy

∂z
=

(
j

ωµ0

∂

∂y
∂

∂y
+ jωε0εr,x

)
Ex +

(
−j

ωµ0

∂

∂x
∂

∂x

)
Ey.

(1.47)

The periodic structure is divided into simple building blocks which are uniform in
the z-direction. Bloch theorem is used to expand the above equations as well as the
boundary conditions. Field components in a periodic structure are expressed as in
(1.48). The higher-order terms are eliminated under the constraints of accuracy and
speed to reduce the infinitely large number of terms.

Ex = ej(kx,0x+ky,0y) ∑
p

∑
q

ej
(

2π
Λx px+ 2π

Λy qy
)
∑
m

ax,m,p,q

(
fmejκmz + gme−jκmz

)
Ey = ej(kx,0x+ky,0y) ∑

p
∑

q
ej
(

2π
Λx px+ 2π

Λy qy
)
∑
m

ay,m,p,q

(
fmejκmz + gme−jκmz

)
Hx = ej(kx,0x+ky,0y) ∑

p
∑

q
ej
(

2π
Λx px+ 2π

Λy qy
)
∑
m

ax,m,p,q

(
fmejκmz − gme−jκmz

)
Hy = ej(kx,0x+ky,0y) ∑

p
∑

q
ej
(

2π
Λx px+ 2π

Λy qy
)
∑
m

bx,m,p,q

(
fmejκmz − gme−jκmz

)
(1.48)

Using the above formulations, the problem is reduced to an eigen value problem as:

Ax = λx. (1.49)

Here A comes from operators in (1.47), λ = κ2
m is the required eigenvalue and a,b

in (1.48) are calculated from the corresponding eigen values. Equation (1.48) can
also be solved by the transmission-line methods. RCWA being a frequency domain
method is an efficient solution to calculate reflection and transmission efficiencies of
the diffracted orders from a diffractive optical element. Total reflectance, total trans-
mittance can also be derived. The spatial field distribution can also be calculated.

1.4.3 Beam Propagation Method (BPM)

BPM is a widely used numerical method to study light propagation in optical waveg-
uides. It is based on the numerical solution of the Helmholtz equation. BPM calcu-
lates the field profile along the waveguide given the refractive index information
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over the entire waveguide structure. It is one of the most efficient numerical tech-
niques requiring less memory and computation time to simulate complex structures
with large index discontinuity [35]. The most advanced implementations of the BPM
techniques involve wide-angle [42] and full vectorial algorithms with the ability to
incorporate polarization effects, transparent boundary conditions, and taking care
of back reflections. Furthermore, the anisotropic and nonlinear materials can also
be modeled. A commercial BPM package by RSoft called BeamPROP has been used
for simulations in this work. BPM-Matlab is an open-source resource especially for
simulating light propagation in a wide variety of optical fiber geometries [43].

The simplest implementation of the BPM is based on the solution of the wave
equation known as Helmholtz equation (1.50) under the assumptions of a scalar field
and paraxiality which means the field polarization is neglected and propagation is
restricted to a narrow range of angles.

∂2E
∂x2 +

∂2E
∂y2 +

∂2E
∂z2 + k2(x, y, z)E = 0 (1.50)

Here, E(x, y, z, t) = Ee−jωt is the scalar field and k(x, y, z) = kon(x, y, z) is the spatial
dependent wavenumber with ko being the free space wavenumber. Assuming a
slowly varying field in the propagation direction, the field is expressed as:

E(x, y, z) = u(x, y, z)e−jβz (1.51)

where β is the propagation constant representing the average phase variation of the
field E. Exact Helmholtz equation for a slowly varying field is obtained by substi-
tuting (1.51) into (1.50).

− ∂2u
∂z2 + 2jβ

∂u
∂z

=
∂2u
∂x2 +

∂2u
∂y2 + (k2 − β2)u (1.52)

Assuming a slowly varying field and applying slow varying envelope approxima-
tion, the above equation can be reduced to

2jβ
∂u
∂z

=
∂2u
∂x2 +

∂2u
∂y2 + (k2 − β2)u. (1.53)

Equation (1.53) is the basic BPM equation for a three-dimensional (3D) problem
and can be further simplified for a two-dimensional (2D) case by omitting the y de-
pendence. These simplifications represent a first-order initial value problem that can
be solved by integrating the above equation along the propagation axis z. A slow
varying field on the other hand can be solved numerically on a longitudinal grid.
For many problems, the longitudinal grid (∆z) can be much coarser than the wave-
length which remarkably increases the efficiency of the technique. However, these
relaxations limit the accuracy of the technique for structures with high index con-
trast along the propagation direction, complicated phase variations, and significant
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reflections. The basic BPM equation (1.53) can be solved by several standard numer-
ical methods. Fast Fourier Transform Beam Propagation Method (FFT-BPM) and
the Finite-Difference Beam Propagation Method (FD-BPM) are the most prominent
methods used to implement BPM. The FD-BPM is generally preferred over FFT-BPM
due to its simplicity, higher accuracy, and improved efficiency. The issues of unsta-
ble solutions by FD-BPM are further addressed by the Crank-Nicolson scheme [44].
In FD-BPM, the field is represented along the propagation direction z (longitudinal
direction) at the discrete points in the transverse plane (xy). The field at the next
z plane is derived from the field at the previous z plane. The step is repeated to
compute the field along with the entire structure. For 2D case, the finite-difference
discretization equation can be written as:

j
un+1

i − un
i

∆z
=

1
2β

un
i+1 − 2un

i + un
i−1

∆x2 +
1

2β
(k2

i − β2) (1.54)

where un
i represents the field at ith transverse grid point and nth longitudinal plane,

∆x and, ∆z are the grid sizes. The inherent limitations with the basic BPM ap-
proach have been rectified with advanced implementations such as wide-angle and
bi-directional BPM algorithms. The field polarizations are included by the vector
BPM approach where the electric field is taken as a vector and derivation is done by
vector wave equation instead of scalar field approximation. In the vector BPM ap-
proach, the equations are written in terms of coupled equations for slowing varying
fields.

∂ux

∂z
= Axxux + Axyuy

∂uy

∂z
= Ayxux + Ayyuy

(1.55)

The Aij are complex differential operators and are given by the following expres-
sions.
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∂2uy
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}
(1.56)

The operators Axx and Ayy correspond to field shapes and bend losses for TE and
TM polarizations whereas Axy and Ayx consider geometric effects of the structure.
The above equations are referred to as full-vectorial BPM implementation. In cases
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where coupling between two polarizations is weak, the operators Axy and Ayx cab
be neglected. This simplification leads to semi-vectorial approximation.

The wide-angle BPM scheme considers the ∂2u
∂z2 term which was neglected in the

basic BPM approach described by (1.53). The Padé-based wide-angle technique is
the most popular formulation to accomplish this. If D denotes the differential oper-
ator ∂

∂z then the second-order term is given by the square of D. This makes (1.52) a
quadratic equation in D, where D is given as:

∂u
∂z

= jβ
(√

1 + P − 1
)

u (1.57)

where

P =
1
β2

(
∂2

∂x2 +
∂2

∂y2 +
(
k2 − β2)) . (1.58)

The differential operator P is expanded via Padé approximations leading to the fol-
lowing wide-angle equation.

∂u
∂z

= jβ
Nm(P)
Dn(P)

u (1.59)

Nm and Dm are the polynomials of the differential operator P and (m,n) is the Padé
order of approximation.
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Chapter 2

Design, Fabrication, and
Characterization of Pillar Gratings

2.1 Guided-Mode Resonance

Guided-mode resonance (GMR) is a physical phenomenon that originates when the
guided modes of an optical waveguide are excited by the diffracted orders of a
diffraction grating under the phase matching conditions. They are also called as
leaky modes as the light that couples in also couples out. Two physical incidents are
responsible for generating GMR – the diffraction from a grating and the waveguid-
ing in a slab waveguide. A sketch of a diffraction grating on top of a slab waveguide
is shown in Fig.2.1. A slab waveguide consists of a slab of high index material (n2)
sandwiched between the two low index materials (n1, n3). It works on the principle
of total internal reflection based on Snell’s law as described by the equation (2.1)
which states that a light wave travelling from a high to low index material is totally
reflected if the angle of the incident is greater than the critical angle θc.

FIGURE 2.1: A sketch of a diffraction grating having a period p placed
on a slab waveguide. The refractive index of the waveguide layer n2
is greater than the refractive index of the cladding layer n1 and the

substrate n3.



24 Chapter 2. Design, Fabrication, and Characterization of Pillar Gratings

θc = sin−1
(

n1

n2

)
(2.1)

According to the ray tracing analysis only certain angles are allowed and the propa-
gation constant β of a supported mode by the slab waveguide is give as:

β = k0ne f f = k0n2 sin (θm) (2.2)

here, ko = 2π/λ and θm is the allowed angle of propagation. A complete analysis
of a slab waveguide and its mode solutions involves rigorous techniques such as
RCWA. A detailed theoretical description of the GMR is given by S.S. Wang and R.
Magnusson [45]. TE and TM modes for a slab waveguide are given by the following
equations (2.3) and (2.4), respectively.

tan (κit) =
κi(γi + δi)

κ2
i − γiδi

(2.3)

tan (κit) =
n2

1κi(n
2
3γi + n2

0δi)

n2
0n2

3κ2
i − n2

1γiδi
(2.4)

where

κi =
√

n2
2k2 − β2

i

γi =
√

β2
i − n2

0k2

βi = k(n0 sin (θinc)− m
λ

p
)

k =
2π

λ

The angles of the diffracted orders can be calculated from the grating equation which
is given below.

n2 sin (θm) = n1 sin (θinc)− m
λ

p
(2.5)

Under phase matching condition, the effective refractive index of the guided modes
can be deduced from equations (2.2) and (2.5).

ne f f = n1 sin (θinc)− m
λ

p
(2.6)

For a guided mode, the neff has the following constraints.

max[n1, n3] ≤ ne f f < n2 (2.7)

By inserting value of ne f f from equations (2.6) into the above inequality a final ex-
pression is obtained which describes the region for the guided-mode resonance.
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max[n1, n3] ≤| n1 sin(θinc)− m
λ

p
|< n2 (2.8)

2.2 Graphene based pillar grating for optical absorber

2.2.1 State of the art

Graphene has emerged as an attractive two-dimensional material due to its excep-
tional mechanical, electrical and optical properties [46]. Monolayer graphene ex-
hibits better absorbance than different dielectric and metals of the same thickness.
A considerable amount of theoretical and experimental work has been published
in recent years to explore the potential of graphene in optical and microwave ab-
sorbers in different spectral ranges of the electromagnetic spectrum for various ap-
plications such as biosensors, optical filters, modulators, and efficient photodetector
[47, 48, 49]. Monolayer graphene shows a constant absorption of about 2.3% over
the visible and near-infrared wavelengths [50]. However, in the context of optical
absorbers, this value is not enough substantially limiting its use in photonic devices.
Therefore, enhancement of light absorption by monolayer graphene has drawn sig-
nificant attention of researchers and several solutions have been proposed in the
technical literature to achieve the perfect absorption. One and two-dimensional di-
electric gratings exploit guided-mode resonance (GMR) to increase light-matter in-
teraction. Light can be effectively coupled to graphene if incorporated with such
gratings [51]. By varying geometrical parameters of the grating structure, the res-
onant wavelength and the bandwidth of absorption can be tuned. A number of
numerical studies [52, 53, 54, 55] report perfect absorption of light in graphene in-
corporated dielectric gratings over diverse spectral ranges. Recently, near total ab-
sorption in monolayer graphene based on critical coupling was presented at a vis-
ible wavelength of 605 nm [56]. In some other recent studies, multilevel structures
were investigated and enhanced graphene absorption was reported [57, 58, 59]. The
main drawback of the multilevel structures is the complexity of the fabrication pro-
cess since it requires the deposition of multiple material layers. Experimental and
measured results for several fabricated graphene-based structures have also been
presented [15-18]. The maximum experimentally measured values of absorption
reported are 35% at 0.73µm [60], 40% at 0.7µm [61], 45% at 10µm [62] and 99% at
1.48µm [63]. However, perfect, broadband, tunable and polarization-independent
absorption of light in monolayer graphene for photonic applications is still a chal-
lenging problem and needs further research and exploration. In this framework,
it is worth pointing out that the absorption spectra of resonant gratings are highly
sensitive to the angle of incident light.

In previous work, it has been demonstrated that graphene-based gratings can
be exploited to modulate the Fano-like signature of GMRs [64]. Moreover, 2D ar-
rays of rectangular gold nano-patches grown on monolayer graphene were used
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to experimentally demonstrate the polarization dependence of plasmonic gratings
at normal incidence [65]. Apart from grating based structures, perfect absorbers
based on metamaterials have also been reported [66, 67, 68, 69]. In this work, a two-
dimensional (2D) dielectric grating has been numerically investigated through the
rigorous coupled-wave analysis (RCWA) method. Parametric study has been per-
formed for the design optimization. The optical response of the proposed device
has been studied under the oblique incidence of a plane wave source. It has been
shown that it has a stable optical absorption of around 40% over a considerable wide
angular range of 20◦. Electromagnetic field distributions at resonant frequencies are
presented to explain the underlying physical phenomenon for optical absorption.

2.2.2 Design of the two-dimensional grating

Figure 2.2(a) shows the sketch of the proposed 2D dielectric grating. It consists of a
periodic array of polymethyl-methacrylate (PMMA) cylindrical pillars deposited on
a tantalum pentoxide (Ta2O5) waveguide. A slab of silicon dioxide (SiO2) is used as
a substrate. The monolayer graphene is placed on top of the waveguide under the
PMMA pillars. The proposed 2D dielectric grating can be realized by means of Nano
Imprint Lithography (NIL) [70]. This technology can foster the faster fabrication of
polymeric-based dielectric gratings at low cost. The choice of the proposed 2D con-
figuration is based on the possibility to have an insensitive polarization behaviour
at normal incidence for the GMRs that are excited in the Ta2O5 dielectric waveguide.
The thickness of the monolayer graphene is set equal to 0.34nm. A thin buffer layer
of PMMA (20 nm-thick) is also placed over the monolayer graphene considering the
quality of graphene is not affected by pillar fabrication. Geometrical parameters of
the device are detailed in Figure 1(b). The thickness tTa2O5 of the Ta2O5 slab and the
PMMA pillar height tPMMA are initially set equal to 150nm and 600nm respectively.
The PMMA pillars have symmetric periodicity both in x- and y- directions and the
value is chosen equal to 600nm at the start. The radius r of the cylindrical PMMA
pillars is chosen as 250nm.

The 2D graphene-based dielectric gratings were simulated by means of RSoft-
DiffactMOD that implements a Fourier-space method, the rigorous coupled-wave
analysis (RCWA), to solve scattering from periodic structures. The refractive indices
for PMMA, Ta2O5, and SiO2 were retrieved from Palik et al. [71]. For monolayer
graphene, complex refractive index n = 3 + jC1 ∗ λ/3 reported in [29] at visible
wavelengths is used where C1 is equal to 5.446µm−1 and λ is the free space wave-
length, to take into account the losses.

2.2.3 Numerical results

Figure 2.3 shows the reflectance, transmittance, and absorption spectra of the device
with and without graphene layer for the TE and TM polarizations at normal inci-
dence. For TE electric field is launched along x-axis whereas for TM the electric field
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FIGURE 2.2: (a) Sketch of a 2D graphene-based dielectric grating with
an array of cylindrical nanopillars. (b) The cross-sectional (xz) view

of the single period of the device used for simulations.

is launched along y-axis. The absorption spectra show resonant peaks at the 0.71µm,
0.9µm, and 0.96µm wavelengths. These correspond to absorption of 20%, 50%, and
40% respectively. The absorption is zero when the structure has no graphene layer
since the configuration is lossless. It can be noted that the optical response is insensi-
tive to the polarization of the incoming light wave due to the symmetry of the device
(2D square lattice).

The electromagnetic field distributions are shown in Fig.2.4 (a)-(d) at the reso-
nant wavelength of 0.9µm (maximum absorption) for the TE and TM polarizations,
respectively. It clearly illustrates that the fields are concentrated around mono-
layer graphene. The white lines represent the device structure where the mono-
layer graphene is positioned at z = 0.15µm (that corresponds to the thickness of
the Ta2O5 and buffer layers). The comparison between Fig.2.4(a-b) (with graphene)
and Fig.2.4(c-d) (without graphene) shows the difference between the values of field
magnitudes of about a factor 2.
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FIGURE 2.3: Optical reflectance (dashed blue line), the transmittance
(dotted black line), and absorption (solid red line) spectra (a-b) with-
out and (c-d) with graphene layer for both (a-c) TE and (b-d) TM
plane waves at normal incidence. The device period p, waveguide
Ta2O5 thickness tTa2O5 , and PMMA pillars height tPMMA for this sim-

ulation result are set as 600nm, 150nm, and 600nm respectively.

FIGURE 2.4: Field profiles (a) amplitude of Ey component and (b)
amplitude of Ex component at 0.9mum for the device parameters of
Fig.2.2. The white lines show the device structure where the mono-
layer graphene is positioned at z = 0.15µm (marked by the black line).

(c-d) field profiles without the monolayer graphene.
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Next, the optimization of the device geometrical parameters has been performed.
Figure 2.5 describes the absorption (A) spectra at different grating periods (p) while
Ta2O5 layer thickness tTa2O5 and PMMA pillar height tPMMA are kept constant. It
is evident that absorption peak wavelength can be tuned over the visible and near-
infrared wavelengths by changing the grating period. The sliding of the resonant
wavelengths with increasing device period agrees well with the analysis presented
in [51]. Each absorption spectrum shows multiple peaks which result from multiple
guided mode resonances. Also, there is an increase in absorption with increasing
period length. Since the device is polarization independent for normally incident
plane waves, therefore, the absorption spectra for TE polarized plane waves have
been shown only.

0.6 0.7 0.8 0.9 1

Wavelength [µm]

0

0.1

0.2

0.3

0.4

0.5

0.6

A

p = 450 nm

p = 500 nm

p = 550 nm

p = 600 nm

FIGURE 2.5: Absorption spectra of the proposed structure under
varying grating period for normally incident TE polarized plane
wave. The waveguide Ta2O5 thickness tTa2O5 , and PMMA pillars

height tPMMA are fixed at 150nm and 600nm respectively.

The effects of variation of Ta2O5 layer thickness tTa2O5 and PMMA pillar height
tPMMA on the absorption spectrum have also been investigated. Figure 2.6(a) depicts
the effect of change of tTa2O5 on the absorption spectrum. There is a red shift in
the resonant wavelength as the thickness of the Ta2O5 waveguide is increased from
80nmto160nm. Multiple resonances appear among which the prominent ones can be
seen in the absorption map. Figure 2.6(b) shows the effect of change of tPMMA on
the absorption spectrum revealing no changes when the PMMA thickness is varied
in the range of 300nm to 900nm.



30 Chapter 2. Design, Fabrication, and Characterization of Pillar Gratings

FIGURE 2.6: (a) Absorption map with respect to the variation of
Ta2O5 layer thickness tTa2O5 under TE at normal illumination when
the period p and PMMA pillar height tPMMA are fixed at 600nm and
600nm respectively. (b) Absorption map under TE normal illumina-
tion, when PMMA pillar thickness tPMMA is varied from 300nm to
900nm. The period p and waveguide Ta2O5 thickness tTa2O5 are fixed

at 600nm and 150nm respectively.

Further, the optical response of the proposed device has been analysed under the
oblique incidence of the plane wave source. Figure 2.7 shows the absorption maps
when the incidence angle is changed from 0◦ to 90◦ for both TE and TM polariza-
tions. It can be observed from the maps that the resonance at normal incidence splits
into two arms for angular incidence. This behaviour is typical of a grating structure
that can be derived by the absorption spectra. It is interesting to note that the ab-
sorption spectra do not split into two arms for certain resonant wavelengths and
absorption is nearly independent of the source angle for specific angular ranges.

To further elaborate these important results, the absorption spectra of the de-
vice for both TE and TM polarizations are shown in Fig.2.8 in an angular range of
0◦ − 20◦ for two different device periods. The absorption is limited within narrow
bandwidths of ∼ 15nm and ∼ 20nm for the maps in (a-b) and (c-d) respectively over
a considerable wide angular range of 20◦. The slope is about 0.5nm/degree in the
0◦ − 10◦ range.
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FIGURE 2.7: Absorption maps of the device for varying incidence an-
gle (0◦ − 90◦) under both TE and TM polarizations. For (a) and (b)
device period p, the waveguide Ta2O5 thickness tTa2O5 , and PMMA
pillars height tPMMA are fixed at 450nm, 150nm, and 600nm respec-

tively whereas for (c) and (d) the period p is changed to 600nm.

FIGURE 2.8: Peak absorption wavelength when the incident angle is
varied in range 0◦ − 20◦. (a-b) The device period p, the waveguide
Ta2O5 thickness tTa2O5 , and PMMA pillars height tPMMA are fixed at
450nm, 150nm, and 600nm respectively. (c-d) The device period p, the
waveguide Ta2O5 thickness tTa2O5 , and PMMA pillars height tPMMA

are fixed at 600nm, 150nm, and 600nm respectively.
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Another important result is depicted in Fig.2.9 which shows absorption spectra
in an angular range of 70◦ − 90◦. It can be noted that the absorption is limited in
narrow bandwidths of ∼ 25nm and ∼ 10nm nm for the angular ranges of 70◦ −
90◦ and 75◦ − 90◦ respectively in both (a) and (b) maps. Furthermore, the device
behaviour is similar under both TE and TM polarizations.

FIGURE 2.9: Peak absorption wavelength of the device for varying
incidence angle (70◦ − 90◦) under both TE and TM polarizations. The
device period p, the waveguide Ta2O5 thickness tTa2O5 , and PMMA
pillars height tPMMA are fixed at 600nm, 150nm, and 600nm respec-

tively.

In short, the observations in Figs.2.8 and 2.9 prove the near insensitivity of the
proposed device to the angle and polarization of the incident light in multiple angu-
lar ranges of around 20◦. Angular response of the proposed device shows clear im-
provement compared to results reported in [60] for graphene-based absorber based
on a one-dimensional grating where absorption spectra split into two arms from
0◦ − 20◦ under similar simulation conditions.

2.2.4 Discussion

In previous works [60, 61], light absorption in graphene-based 1D dielectric gratings
based on PMMA rectangular strips has been experimentally demonstrated. How-
ever, the response of the structures is sensitive to the oblique incidence of light. The
proposed device is based on a 2D grating of cylindrical PMMA pillars that exploit
GMRs to enhance light absorption in the monolayer graphene. The proposed struc-
ture achieved light absorption of more than 40% at multiple wavelengths for both
TE and TM polarizations over narrow bandwidths in the visible and near-infrared
ranges. The device performance is insensitive to variation in the PMMA pillar height
which is an important measure in terms of device stability and fabrication tolerances.

The simulation results further revealed that the device has a considerable stable
angular response. The absorption spectra are nearly independent of the angle of the
impinging light up to 20◦ with a slope of ∼ 0.5nm/degree. Moreover, the response is
less sensitive to the polarization of the incident plane waves.
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In conclusion, the proposed optical absorber is less sensitive to geometrical pa-
rameters variations, polarization, and angle of the incident light. It can be easily re-
alized using nanofabrication technologies such as nano-imprint lithography. These
results pave the way to the realization of polarization insensitive optical absorbers
that can be efficiently exploited in several applications and photonic devices such as
biosensors, optical filters, modulators, and efficient photodetectors.

2.3 Thermal tuning of resonant grating using phase change
material

2.3.1 State of the art

Phase change materials are currently receiving great attention for the development
of tunable photonic devices. The phase transition can be controlled externally by
temperature, electrical, or an optical signal. This results in drastic changes in the
electrical and optical properties of the material. The ability to dynamically change
the physical characteristics of the material can open-up new possibilities for the
design and fabrication of the electrical and optical devices whose response can be
dynamically controlled and modulated. Some of these materials, namely GeSbTe
(GST), have been successfully adopted in photonic devices [72]. Vanadium dioxide
(VO2) is one of the most promising phase change materials. It undergoes reasonably
large changes in the refractive index under a low intensity stimulus. The insulator
to a metal phase transition happens at a temperature of 68°C which is easily attain-
able under ordinary circumstances. The phase transition of VO2 is reversible once
the external stimulus is removed and it can withstand millions of cycles. Moreover,
the phase transition is achievable over broadband range of optical wavelengths from
visible to infrared. Numerous types of VO2 based devices have been demonstrated
for nanophotonic applications including tunable metasurfaces for optical absorbers
and polarization converters [73, 74, 75, 76, 77, 78, 79, 80], tunable optical waveguides
and nano-antennas [32], [81],and sensors based on switchable plasmonic structures
of VO2 [82].

In this work, a numerical study of a resonant grating structure coated with a thin
layer of VO2 has been performed to investigate the optical response of the structure
under phase change behaviour of the VO2 layer. The grating structure supports
guided mode resonances [83], and the resonant grating has a large sensitivity to
the refractive index changes in the surrounding media. Guided mode resonances
have been exploited for numerous useful applications in the photonic devices [9],
[60], [61]. Together with a resonant grating structure, the phase transition properties
of a phase change material such as VO2 can lead to newer prospects for tunable
photonic devices. The theoretical simulations are performed by rigorous coupled-
wave analysis (RCWA) where a temperature dependent complex-refractive-index
data for thin films of VO2 over the visible and infrared wavelength range has been
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incorporated in the numerical model. Under a thermal stimulus, the phase change
behaviour of VO2 nanoparticles have been exploited to modulate the reflectance of
the structure. In the following sections, the design, fabrication, and characterization
of the proposed configuration are detailed. The PMMA nanopillars are fabricated
on a sputtered Cu/AlN bilayer using a nanoimprint lithography system exploiting
a silicon mold. The VO2 nanoparticles are deposited by spin-coating. The fabricated
samples are characterized by means of an ad-hoc setup in which a heater produces
a temperature ramp from room temperature to 80◦C. The experimental results are
in good agreement with the numerical findings.

2.3.2 Numerical model

The resonant structures under discussion are sketched in Fig.2.10. Figure 2.10(a)
shows an ultra-thin film of VO2 supported on a glass substrate. This structure is used
as a reference to compare the higher values of switching in the reflectance achieved
when an ultra-thin film of VO2 is used with a resonant grating. The structure in
Fig.2.10(b) consists of an optically thick layer of copper, an aluminium nitride (AlN)
dielectric spacer and a VO2 thin film on top. This kind of three-layered structure acts
as a Fabry-Pérot resonator. Finally, Figure 2.10(c) shows a polymethyl methacrylate
(PMMA) nano-pillar grating with a square lattice (px = py) built on a slab waveg-
uide of AlN that is grounded by a thick copper (Cu) layer. An ultra-thin film of VO2

then coats the waveguide layer, as well as the top surface of nanopillars. The geo-
metrical parameters are designed to ensure grating resonances in the VIS-NIR range.
This structure can support several different resonances, for example, Mie resonances
when pillars act individually and Fano-like resonances when nanopillars collectively
act a grating. Surface plasmon polaritons confined near the copper surface can be
other possible modes of this structure. The photonic modes can be designed at any
wavelength from visible to infrared by optimizing the geometrical parameters of the
structure. The signature resonances can be observed in the reflectance spectra of
the structure given the fact that the transmittance through the structure is abated by
the copper layer. The photonic modes can be designed at almost any wavelength
in the visible and infrared ranges by optimizing the geometrical parameters of the
structure [10].

A rigorous coupled-wave analysis (RCWA) method is used for the optical simu-
lations. A unit cell of the grating structure is used under a linearly polarized plane
wave excitation propagating in the -z direction. Periodic boundary conditions are
set in the x and y directions whereas perfectly matched layer boundary conditions
are used along z direction.

VO2 has a phase transition temperature ∼ 68◦C which is very near to room tem-
perature. Below the phase transition temperature, it acts an insulator whereas above
the phase transition temperature it in in a metallic state. When this material is heated
above the phase transition temperature there is a structural change inside the mate-
rial from a monoclinic insulator phase to a tetragonal metallic phase. This results in
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FIGURE 2.10: (a) A sketch of an unpatterned semi-infinite ultra-thin
VO2 film on top of a glass substrate, (b) A sketch of an unpatterned
semi-infinite VO2 film on top of a AlN/Cu bilayer supported by glass
substrate, (c) A sketch of the periodic array of nano-pillars coated

with an ultra-thin flim of VO2.

changes in the electrical and optical properties of the material. The experimentally
measured refractive index data for a thin film of VO2 is taken from [33]. The details
of measured complex refractive index of vanadium dioxide at two different temper-
atures, 30◦C and 100◦C which corresponds to an insulator and a metallic phase of
the material are given in Chapter 1 section 1.4. In all simulations, the reflectance
spectra are calculated at two different temperatures, i.e., T < To (To being the phase
transition temperature of VO2) which corresponds to the insulating phase of VO2

and T > To which corresponds to the metallic phase of VO2.

2.3.3 Numerical results

Figure 2.11 shows the reflectance spectra from an unpatterned semi-infinite ultra-
thin (λ/60) film of VO2 on a glass substrate (Fig.2.10(a)) under normal incidence for
the low temperature insulating and high temperature metallic phases as well as the
absolute difference between the two. The black dotted curves represent the absolute
difference (∆ = Rinsulator − Rmetal) in the reflectance spectra. It is observed that an
ultra-thin film of VO2 is totally transparent at VIS-NIR wavelengths for both low
and high temperature states. An unpatterned ultra-thin film of VO2 on a sapphire
substrate has been demonstrated as a perfect absorber at 11.75µm [84].

The results shown in Fig.2.12 show the optical response of the unpatterned semi-
infinite structure shown in Fig.2.10(b). In particular, Fig.2.12(a) depicts the delta-
reflectance spectra obtained under normal incidence where the delta-reflectance is
defined as the difference between the reflectance at low (insulator) and high tem-
perature (metal) states. As it can be inferred by the plot in Fig.2.12(a), there is no
prominent change in the reflectance for an ultra-thin layer of VO2 (i.e. thickness of
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FIGURE 2.11: Reflectance spectra from a semi-infinite ultra-thin
(λ/60 = 10nm) layer of VO2 under normal incidence for the low
tem- perature insulating (blue line) and high temperature metallic
(dashed-dotted red line) phases as well as the absolute difference be-

tween the two (dashed black line).

few nanometers). Conversely, as the thickness of the VO2 layer is increased, the re-
flectance shows a notable phase transition effect. It is shown that a thermal control
of the VO2 phase enables up to 40% switching in the reflectance. This broadband
reflectance change shows a red shift as the thickness of VO2 layer is increased. For a
fixed thickness of VO2 film, the thickness of AlN layer can be adjusted to spectrally
tune the switching response over the VIS-NIR wavelengths. This is illustrated in
Fig.2.12(b) where the thickness of the AlN layer is varied from 80 to 160nm. For a
150nm thick AlN layer, a broadband change (∆λ ∼ 200nm) in the reflectance spectra
is obtained with a maximum value of 35% centered at a wavelength of 752nm. This
is mentioned by a dashed-dotted white line in Fig.2.12(b) and the corresponding
spectral response is shown in Fig.2.12(c). Similarly, Fig.2.12(d) shows the spectral
response of the structure when the thickness of AlN layer is set to 90nm.

Next, the resonant grating structure shown in Fig.2.10(c) is studied. Two different
grating periodicities px = py of 670nm and 750nm are considered in this study. The
PMMA pillar has height (tPMMA) and diameter (d) of 590nm and 275nm, respectively.
The AlN waveguide layer atop the copper layer and the copper layer are both 150nm
thick. The entire structure is coated with an ultra-thin VO2 film of 10nm thickness.

Reflectance spectra of the grating structure with a period of 750nm is shown in
Fig.2.13(a). The grating structure introduce resonances at 752nm and 760nm in the
reflectance spectra. At resonance, more than 40% and 30% switching is observed
in the reflectance at 752nm and 760nm, respectively. The grating also introduces a
filtering effect. The broadband reflectance change from an unpatterned semi-infinite
VO2 layer reduces to a narrowband response centered around the resonant wave-
lengths. Since the switching response can be tuned in VIS-NIR range by changing
the thickness of AlN, Fig. 2.13(b) shows the reflectance spectra from a grating with
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FIGURE 2.12: (a) Map of the delta-reflectance spectra from an un-
patterned semi-infinite structure shown in Fig.2.10(b) under normal
incidence when the thickness of VO2 film is changed from 10nm to
200nm. The thickness of AlN layer is fixed at 150nm. (b) Map of the
delta-reflectance spectra from an unpatterned semi-infinite structure
shown in Fig. 2.10(b) covered with a thin (150nm) film of VO2 under
normal incidence when the thickness of AlN layer is changed from 80
nm to 160 nm. (c) Line plots of the reflectance corresponding to the
upper white line (tAlN = 150nm) in (b) showing the low temperature
insulating (blue line) and high temperature metallic (dashed-dotted
red line) phases as well as the absolute difference between the two
(dotted black line). (d) As in (c) corresponding to the lower white line

(tAlN = 90nm) in (b).

a period of 670nm. For this structure the thickness of AlN is set to be 90nm. A
30% switching in the reflectance is obtained at the resonant wavelength of 679nm.
These results are rather remarkable considering the fact that an ultra-thin layer of
VO2 is incorporated with the grating structure. The large change in the reflectance
may be associated with increased sensitivity to small variations in refractive index
of the surrounding media, and to the strong light matter interaction under resonant
conditions of the structure. The strong light mater interaction at resonance may be
quantified by the strength of field enhancement when a photonic mode of the grat-
ing is excited at the resonant wavelength of 752nm under normal incidence. The
enhanced electric and magnetic fields are plotted in Fig.2.14.
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FIGURE 2.13: Reflectance spectra of a pillar grating coated with
an ultra-thin (10nm) film of VO2 under normal incidence for the
low temperature insulating (blue line) and high temperature metallic
(dashed-dotted red line) phases as well as the absolute difference be-
tween the two (dotted black line). The grating has a period of 750nm
and AlN layer has a thickness of 150nm. (b) Same as in (a) for a grat-
ing that has a period of 670nm and AlN layer has a thickness of 90nm.
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FIGURE 2.14: Electric and magnetic fields enhancement on resonance
at 752nm for the configuration in Fig.2.10(c).

In order to study the effects of oblique incidence and different polarizations the
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change in the reflectance was plotted in Fig.2.15 for the two structures shown in
Figs.2.10(b-c) at VIS-NIR wavelengths and for angles of incidence that range from 0
to 90 degrees. Both TM and TE polarizations are considered. For TM electric field
is launched along y-axis whereas for TE the electric field is launched along x-axis.
The broadband reflectance switching given by the unpatterned semi-infinite struc-
ture is insensitive to the angle of incident light over a wide angular range of 50
degrees. Also, it is nearly equal for both TM and TE polarizations in this angular
range. Several resonances typically present in grating structures are observable in
the reflectance spectra. The sharp dips near 750nm are typical Rayleigh anomalies
associated with the excitation of grating modes, also known as guided mode res-
onances. The broader features at higher wavelengths are instead associated with
Fabry-Pérot modes confined in the AlN layer. The resonances split for the incident
angles greater than zero. Furthermore, the diameter and height of the nano-pillar
were varied to study their effect on the optical response of the grating. These param-
eters were found to have no significant effect on the optical response of the grating
under phase transition of VO2.

FIGURE 2.15: (a) Simulated delta-reflectance from an unpatterned
semi-infinite structure (Fig.2.10(b)) covered with 150nm thick VO2
film at VIS-NIR wavelengths for [0 − 90] degree incidence angle of
the TM polarized incident light. (b) Same as in (a) for TE polarized in-
cident light. (c) Simulated delta-reflectance spectra from grating cov-
ered with an ultra-thin (10nm) film of VO2 at VIS-NIR wavelengths
for [0− 90] degree incidence angle of the TM polarized incident light.

(d) Same as in (c) for TE polarized incident light.
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2.3.4 Device fabrication

The step-by-step procedure of the nanopillar grating fabrication is elaborated in
Fig.2.16. A Cu/AlN bilayer has been deposited by a DC magnetron sputtering tech-
nique on top of the SiO2 substrate. Then, a polymethyl methacrylate (PMMA) layer
has been spin-coated over it. Finally, a silicon mold has been used to stamp an array
of PMMA nanopillars using a nanoimprint lithography system [70]. The fabricated
pillars array has a period, p = 600nm, and diameter of about 250nm. VO2 nano-
powders have been deposited by spin-coating on the pillars. Spin-coating of the
alcoholic solution of VO2 nano-powder has been carried out at 2000 rpm for 40 s
followed by sample heating at 160◦C for 10 min on a hot plate. VO2 nano-powders
have been synthesized according to a sol-gel method, following the work of Choi et
al. [85]. An SEM image of the fabricated nanopillar grating taken before the spin-
coating of VO2 nano-powders is shown in Fig.2.17(a). An image of the pillar grating
taken from the microscope objective is shown in Fig.2.17(b). The black dots corre-
spond to VO2 nano-particle clusters. Figure2.18 shows the SEM of the nanopillar
grating taken after the spin-coating of VO2 nano-powder.

FIGURE 2.16: Schematic diagram of the steps involved in the fabrica-
tion process of a VO2 layer atop nanopillars. (b) Sputtering, (c) spin
coating, (d-e-f) nanoimprint lithography and (g) VO2 nanoparticles

spin coating.
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FIGURE 2.17: (a) An SEM picture of the fabricated nanopillar grating
taken before the spin-coating of VO2 nano-powders [70] (b) An image
of the pillar grating taken from the microscope objective. The black

dots correspond to VO2 nano-particle clusters.

FIGURE 2.18: An SEM picture of the nanopillar grating taken after the
spin-coating of VO2 nano-powder (a) at 10µm scale (b) at 5µm scale.

2.3.5 Device characterization

The experimental setup sketched in Fig.2.19 has been used to characterize the device.
A broadband light source, filtered in the 400nm – 700nm range, is focused on the
sample through a low numerical-aperture infinity-corrected microscope objective
(5x, NA = 0.10). The reflected light is collected by an aspherical fiber lens collima-
tor. Finally, an optical spectrometer (HR4000 from Ocean Optics) connected through
a multimode optical fiber records the spectra. The HR4000 has a 3648-element CCD-
array detector with an optical resolution of 1nm (FWHM) in the range of interest and
provides an integration time of up to 65 seconds.
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FIGURE 2.19: A sketch of the optical measurement setup. An optical
image of the device as seen from the microscope (dots correspond to
the VO2 NP clusters) is shown in inset 1. Inset 2 shows the heater

used in the setup for sample heating.

In inset 1 of Fig.2.19, an image of the sample acquired by an optical microscope is
shown. The black dots in the image correspond to the VO2 NP clusters. A heater (as
shown in inset 2 of Fig.2.19) has been used to slowly increase the sample temperature
from room temperature to 80◦C. The data is recorded in a 6 minute measurement
cycle in which the heater is turned on after one minute. It is kept on for the next
three minutes and it was then turned off for the last two minutes. In this way, in one
measurement cycle, the sample is heated above the phase transition temperature of
VO2 (To) and cooled down back to a lower temperature. The data are recorded at
each second. Several measurement cycles are repeated to confirm the reversible na-
ture of the reflectance tunability. The measured reflectance of the grating structure
under normal incidence is shown in Fig.2.20. The reversible behaviour of the de-
vice reflectance under a thermal stimulus can be seen from the plots in Fig.2.20(a)
taken at three different instants during a measurement cycle when the temperature
is increased from room temperature (T < To) to a value greater than the phase tran-
sition temperature (T > To) and decreased back to room temperature (T < To). To
further illustrate the changes in the spectra, we show the colormap of the measured
reflectance change (∆) as a function of time in Fig.2.20(b), following a full cycle of
transition from a low to a high-temperature state of the system and back from a high
to a low-temperature state. The colour bar shows the change in the reflectance of
the sample. Maxima and minima are observed above and below the resonant wave-
length of ∼ 600nm. It is also clear from the map that the device behaviour returns to
the lower temperature state after the thermal stimulus is removed by turning off the
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heater at 240 s. The dynamic behaviour of the temperature change is visible as well
around the switching instants of 60 s and 240 s marked by the dotted white lines on
the colormap.

FIGURE 2.20: (a) Measured reflectance spectra of the device under
a thermal stimulus at three different time instants when the temper-
ature is increased from the room temperature (T < To) to a value
higher than the phase transition temperature of VO2 (T > To) and
decreased back to the lower temperature. (b) The colormap of the
change in the measured reflectance during a full measurement cycle

of 6 minutes.

The experiment-versus-theory comparison is shown in Fig.2.21. Dissimilarities
between experimental results and theoretical calculations are due to the finite nu-
merical aperture in the experiment, which limits the ability to resolve the very nar-
row spectral features predicted by numerical simulations. In the simulations, a
plane-wave excitation is used, while in the experiment a cone of light of about 12◦

around normal incidence illuminates the grating.
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FIGURE 2.21: (a) Experimental reflectance from the grating at low
temperature insulating phase (T < To) and high temperature (T >
To) metallic phase. (b) Simulated reflectance from the grating at low
temperature insulating phase (T < To) and high temperature (T > To)

metallic phase.

2.3.6 Discussion

A resonant grating that includes a thin layer of phase-change material (vanadium
dioxide) has been designed, fabricated, and characterized to achieve tunable opti-
cal response in the visible. Despite the inherently small perturbation introduced
by the thin layer of vanadium dioxide, highly confined photonic modes are able to
boost the optical sensitivity of the grating and improve the capability to modulate
the optical response under the application of an external stimulus. The low and
high temperature states of vanadium oxide are induced by mounting the sample
on a thermal heater, demonstrating a 10% reflectance variation in the visible near
600nm. For future investigations the behaviour of the sample will be tested by using
a pump-probe excitation scheme, therefore with a fast, optical excitation that trig-
gers the phase-change transition. Future work will be also dedicated to assessing
the tunable properties of the structure at infrared wavelengths, where resonances
are expected to be more significantly quenched by absorption losses introduced by
the metallic phase of vanadium dioxide.
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Chapter 3

Design of Plasmonic Gratings for
Sensing and SERS Applications

3.1 Introduction to plasmonics

3.1.1 Surface plasmon polariton

Surface plasmon polaritons (SPPs) are surface waves that are supported at an inter-
face between a material with positive dielectric constant and a material with nega-
tive dielectric constant (that happens to be a metal). Due to their highly subwave-
length nature and strong dispersive characteristics, they are hot research topic in
the fields of optics and nanophotonic. They find numerous applications in sensors,
microscopy, and bio-photonics.

The physical properties of the SPP are described in terms of their dispersion and
spatial profile. Classical analysis of SPP using Maxwell’s equations is described in
great details in reference books on this topic. An excellent reference on this topic
is the book by S.A. Maier [19]. The starting point for this analysis is the central
equation of electromagnetic wave theory.

∇2E − ε

c2
∂2E
∂t2 = 0 (3.1)

Assuming small variation of ε and under a harmonic time dependence of electric
filed, i.e. E(r, t) = E(r)e−jωt, it can be written as the well-known Helmholtz equation.

∇2E − k2
oεE = 0 (3.2)

where ko = ω/c is the free space wave vector.
Next, a simple 1D geometry (as sketched in Fig.3.1) of an infinite half space that is

bounded at only one interface is assumed where equation (3.2) is solved separately
in regions of constant and solutions are obtained by matching proper boundary
conditions. The wave propagates along x-axis whereas ε varies only along z-axis.
The interface is assumed at z = 0. Under these circumstances, the electric field
can now be described as E(x, y, z) = E(z)e−jβx. β is a complex number called the
propagation constant of the travelling wave. This transforms equation (3.2) as:
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∂2E(z)
∂z2 − (k2

oε − β2)E(z) = 0 (3.3)

FIGURE 3.1: Sketch of a SPP propagation at a single interface between
a metal and a dielectric.

Staring from Maxwell equations and assuming ∂
∂y =, two sets of equations for

two independent polarization modes (TM and TE) are obtained. SSP are not sup-
ported by TE mode as a surface wave can propagate only when the electric field
is normal to the surface under non-zero boundary conditions. The TM mode (or p
mode where only Ex, Ez and Hy are non-zero field components) equations are writ-
ten as:

∂Ex

∂z
− jβEz = jωµo Hy

∂Hy

∂z
= jωεoεEx

jβHy = − jωεoεEz.

(3.4)

Based on this wave equation for TM mode can be written as:

∂2Hy

∂z2 + (k2
oε − β2)Hy = 0. (3.5)

Assuming an exponential field decay away along z-axis, the filed solutions have the
form,

Hi (z) = Hy,iejβxe−kiz

Ei(z) = Ex,iejβxe−kiz

Ei(z) = Ez,iejβxe−kiz

(3.6)

here i = 1, 2 corresponds to region below the interface (z < 0) and above the inter-
face (z > 0), respectively. The TM modes equations (3.4) can be solved by substitut-
ing the solution from (3.5). After imposing the boundary conditions, the dispersion
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relation is obtained. The general dispersion relation for the ith medium is written as
follows:

k2
oµo,iε i = β2 − k2

i . (3.7)

The continuity of the filed at the interface implies the following condition also known
as the existence condition for SPP.

ε1

k1
+

ε2

k2
= 0 (3.8)

Equations (3.7) and (3.8) are combined to obtain a generalised expression for the
dispersion relation.

β = k0

√(
ε1ε2

ε1 + ε2

)
(3.9)

The permittivity ε1 and ε2 in the above expression can have a real or complex values.
As discussed in chapter 1, metals lose their metallic character above the plasma

frequency ωp as the real part of the permittivity of a metal becomes positive and
eventually attains a value of unity far beyond the plasma frequency. Assuming a
negligible damping factor, the ε2 can be written as using the Drude model.

ε2 = 1 −
ω2

p

ω2 (3.10)

By substituting this equation into the dispersion relation for SPP and taking a limit
β approaches infinity, an expression for surface plasma frequency is obtained.

ωsp =
ωp√
1 + ε1

(3.11)

This sets an upper limit for the SPP frequency.

3.1.2 Excitation of surface plasmon

As discussed above the SPP are electromagnetic waves that propagate along the
metal-dielectric interface with a propagation constant of β. Since the value of pro-
jection of wavevector in dielectric (kx = k sin θ) is always smaller than β special
phase-matching techniques are required to excite SPP.

One of the most common techniques to excite SPP is the prism-based coupling
technique. A three-layer system is used where the metal layer is sandwiched be-
tween two dielectric layers. One dielectric layer can be air (ε = 1). The other di-
electric layer, that is usually in the form of a prism, should have higher dielectric
constant ε. When light impinges the dielectric-metal interface under total internal
reflection condition at an angle θ, metal gets an in-plane wavevector kx = k

√
ε sin θ

that is greater than β and can excite a SPP at metal-air interface. The excitation of SPP
is detected as a sharp dip in the reflected light. The prism-based coupling scheme is
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also known as attenuated total reflection. Two different geometries for prism-based
coupling, depicted in Figs.3.2(a-b), are known as Kretschmann configuration and
Otto configuration, respectively. In Kretschmann configuration as thin metal film is
placed on top of a glass prism while in the Otto configuration there is a small air gap
between in prism and metal film.

FIGURE 3.2: (a) A sketch of the Kretschmann configuration for SPP
coupling (b) A sketch of the Otto configuration for SPP coupling (c)
A sketching showing phase-matching condition of light to SPP using

a 1D grating.

SPP can also be excited by using a grating. The reciprocal lattice vectors of the
grating can fulfil the phase-matching condition by providing the missing momen-
tum. The grating can be realised by patterning the metal surface with a lattice of slits
or holes. A one-dimensional array of slits in shown in Fig.3.2(c). Phase-matching
condition is established whenever the following condition is fulfilled.

β = k sin θ ∓ m
2π

p
(3.12)

where p is the lattice constant and m is an integer. With grating coupling the ex-
citation of SPP is also detected as a sharp dip in the reflected light. In case of a
grating, the reverse process is also possible when a SPP propagating along a surface
encounters a grating and can couple to light and radiate.

3.2 FIB milled 2D array of plasmonic nanoplatelets

The emergence of lab-on-fiber platforms has revived the interest in the fabrication of
sub-wavelength periodic nanostructures on unconventional substrates, such as the
tip of an optical fiber. In this context, Focussed Ion Beam (FIB) milling provides for a
versatile approach to prototype photonic structures and metasurfaces with a limited
number of fabrication steps [86, 87, 88]. FIB milling inherently generates sub-20 nm
gaps and results in tapered grooves.

In this work, a 2D array of gold nanoplatelets has been designed, fabricated and
characterized [17], [89]. It is shown that FIB milling inherently generates sub-20-
nm gaps. Numerical models of the grating structure employing RCWA and FDTD
methods have been developed to model a periodic array of the nanoplatelets as well
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as a finite subset of the array with limited number of grating elements. The effect of
the gap morphology on the array optical properties have been studied, and it is ex-
perimentally and numerically demonstrated that illuminating a subset of elements
on the array generates multiple spectral features in the reflection and transmission
spectra. As a possible application, the array performance in the detection of refrac-
tive index (RI) changes has been investigated.

3.2.1 Device fabrication and measurements

Nanoplatelets arrays are milled in a gold film (180 nm-thick) deposited by electron
beam deposition on a quartz microscope coverslip (Ted Pella). A 5 nm thick layer
of Cr is used to promote adhesion between gold and quartz. The arrays are real-
ized by milling thin slits of metal with a Ga+ FIB system (FEI dual-beam Helios-
NanoLab600i, beam current 7.7pA, voltage 30kV). The beam is sequentially scanned
in the two milling directions (from edge to edge), Horizontal (H) and Vertical (V),
with minimal line overlap (5 − 10%). The design is shown in Fig.3.3(a). The array
morphology was characterized by Scanning Electron Microscopy (SEM). As shown
in Fig.3.3(b), the combination of the edge effect and the redeposition of sputtered
material produced gaps approaching 10nm in width at the platelet’s corners.

FIGURE 3.3: Design of nanoplatelet array with a close-up of the ta-
pered groove extending into the substrate. (b) An SEM picture of
an array [17] with P = 630nm. The inset shows a zoom on the

nanoplatelets corner, with a gap width approaching 10nm.

The spectral response is measured for arrays with reversed milling order A1(B1)

starting from the V direction, and A2(B2) starting from the H direction. The milling
order influences the orientation of the narrow gaps at the NP corners (Figs.3.4(a,d)).
The reflectance and transmittance spectra show that the gap morphology influences
the array performances depending on the polarization of incoming light. Resonance
signatures are recognizable in the spectra for both devices (Figs.3.4 (b-c) and (e-f)).
Besides a grating state sharp peak at the array periodicity (indicated as II), a blue-
shifted peak (I) and a broad, red-shifted resonance (III) are also observed for both A
and B arrays. The dip, indicated as III, is a hybrid state related to the availability of
a Fabry-Pérot mode inside the cavity which propagates in the metal-insulator-metal
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TABLE 3.1: Measured geometrical parameters of the fabricated
nanoplatelets arrays.

Device Period (nm) Gap (nm) Width (nm) Gold thickness (nm)

A1 550 32 103 180
A2 550 32 67 180
B1 630 32 103 180
B2 630 32 67 180

(MIM) waveguide. The presence of the MIM waveguide is responsible for the high
transmission in Figure 3.4. A maximum of ∼ 10% transmittance has been measured.

FIGURE 3.4: (a) Nano-gap orientation in array A1 and array A2,
milled at period PA = 550nm with V-H and H-V order, respectively
[17]. (b) Reflectance (black) and transmittance (red) spectra for A1
(solid line) and A2 (dashed line) for H-polarized light. (c) As in (b)
for V-polarized light. (d) Nano-gap orientation in array B1 and array
B2, milled at period PB = 630nm with V-H and H-V groove order,
respectively. (e) As in (b) for B1 and B2 arrays. (f) As in (c) for B1 and

B2 arrays.

3.2.2 Numerical Modelling

To describe the physical origin of the measured spectra, a numerical model of the
FIB-milled NP-arrays has been developed. The nano-platelets have been modelled
with trapezoidal gold patches placed on top of the glass substrate, following Fig.3.3(a).
The 2D sketch of the gold nanoplatelets grating is shown in the Fig.3.5(a).

The measured geometrical parameters of the fabricated devices are detailed in
Table 3.1. The gold platelets have trapezoidal shape. The tapered grooves have the



3.2. FIB milled 2D array of plasmonic nanoplatelets 51

FIGURE 3.5: (a) 2D Sketch of the gold nanoplatelets grating (b) A
sketch of a unit cell of the periodic array simulated as a periodic struc-
ture using RCWA and FDTD methods (c) A sketch of a finite subset

of the periodic array simulated FDTD method.

dimension, called gap, of 32nm at the floor (glass-gold interface) in both horizontal
and vertical directions. At the ceiling (gold-air interface) the grooves dimensions
(called width) are 103nm and 67nm in horizontal and vertical directions respectively.
The thickness of gold platelets is set equal to 180nm.

First, a periodic structure is considered by using periodic boundary conditions
along x axis and absorbing boundary conditions along z axis in xz plane as sketched
in Fig.3.5(b). Two different simulation techniques namely finite difference time do-
main method (FDTD) and rigorous coupled wave analysis method (RCWA) are used
for simulations. For gold Drude-Lorentz model, described in Chapter 1 section 1.2.3,
has been used. Figure 3.6 shows the reflection and the transmission spectra of the
periodic grating structure. The V grating state can be observed in the spectra. How-
ever, compared to the measured results of Fig.3.4, the simulation results shown in
Fig.3.6 do not show a dip around 600nm.
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FIGURE 3.6: Reflectance and transmittance spectra for device B1.
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RCWA simulations for the infinite structure revealed that the spectra are based
on contributions from all the grating orders (0,±1). This means the first dip is due
to missing diffraction orders ±1. This is because the experimental setup exploits a
spot that illuminates a finite number of NPs. Hence, under normal incidence, the
higer diffracted orders could not be collected by the lens.

In order to match the experimental setup, a finite grating structre as sketched in
Fig.3.5(c) has been simulated. A 2D FDTD model of the grating employing absorbing
boundary conditions in all four directions in the xz plane is used. The grating struc-
ture is illuminated by a normally incident Gaussian pulsed source with a Gaussian
spatial profile (TM polarization, electric field along the x-axis) centered at 600nm.
Figures 3.7(b-c) show the numerical reflectance and transmittance spectra when the
Gaussian illumination covers 20 NPs (beam waist equal to 10 periods). As it can
be inferred from the plot, when considering a finite-size device, the shape and fea-
tures of the simulated spectra match the experimental results and a second dip (II)
emerges at the blue side of the reflection spectra for both arrays A(p = 550nm) and
B (p = 630nm). In particular for arrays B, FDTD simulations confirm that the first
dip (I) is due to the first-order diffraction that is not collected in the experimental
setup. It can be further observed from Fig. 3.7(d) that under increasing width of
the illuminating beam waist from 5 to 40 periods, dip (I) is red-shifting and decreas-
ing in intensity eventually matching the results for an infinite structure. Conversely,
the dip (II) is blue shifted and moves towards λ = p as for the infinite structure
(Fig.3.7(a)).

To fully account for the effect of variations in the NP geometry, the reflectance
and transmittance spectra are studied while varying the array period and the gap
size. As expected, a variation of the array periodicity shifts all the spectral features
consistently (Fig.3.7(e)). On the other hand, an increase on the gap size (Fig.3.5) from
0 to 50nm, only the magnitude and position of the dips around 600nm (I) and 800nm
(III) (Fig.3.7(f)) are altered. This can explain the small difference in the position of the
peaks in the range 750− 800nm in the experimental spectra. Overall, these numerical
results confirmed hypothesis, since simulations are in very good agreement with the
measurements.
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FIGURE 3.7: (a) Reflectance (black) and transmittance (red) spectra
for infinite arrays of gold NPs, with periodicity p = 630nm calculated
with FDTD method. (b) FDTD simulation of reflectance (black) and
transmittance (red) for a normally incident Gaussian beam pulse with
a Gaussian spatial profile (TM polarization, centered at 600nm) (c) As
in b for p = 550nm. (d-e-f) Effect of the variation of the illumination
beam waist (d), of the array periodicity (e) and of the bottom gap size

w (f) on the reflectance spectrum.

3.2.3 Sensing performance

The performance of the NP array as a refractive index sensor has been predicted by
the numerical simulations and validated by the measurements. For this purpose,
the NP array with p = 630nm covered in a thin layer (3µm thick) of distilled water
(RI = 1.33) and isopropylic alcohol (IPA) (RI = 1.37) is simulated. Fig.3.8(a) shows
that the reflection dip from IPA covered grating is red shifted when compared to
the reflection dip from water covered grating. Figure 3.8(b) shows the measured
reflectance spectra with NP array immersed in distilled water (blue dots) and IPA
(red dots). Blue and red lines are obtained by interpolating the data with second
order Fourier series. Similarly, sensing performance has also been tested based on
the transmitted light by using the extra ordinary transmission (EOT) properties of
the NP array. The numerical and experimental transmittance from the NP grating
covered with water and IPA are shown in Fig.3.8(d) and (e), respectively. The values
of numerical as well as experimental sensitivity (S) and figure of merit (FOM) are
given in the Table 3.2 for both reflection and transmission domains. These values
are consistent with the literature on similar sensor architectures [90]. The sensitivity
is defined as shift in the resonant wavelength per refractive index unit (RIU). The
FOM is calculated by dividing the sensitivity by the full width at half maximum
(FWHM) value of the resonance dip. Alternatively, Dark Field (DF) microscopy is
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TABLE 3.2: Simulated and experimental values of the sensitivity and
FOM for both reflection and transmission domains.

Domain
Simulated Experimental

S (nm/RIU) FOM (1/RIU) S (nm/RIU) FOM (1/RIU)

Reflection 500 10 622±134 7
Transmission 575 36 425 25

used to image the NP array immersed in air or IPA. The acquired DF images with
the sample covered in air and in IPA are shown Fig. 3.8(c).

FIGURE 3.8: (a) Simulated reflectance when a thin film of distilled
water (blue line) or isopropylic alcohol (red line) covers the NP array.
(b) Reflectance spectra measured with the array immersed in distilled
water (blue dots) or IPA (red dots). (c) ) Dark field images of a NP
array with periodicity p = 550nm covered in air (top) or IPA (bottom).
Scale bar is 15µm. (d) As in (a) for transmitted light (e) (d) As in (b)

for transmitted light.

In conclusion, a comprehensive experimental and theoretical description of the
combination of plasmonic and diffractive effects in finite, 2D arrays of NPs with
sub-20 nm gaps fabricated with Ga FIB milling has been provided. A high optical
transmission (approaching 10%) has achieved by illuminating a subset of the array
(20 elements). The sensing performance of the NPs array has been demonstrated
both using the reflected and transmitted light.
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3.3 Plasmonic nanostructures on curved surface

3.3.1 State of the art and recent developments

Surface plasmon polaritons (SPP) or Surface plasmon resonances (SPR) are longitu-
dinal electromagnetic waves that exist at the boundary of a metal and a dielectric
medium. These waves originate due to the resonant interaction of electromagnetic
fields of a light wave with the free-electron plasma of metal [14]. Apart from other
unique properties of nonradiative bound nature, extremely short wavelengths, and
strong near fields, the SPP modes are highly sensitive to changes in the refractive in-
dex of the surrounding media. This has been exploited to develop plasmonic sensors
for chemical, biological, and biomedical applications. With the recent advances in
nanofabrication techniques, several challenges in the design and fabrication process
have been addressed and considerably growing research interest has been observed
in this field [91]. Plasmonic sensors have been studied and realized on several differ-
ent platforms including planar glass and silicon substrates [13], [92, 93, 94], prisms
[95], and optical fibers [96].

In addition to the planar platforms, plasmonic devices on curved and flexible
surfaces can open exciting new possibilities for the next generation of optical de-
vices with new functionalities. Propagation on curved surfaces can be designed to
mimic optical fiber-based plasmonic devices, for example, advanced optical probes
for biological sensing applications [97, 98]. A new term has been coined in this re-
gard called “Lab on Fiber”. Optical fibers have widely been used as light guid-
ing devices, especially for the telecommunication industry. The ability to fabricate
nanostructures on the optical fiber or near the tip of the optical fiber can bring break-
throughs in the field of medical diagnostic and bio-sensing. Considerable develop-
ment has been made in fabrication technologies to realize sub-wavelength plasmonic
structures on curved and flexible surfaces [99, 100, 101, 102]. This, as a result, has
expanded the applicability of optical fiber for a new class of devices that involve
nanostructures incorporated with optical fibers to confine and manipulate light at
the nanoscale [103].

The implications and challenges related to curved space plasmonic devices have
been addressed in both theoretical and experimental domains to explain and phys-
ically understand the curvature induced optical effects [104, 105]. In recent work,
Danveer Singh et al., have experimentally demonstrated the guiding and focusing
of the plasmonic beam in curved space plasmonic devices [106]. In the context of
plasmonic devices on curved surfaces, it is necessary to understand the fundamen-
tal properties of SPP around curved surfaces. Surface curvature seems to have di-
minishing effects on the propagation of SPP. For example, Jiunn-Woei Liaw et al.
described that in comparison to a planar surface, the attenuation constants of SPP
on a curved surface are larger due to the radial radiation of the wave energy into the
surrounding medium [107]. Similarly, Keisuke Hasegawa et al. analyzed SPP prop-
agating around bends and explained that the curvature leads to the distortion of the
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phase fronts causing the fields to radiate energy away from the metal-dielectric inter-
face [108]. The adverse curvature effects can be more prominent for highly curved
surfaces where curvature radius is in the range of a few hundred microns or less.
In another theoretical study, Hyunwoong Lee et al. simulated a 50nm thick layer
of gold on a curved glass substrate for both convex and concave curvatures. They
studied the effect of curvature radius on SPR and concluded that the higher curva-
ture tends to decrease resonance shift of plasmonic modes and broadens the resonant
characteristics which could lead to performance degradation of plasmonic devices
built over curved surfaces [109].

Nanofabrication is a complicated and expensive process even on the planar sub-
strates. The curved space devices pose further changes making it more challenging.
Therefore, in the framework of curved space plasmonic devices, the development
of accurate numerical simulation models for design and analysis is an important as-
pect. In the following, plasmonic nanostructure on a curved surface, which could
mimic a real device built upon an optical fiber, have been investigated through nu-
merical simulations. Curvature induced effects on the plasmonic features have been
studied. Tapered optical fibers that have a typical diameter of fewer than 100 mi-
crons can be thought of as a highly curved surface.

FIGURE 3.9: (a) A sketch of a continuous layer on a curved cylindrical
substrate. (b) a 2D view of the geometry. (c) a 2D view with segmen-

tation of the curved surface.

Fig.3.9(a) shows a cylindrical glass substrate of curvature r coated with a gold
layer of thickness t. A planar structure approximation technique is used to numer-
ically simulate the curved structure [109, 110]. Since the structure is homogeneous
along y-axis, a 2D geometry as depicted in Fig.3.9(b) has been used for numerical
simulations. Numerical simulations are performed using the RCWA method which
is a Fourier-space technique to solve scattering from periodic structures. The refrac-
tive index of glass is taken as 1.5. For the optical constants of gold, Johnson and
Christy data has been used [21]. It is assumed that all reflected light is collected
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and superposed. The collected light can be quantized by the following relation in
equation 3.13.

R (λ) =
1
N

N

∑
i

Ri(λ, ki) (3.13)

θin = θsp ± θo f s (3.14)

Where N is the total number of segments and ki is the wave vector of light beam
incident at the ith segment. R(λ) is the total reflection spectra which are averaged
discrete sum of individual transmission spectra from each segment. θsp is the angle
at which momentum matching takes place and a surface plasmon is excited. This
angle can be calculated by RCWA a simulation. A map of the reflection spectra for
the 50nm gold layer on the glass substrate is shown in Fig.3.10(a) when the light in-
cidence angle is varied from 0◦ to 70◦. It can be observed from Fig.3.10(b) that the
coupling occurs at 37◦ and 55◦ for air and water backgrounds, respectively. Under
normal light incidence, light wave vectors strike at each segment at a different angle
depending upon the geometrical position of a segment for a given radius of curva-
ture (Fig.3.9(c)). These are called the offset angles (θo f s). These angles can be added
or subtracted from the light wave vector angle θo f s on a planar substrate to account
for the curvature effects. This approximates the spectra obtained by an actual curved
substrate.

FIGURE 3.10: (a) Reflectance map for a 50nm gold as the light inci-
dent angle is varied from 0 to 70 degrees. (b) θo f s deduced when the

background is air (37 degrees) and water (55 degrees).

Fig.3.11(a-c) shows the reflectance spectra for three different thicknesses of the
gold layer equal to 30nm, 50nm, and 70nm, respectively. It can be observed from the
spectra that with increasing curvature the sharp spectral features disappear. This is
because of the large attenuation of the plasmonic waves along the curved surface.
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FIGURE 3.11: (a) Reflectance spectra for a 30nm gold layer when the
curvature radius is changed from 250µm to a flat surface. (b) same as

(a) for 50nm gold layer (c) same as (a) for a 70nm gold layer.

3.3.2 Segmented-wave analysis of plasmonic grating on a curved surface

The plasmonic grating on a cylindrical glass substrate under investigation is shown
in Fig.3.12. The grating has a period (p) of 630nm with a slit width (w) of 100nm. The
thickness of the gold layer is set as 130nm.

FIGURE 3.12: A sketch of the gold nano-grating on a cylindrical glass
substrate.

A segmentation-based approximation technique is used to numerically simulate
the curved structure. The light wavevectors propagate along the cylinder axis which
is represented by the angle theta (θ) in yz plane whereas the angle phi (ϕ) represents
the tilt of wavevectors along the surface curvature in the xz plane (Fig.3.12). Nu-
merical simulations are performed using an FDTD model. A 2D view of the curved
structure is depicted in Fig.3.13. A curvature radius of 5 µm is used in the simula-
tion model. Each strip of the curved grating has an arc length L which is fixed as
4.166µm.
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FIGURE 3.13: (a) A 2D view of the geometry (b) A 2D view with seg-
mentation of the curved surface.

The proposed approach starts by dividing the gold strip into N planar segments
where each segment is located at a different geometrical position as shown in Fig.3.13(b).
The segment index n varies from −(N − 1)/2 to +(N − 1)/2, where N is an odd
number. If α(L/R) represents the angle subtended by the total arc length consid-
ered, the angle α for each segment is given, as in:

ϕn = n
α

N
(3.15)

For the analysis, N has been assumed as 11. Each segment is simulated by a 3D
model under TM polarized plane wave excitation at visible and NIR wavelengths
(λ = 400 − 1000nm). The source is in the glass substrate whereas the transmission
monitor is placed on the top of the grating structure in air. PML boundary conditions
are used in both x and z directions while a periodic boundary condition is used
along the y-axis. The angle phi (ϕ) is fixed as calculated by equation (3.15) and the
angle theta (θ) is fixed equal to 0 degree. The resulting transmittance spectra of N
segments is quantized as described by the relation under the assumption that all the
transmitted light is collected and superposed as follows:

T (λ) =
1
N

N

∑
n

Tn(λ, kn) cos ϕn (3.16)

where N is the total number of segments and kn is the wave vector of light beam
incident at the nth segment. ϕn represents the incident angle at nth segment. Cosine
of ϕ accounts for the reduction in the effective area due to the curvature. T(λ) is
the total transmittance which is averaged discrete sum of individual transmittance
spectrum from each segment. Results in Fig.3.14 show the transmittance spectra
from 6 planar segments under normal incidence (θ = 0) when ϕ is varied. Each
segment is located at a different geometrical position determined by the angle phi
(ϕ). The spectra are shown only for the positive angles for simplicity as the results
are similar for negative angles due to the symmetry of the nanostructure as evident
from Fig.3.13(b).
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FIGURE 3.14: Transmittance spectra from segments when angle ϕ is
varied in the xz plane.

The total transmittance spectra obtained using equation (3.16) is shown in Fig.3.15
as solid line. To validate the results from the segmentation-based technique, the ac-
tual curved structure has been simulated by using a 3D FDTD model. The results
for the curved structure are shown in Fig.3.15 as dashed line. There is reasonably
good agreement between the results from two methods when a scaling factor of 1.6
is applied to the segmented-wave approximation result.

FIGURE 3.15: Total transmittance spectra obtained by segmentation-
based technique (solid line) and by the 3D FDTD curved model

(dashed line).

It is possible to conclude that a gold nano-grating on a curved surface has been
analysed through a segmented-wave approximation technique as well as by a 3D
FDTD model of the curved grating. The results from both the techniques show a
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good agreement. This is a good starting point to further extend this segmentation-
based technique to simulate complex structures especially on curved structures - for
example, an optical fiber - to reduce the simulation time and computational load.

3.4 Spectrally tunable curved plasmonic grating on tapered
optical fiber

3.4.1 Grating emission spectra

Figure 3.16(a) illustrates the geometrical shape of the curved grating on a tapered
optical fiber. Assuming a slow varying taper, the grating structure can be considered
as shown in inset. The glass cylinder has a curvature radius R. The gold strips have
a length L along the cylinder curvature. L refers to the size of the fiber window. The
slits in between two gold strips have a width w. The gold layer has a thickness t.
The grating has a period p.

FIGURE 3.16: (a) A sketch of a curved plasmonic grating on gold
coated tapered optical fiber. The inset shows the grating on uniform
cylindrical glass substrate assuming a slow varying taper (b) A sketch
of the gold grating on a planar glass substrate showing diffracted or-
ders in the transmission domain under an excitation from the glass
substrate (c) A sketch of an array of nanoholes on the end facet of an

optical fiber. The end facet is coated with a gold layer.

For the emission spectra calculations, the curved grating has been approximated
with a planar grating. The sketch of the planar gold grating on the glass substrate
is shown in Fig.3.16(b). Diffracted angle of a particular diffracted order is calculated
by the grating diffraction equation at a given wavelength and angle of the incident
light in the transmission domains.
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Three different fabricated periodicities – 630nm, 700nm, and 750nm – for the grat-
ing structure (sketched in Fig.3.16(b)) have been used for the calculations. The gold
strips have a thickness of 130nm whereas the width of the slits in between the gold
strips is 100nm. The grating is excited by a TM polarized (E field along y-axis as
in Fig.3.16(b)) plane wave source at visible-NIR wavelengths (500 − 850nm). First,
the diffracted angles for the four diffracted orders (0th, 1st,−1stand − 2nd) have been
calculated using the grating equation described below:

nt sin (θm) = ninc sin (θinc) + m
λ

p
(3.17)

where nt and ninc are the refractive indices in the transmission and incidence do-
mains respectively, m is the diffracted order, λ is the free space wavelength of the
incident light, p is the grating period, θinc is the incident angle and θm is the angle of
the mth diffracted order. Only the above mentioned four diffracted orders have been
considered because only these carry a significant amount of power and the power
carried by the rest of the orders is negligible or zero. The incident angle, θinc, has
been varied in the range from 0 to 89 degrees at each wavelength of the light source
in 500 − 850nm range. Figure 3.17 represents the results of the calculated diffracted
angles for the grating with a periodicity of 630nm.

FIGURE 3.17: Maps of diffracted angles for transmitted orders at each
wavelength and the angle of incidence (a) 0th order (b) 1st order (c)
−1st order (d) −2nd order. The colour bar indicates the emission an-

gles.

With the diffraction equation one can calculate the direction of the diffracted
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orders but it does not tell us about diffraction efficiency of each diffracted order.
For that, the fields must be calculated by solving Maxwell’s equations. The RCWA
method (DiffractMOD from RSoft) has been employed to calculate the power in each
diffracted order. The simulated results of the power spectra for the four diffracted
orders under consideration are shown in Fig. 3.18. The colour bar represents the
normalized transmitted power.

FIGURE 3.18: Maps of diffracted power for transmitted orders at each
wavelength and the angle of incidence (a) 0th order (b) 1st order (c)

−1st order (d) −2nd, respectively.

Next, the data is interpolated to get the required results where the transmitted
power in each diffracted order is mapped as a function of the source wavelength
and the diffracted angle. Then, the maps of Fig. 3.18 in emission angles are trans-
lated exploiting the maps in Fig.3.17. Figure 3.19 shows the resultant maps of the
transmitted power when the emission angle is considered for the four diffracted or-
ders for the grating period of 630nm in the transmission domain range of [−50 + 50]
degrees.
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FIGURE 3.19: Emission spectra of the individual diffracted orders as
function of the wavelength and emission angles (a) 0th order (b) 1st

order (c) −1st order (d) −2nd. The considered range for emission an-
gles is [−50 50] degrees.

As a final step, the total emission spectra of the grating structure are generated
by combining the emission spectra of the individual diffracted orders. The results
are shown in the Fig.3.20 for the three different periodicities of the grating structure
630nm, 700nm, and 750nm. It can be observed that the emission spectra is spectrally
tunable by changing the grating periodicity.

FIGURE 3.20: Emission spectra (dispersion diagram) of the grating as
function of the wavelength and diffracted angles for three periodici-

ties (a) 630nm (b) 700nm (c) 750nm.

An SEM picture of the fabricated curved nanograting is shown in Fig.3.21(a)
[111]. The optical response of the fabricated grating was measured using a Fourier
micro spectroscopy system depicted in Fig.3.21(b). The emission diagrams of the
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three different curved nanogratings milled with periodicities of 630nm, 700nm and
750nm were measured. The resultant emission diagrams are shown in Fig.3.21(c).
As expected, the resonances shift according to the grating periodicity. The measured
results agree well with the emission spectra of the curved grating predicted by the
numerical model.

FIGURE 3.21: Spectrally tunable surface plasmon resonances on the
curved fiber surface. (a) An SEM picture of the fabricated curved
nanograting on a tapered optical fiber. (b) Diagram of the Fourier mi-
croscopy system used to measure the dispersion diagrams for curved
nanograting at several periodicities. (c) Measured dispersion dia-
grams for curved nanograting milled with periodicities of 630nm,

700nm, and 750nm [111].

3.5 Surface Enhanced Raman Scattering (SERS)

Surface enhanced Raman spectroscopy (SERS) is a very powerful and extremely
sensitive analytical tool for the detection of chemical and biological substances. It
has been demonstrated for an ultimate limit of single-molecule detection [112] and
biosensing in a single living cell [113].

Plasmonic nanostructures are employed as platform for SERS that can create
electric field hotspots. This as a result remarkably enhances the Raman signal from
the target molecules. The enhancement factor can range from 106 to 1012 [114]. The
enhancement mainly comes from the electromagnetic phenomenon. The electro-
magnetic enhancement is proportional to the field hotspot as E4. There is also a
contribution of chemical phenomenon in the total overall enhancement which is typ-
ically in the range of ∼ 102 [114, 115].

With recent progress in nanofabrication technologies, there has been a revived in-
terest in SERS. In the field of bio-photonics there is a growing interest in the design
and development of optical fiber probes. Such probes integrated with SERS active
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substrates have been demonstrated as biological sensors. In this framework Ag/Au
nanostructures have been used at the tip of tapered optical fiber [116, 117, 118].
Apart from tapered optical fiber, plasmonic nanostructures on the fiber facet have
also been demonstrated for the detection of SERS [119, 120].

Although a considerable experimental work on optical fiber probes for SERS
applications is reported in the technical literature there are no sufficient numerical
studies found in this domain. In the following a numerical design approach for the
SERS studies is presented. A numerical model of the plasmonic grating fabricated
on a tapered optical fiber is developed. Apart from the electric field calculations the
model can simulate the SERS signal from a target material by using the non-linear
optical properties. Additionally, numerical analysis of a nano-hole array fabricated
on the optical fiber facet is presented.

3.5.1 Curved plasmonic grating as a SERS platform

To analyse curved grating as a SERS platform, a three-dimensional (3D) finite differ-
ence time domain (FDTD) model of the curved grating structure shown in Fig.3.12(b)
has been developed. It supports the non-linear material models where the refractive
index changes as a function of the input filed intensity and allows to study Kerr
and Raman interactions. The dispersive third order (χ3) nonlinear properties are
described in Chapter 1 section 1.2.5.

The curved cylindrical glass substrate has a radius R equal to 30µm. The gold
strips have an arc length L of 25µm along the glass surface curvature (fiber window).
The grating has a periodicity p of 600nm with a width w of 470nm. The gold layer is
130nm thick. These geometrical parameters are used based on the fabricated device.
In simulations, to reduce the computational load, the L and R parameters have been
reduced by a factor of 10 to manage the computational load. However, this does not
affect the surface curvature as it depends upon L/R ratio.

Olive oil has been used as the target material in this work. The optical properties
such as refractive index and the third order non-linearity are well known. Moreover,
the Raman spectra of olive oil has strong peaks at 1441cm−1 and 2887cm−1. Many
biological tissues have these signatures due to lipid contents. The third-order electric
susceptibility of olive oil has been taken from [121]. Olive oil Raman spectra have
distinct peaks at 1441cm−1(885nm) and 2887cm−1(1015nm) measured with a laser
source at 785nm [122]. The input electric field is modelled as a TM polarized plane
wave impinging at 60◦ on the grating following the experiments.

Figure 3.22 shows the simulated Raman spectra of a thin layer of olive oil (0.5
micron) in both transmission and reflection domains when it is excited by a 785nm
continuous wave. The spectra are calculated with an input field intensity of E =

1 × 106V/m. For comparison, SERS signals from olive oil with a planar grating
are also calculated using a 2D FDTD model. The results are shown in Fig.3.23.
The simulated SERS spectra showing the Stoke signals at 1441cm−1(885nm) and
2887cm−1(1015nm) in transmission and reflection domains when a thin layer of olive
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oil is placed on a planar gold grating. The grating has a period p = 600nm, width
w = 100nm and the gold layer thickness is 130nm. The input field intensity used is
E = 5 × 105V/m.
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FIGURE 3.22: The simulated Raman spectra of a thin layer (0.5 mi-
cron) of olive oil in transmission and reflection domains at an input

field intensity of E = 1 × 106V/m.
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FIGURE 3.23: (a) The simulated SERS spectra showing the Stoke
signal at 1441cm−1 (885nm) in transmission and reflection domains
when a thin layer of olive oil is placed on a planar gold grating (b)
Same as in (a) showing the Stoke signal at 2887cm−1(1015nm). A 2D
FDTD model of gold grating is used to calculate these spectra. The
grating has a period p = 600nm, width w = 100nm and the gold layer
thickness is 130nm. The input field intensity used is E = 5× 105V/m.

Simulated SERS spectra of olive oil using a 3D model of curved grating for the
Stoke’s peaks of 1441cm−1 and 2887cm−1 are shown in Fig.3.24 and Fig.3.25, respec-
tively. The period, width and the gold thickness of the fabricated device are 600nm,
470nm and 130nm, respectively. A geometrical parameter study of the width and
gold thickness (Fig.3.25) shows the strength of SERS signal is sensitive to these pa-
rameters. The minimum pump field intensity used for these simulations is 105V/m.



68 Chapter 3. Design of Plasmonic Gratings for Sensing and SERS Applications

Below this value no reasonable enhancement is observed in the SERS signals. This
is because of the lower field enhancement given by the plasmonic grating. While a
grating is not an ideal structure for achieving higher filed enhancements it can give
higher optical transmission compared to a nano-hole array, for example. Based on
the requirement of higher optical transmission a grating is used in this study.
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FIGURE 3.24: The simulated SERS spectra showing the Stoke signal
at 1441cm−1 (885nm) in transmission and reflection domains when
a thin layer of olive oil is placed on a curved gold grating (a) The
grating has a period p = 600nm, width w = 300nm and the gold layer
thickness is 100nm (b) The grating has a period p = 600nm, width
w = 300nm and the gold layer thickness is 130nm (c) The grating has
a period p = 600nm, width w = 470nm and the gold layer thickness is
100nm (d) The grating has a period p = 600nm, width w = 470nm and
the gold layer thickness is 130nm. A 3D FDTD model of gold grating
is used to calculate these spectra. The input field intensity used is
E = 1 × 105V/m. Apart from the targeted Stoke signal at 1441cm−1 a

second Stoke peak at 2887cm−1 also appears in the spectra.
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FIGURE 3.25: The simulated SERS spectra showing the Stoke signal
at 2887cm−1 (1015nm) in transmission and reflection domains when
a thin layer of olive oil is placed on a curved gold grating. The grating
has a period p = 600nm, width w = 470nm and the gold layer thick-
ness is 130nm. A 3D FDTD model of gold grating is used to calculate

these spectra. The input field intensity used is E = 1 × 105V/m.

For the curved grating, field intensity has been calculated at the source wave-
length of 785nm and the Stoke’s wavelengths of 885nm(1441cm−1) and 1015nm (2887cm−1).
A field monitor placed in the gap along the side wall of the gold strip snaps the field
in XZ domain (Fig.3.12). Two other filed monitors - one placed at the center (x = 0)
and other near the corner - picture the field in YZ domain. The field plots in Fig.3.26
show sizable enhancements at all three wavelengths. Also, the field enhancements
are more in the reflection domain as compared to the transmission domain.
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FIGURE 3.26: (a) Electric field intensity profile of the curved grating
in XZ plane at 885nm when light is incident at an angle (θ) of 60◦

[111] (b) Electric field intensity profile of the curved grating in YZ
plane at 885 nm snaped at the center of the curved grating, (c) Same
as in (b) snaped at the corner of the curved grating, (d) Same as in (a)
at 1015nm, (e) Same as in (b) at 1015nm, (f) Same as in (c) at 1015nm.

Figure 3.27 shows the experimental results related to Raman signals measure-
ments from oil olive by the curved nanograting fabricated on the tapered optical
fiber [111]. The fabricated device parameters are described in the starting paragraph
of this section. For these measurements the tapered optical fiber was immersed in
olive oil as depicted in Fig.3.27(a). A laser source of 785nm was used as pump. The
source excitation via the curved nanograting as EOT generated a Raman signal. The
Raman signal was collected by the same grating and coupled into the optical fiber.
Figures 3.27 (b-c) show the Raman signal of the lipid bands of olive oil at 1441cm1

and 2887cm1, respectively. For comparison, the Raman signal collected through the
tapered optical is plotted against a reference Raman spectrum. The measured Ra-
man results find good agreement with the numerically computed Raman spectra. In
simulations an input field intensity of ∼ 105V/m is used. Below this value no size-
able surface enhancement can be achieved. However, the experimental system was
limited to ∼ 103V/m on the curved nanograting through the optical fiber.
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FIGURE 3.27: Plasmon-assisted spectroscopy with tapered optical
fiber probe. (a) Sketch of the experimental measurement. The ta-
pered optical fiber, immersed in olive oil, receives illumination from
the back facet. The 785nm light is emitted from the curved nanograt-
ing that, in turn, collects the Raman signal and couples it with the
waveguide. (b) Raman spectra of olive oil collected with the tapered
optical fiber (blue) and with a standard objective lens (green) around
the 1441cm−1 (top) and 2800 − 3000cm1 (bottom) bands. The in-
tensity counts of the reference signals have been normalized to the
tapered optical fiber measurements for the ease of comparison. nTF

in the legend stands for the nano tapered fiber [111].

3.5.2 EOT from a nanohole array on optical fiber facet

Finally, a set of arrays of nanoholes on the facet of a fiber has been numerically anal-
ysed (Fig.3.16(c)). The fiber facet has a diameter of 50µm. Nine nanohole arrays are
milled on the fiber facet in the form of 3 × 3 matrix. Each nanohole array has differ-
ent periodicity. The periodicities are [560, 580, 600, 620, 640, 660, 680, 700, 720]nm.
The nanohole has diameter as well as depth of 100nm. The simulated transmittance
through nanohole arrays is shown in Fig.3.28 at 633nm for plane wave excitation
considering a periodic nanohole array structure. A peak in the transmittance (EOT)
for 640nm period array is because of the fact that the grating period matches the
wavelength of the incident light.
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FIGURE 3.28: Simulated transmittance through nanohole arrays at
633 nm.

To compute a near field image from a sub-section of a nanohole array a finite
portion of the nanohole array is simulated employing a 3D FDTD model. A Gaus-
sian beam with a spot size of 3.5µm is used at 633nm. The computed field intensity
is shown in Fig.3.29.

FIGURE 3.29: Near field image from a sub-section of a nanohole array
showing sub-diffraction beam shaping.
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Chapter 4

Conclusion

Optical devices based on resonant periodic structures have become incredibly im-
portant because of their wide-ranging applications in communication system, biosens-
ing, and spectroscopy. This thesis describes the design, fabrication, and character-
ization of the resonant optical structures that are based on dielectric and metallic
gratings. The main outcomes of this research are briefly summarized in the follow-
ing paragraphs.

• A 2D grating of cylindrical PMMA pillars has been designed and analysed
through numerical simulations. It exploits GMRs to enhance light absorption
in the monolayer graphene. It achieved light absorption of more than 40% at
multiple wavelengths for both TE and TM polarizations over narrow band-
widths in the visible and near-infrared ranges. The proposed optical absorber
is less sensitive to geometrical parameters variations, polarization, and angle
of the incident light. It can be easily realized using nanofabrication technolo-
gies such as nano-imprint lithography. These results can pave the way for the
development of easy to fabricate and experimentally viable graphene-based
optical absorbers for future photonic devices.

• A resonant pillar grating that includes a thin layer of phase-change mate-
rial (vanadium dioxide) has been designed, fabricated, and characterized to
achieve tunable optical response in the visible. Despite the inherently small
perturbation introduced by the thin layer of vanadium dioxide, highly con-
fined photonic modes are able to boost the optical sensitivity of the grating and
improve the capability to modulate the optical response under the application
of an external stimulus. The low and high temperature states of vanadium ox-
ide are induced by mounting the sample on a thermal heater, demonstrating a
10% reflectance variation in the visible near 600 nm. Future work will be also
dedicated to assessing the tunable properties of the structure at infrared wave-
lengths, where resonances are expected to be more significantly quenched by
absorption losses introduced by the metallic phase of vanadium dioxide. VO2

has a great potential for the development of tunable and reconfigurable pho-
tonic devices due to its phase change properties. Resonant gratings with tun-
able spectral response may find application in sensors, filters, absorbers, and
detectors.
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• An RCWA and a FDTD models of a 2D array of nanoplatelets have been de-
veloped to give a comprehensive theoretical description of the combination
of plasmonic and diffractive effects in finite as well as periodic structures of
the fabricated array. A high optical transmission (approaching 10 %) has been
achieved by illuminating a subset of the array (20 elements). The sensing per-
formance of the NPs array has been demonstrated both using the reflected and
transmitted light. These results will be helpful for the future research on the
plasmonic nanostructures for advanced biosensing applications.

• A gold nano-grating on a curved surface has been analysed through a segmented-
wave approximation technique as well as by a 3D FDTD model of the curved
grating. The results from both the techniques show a good agreement. This is
a good starting point to further extend this segmentation-based technique to
simulate complex structures especially on curved structures such as an optical
fiber to reduce the simulation time and computational load.

• An RCWA simulation model has been developed to compute the emission
spectra of a plasmonic grating. The simulated results agree well with the mea-
sured emission spectra from a grating fabricated on a curved surface.

• A 3D FDTD model of a curved grating has been developed to engineer the field
enhancement for SERS measurements. Further, the non-linear material models
are incorporated in the 3D FDTD model to study Kerr and Raman interactions.
This enabled the simulation model to compute the SERS spectra of a target ma-
terial where the curved grating has been used as a SERS active platform. Sev-
eral geometrical parameters such as grating slit widths and thickness of gold
layer are studied. Optical fiber based SERS probes are gaining importance due
to their potential in endoscopic spectroscopy and highly sensitive biosensing
at desired locations. The nanofabrication of such probes is challenging, and it
requires expensive equipment. The development of accurate optical simula-
tion models is, therefore, important as they can give useful information for the
design and optimal performance of such nanostructures.
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