Journal of
Nanotechnology and Smart Materials

JScholar

Fastering Scholarly Communication

Research Open Access

Nanoplasmonics and its Applied Devices

Mahfuzur Rahman M", Shahbazian-Yassar R?

'Electrical and Computer Engineering, Michigan Technological University, Houghton, MI 49931
*Mechanical Engineering-Engineering Mechanics, Michigan Technological University, Houghton, MI 49931

*Corresponding author: Mahfuzur Rahman M, Electrical and Computer Engineering, Michigan Technological
University, Houghton, MI 49931, USA. Email: mrahman2@mtu.edu

Received Date: July 11, 2014 Accepted Date: November 08, 2014 Published Date: November 26, 2014

Citation: Mahfuzur Rahman M, et al. (2014) Nanoplasmonics and its Applied Devices. ] Nanotech Smart Mater 1: 1-15

(&bstract

progress in the field of nanoplasmonic research.

Nanoplasmonics makes a connection to conventional optics to the nanoworld. Interesting performance like subwave-
length focusing to invisibility cloaking, nanoplasmonics have profound applications in science and engineering world from
biophotonics to nanocircuitry. Metal and dielectric have free d-shell electrons. When metal and dielectric of different refrac-
tive index come in contact, these free electrons get accumulated in a region at the metal-semiconductor interface forming
nanoplasmons. Practical implementation of nano device fabrication is the most challenging task due to the dissipative losses
in metal. The optimum operating condition can be achieved by the efficient use of optical gain. We review here the ongoing

KCYWOI’dS: Localized surface plasmon; Surface plasmon polaritons; Nanoparticles; Nanoplasmons; Resonance spec-
troscopy; Light concentrators; photovotaic device; photodectors; Metamaterial; Mach-Zender interferometric modulators;
Directional-coupler switches; Hydrogel optical waveguide spectroscopy
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Introduction

This paper is primarily based on the concepts of na-
noplasmonics and their important application. Nanoplasmon-
ics is a new research field for scientist for the last couple of
decades. Scientists are exploring nano-structured materials for
noble properties at nano scale. The interaction of light with
free electrons in metal-dielectric interface causes electrons to
vibrate. In optics, metals were for years believed as dull of opti-
cal properties. Once, after the discovery of surface-enhanced
Raman scattering [1] metals was believed to have appreciable
optical properties. Nanoplasmonics device can offer consider-
able exciting optical properties in near future.

When two materials of different refractive indexes
come in contact, due to their difference in refractive indexes,
completely free electrons in materials come across to the sur-
face boundary of the metal - semiconductor interface. When
an incident electromagnetic field exerts force on these free
electrons between metal-semiconductor interfaces, these free
electrons start oscillating. Depending on their nature of oscil-
lation, surface plasmon can be of two types-Localized Sur-
face Plasmons (LSP) and Surface Plasmon Polaritons (SPP).
Typically in LSP, electrons vibrate back and forth near their

position, they don't propagate. While the rest in SPP, elec-
trons gather a considerable amount of energy and hence they
propagate through the medium. These free electrons are in
resonance at specific frequencies of operation; this particular
frequency is defined as the resonance frequency for that de-
vice. Depending on materials used resonance behavior can be
of different type though the structure, size and shape are same.

Plasmon based dielectric lenses and resonators can
confined extremely high intense field in sub-wavelength.
Optimum light confinement in nanoparticle can be achieved
through plasmon based devices like modulators, switches, de-
tectors, lenses, resonators.

Dissipative losses from the interaction of light with free
electrons needs to be traded off with the localization with the
incident light. This dissipative loss is more significant at optical
frequencies like of the order of 1,000 cm™. Researchers devel-
oped various ways to mitigate these dissipative losses. Costas
M. Soukoulis et.al explained that larger the materials lesser the
loss. At optical frequencies, constituent metal is responsible
for major losses. Part of the losses can be eliminated by avoid-
ing nearby resonances and sharp edges of the current flow [3,
4].
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from Nature Photonics 5, 349-356 (2011), Nature Publishing Group.

Figure 1: (a) Propagation of Surface Plasmon Polaritons (SPP), and (b) Oscillation of Localized Surface Plasmons (LSP) [2]. Reproduced with permission
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Nanomaterial and Nanotechnology

The atom has dimension of 1 angstrom or 10'° meter.
Nano scale (10° meter) materials can be considered as of sev-
eral atoms and molecules. Scientist explored microstructure
based materials for the decades. But nano structured material
of size 1-100nm needs to be explored. Nano structured materi-
al characteristics such as lack of symmetry in electron confine-
ment with size hinders explorations. Material properties de-
pend on the shape and size of that material. Quantum dots are
made of atoms and size of quantum dots of nano scale. Hence
CdSe of different sizes have different emissions throughout the
visible spectrum [5]. As shown in the figure, emission spec-
trum blue shifts with the decrease in quantum size. There is
a direct relation between peak of the emission spectrum with
the size of the quantum dot.

w— ., 50M
1.04

e

—4 M
0.84 e 5. Inm
0.6+

Normalized Intensi
=
-~

450 300 550 600 650 700
Wavelength(nm)

Figure 2: The fluorescence peak of CdSe with different size of quantum
dots. Magnitude of intensity spectrum doesn’t depend on the size of quan-
tum dots but its operating wavelength changes with the dimension of the
quantum dots. Spectrum shifts towards higher frequency (blue shift) as its
dimension reduces [5]. Reprinted from book of Adv in Biomedical Eng,
Vol 9 (2012), IERL (Open Access)

Material used so far in the research of nano scale tech-
nology are copper (Cu), silver (Ag), gold (Au), lead (Pb), In-
dium (In), Mercury (Hg), Tin (Sn), Cadmium (Cd). Among
these materials, considering optical performance and reliabili-
ty, gold and silver are believed to be noble materials while cop-
per, lead, indium, mercury, tin and cadmium are considered
as secondary nanomaterials. Gold and silver nanostructures
exhibit an absorption spectrum in the visible region.

As free electrons beside in the vicinity of the surface be-
tween metal-semiconductor, optical properties are controlled
by the surface type-flat surface and surface with nanoparticles.
The researcher has demonstrated blue shifted absorption spec-
trum for nano rods over the nano spheres. Not all the materials
are suitable for nano devices. Materials selected for nanomate-
rials should have the robustness, controllable properties, unu-
sual target binding and of course of size in nano scale. Nano
structured materials has advantages over bulk material due to
their target binding phenomena which can change both chem-
ical and physical properties of nanomaterial.

To have different nanomaterials with their different
shape, size and composition very well established synthesis,
fabrication, and characterization methods are developed, thus
allowing us excellent control over their physical and chemical
properties. For specific emissive, absorptive, and light-scatter-
ing properties, sizes, shapes and compositions of nanoparti-
cles can now be systematically varied to produce new desired
nanomaterials. Scientist gained significant control both the
over size [7] and surfaces [8-12] for nanoparticles. They have
demonstrated that anisotropy in nanostructure like triangular
prisms [13-18], nanoscale rods [19-26], nanoshells [27-31],
multipods [32-34], disks [35-39] and cubes [40-42] shows bet-
ter performance over solid spheres.
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Figure 3: Schematic of metal nanostructures: (a) nanosphere, (b) nanoprism,
(c) nanocube, (d) nanocage, (e) nanoshell, (f) nanorod, (g) nanowire, (h)
nanosheet, (i) nanodisk, and (j) nanowire array. Reproduced with permis-
sion from Advances in Optics and Photonics, Vol. 4, Issue 2, pp. 157-321
(2012), OSA [6]

Noble nanoparticles: Nanorod over nanosphere

Color changes with the change of nanoparti-
cle size. Gold nanosphere is characteristically red while silver
characteristically yellow. This color formation is due to the os-
cillation of free electrons in metal-semiconductor interfaces.
This free electron oscillation is in the visible spectrum and the
oscillation is in strong resonance in this frequency band. At
this resonance, absorption peak is at maximum as shown for
gold nanoparticles [43].
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Figure 4: Absorption spectrum of various sizes and shapes of gold nano-
particles. Absorption spectra doesn’t change significantly with the size of
nanospheres while for nanorods as the aspect ratio (AR) increases corre-
sponding spectra moves towards higher wavelength. Higher the AR larger
the spectrum bandwidth, greater the sensitivity [43]. Reproduced with per-
mission from Chemical Society Reviews.,35, 209-217 (2006), Royal Society
of Chemistry.

Gold nanosphere has single absorption resonance and
peak of this resonance is relatively independent of the size of
the gold nanospheres. With the enlargement of nanosphere its
optical property changes negligibly. Where gold nanorod has
two absorption resonances — one towards its shorter axis called
transverse resonance second towards its larger axis called as
longitudinal resonance. Optical property changes so promptly
if we add anisotropy to the geometry. As we can see with the

decrease in length for nanorod absorption spectra shifts to-
wards lower wavelength making device to operate at the high-
er frequency causing device to a blue shift. As the orders of
magnitude wider absorption peak prevail, it will promote for
better sensitivity, making device for a wide range of operation.

Surface Plasmon Resonance Modes

Non-propagating vibrating electromagnetic excita-
tions are bounded on material surfaces. And hence they are
called Localized surface plasmons (LSPs). LSPs show reso-
nance characteristic and these resonances can be of transver-
sal and longitudinal resonance modes, dipolar or multi-polar
resonance modes, Fano resonance mode. Incident electric
field perpendicular to the nanostructures axis corresponds to
the transversal resonance mode while electric field parallel to
the axis of nanostructures matches up to the longitudinal reso-
nance mode (Figure 5(c)). L.M. Liz-Marzan [44] investigated
transversal and longitudinal resonances due to their optical
anisotropy for one-dimensional nanostructures. Generally,
transversal resonance mode frequency is higher than that of
the longitudinal resonance mode frequency [6].
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Figure 5: (a) Electromagnetic interaction with metal nanosphere. (b)
Transversal resonance mode and (c) longitudinal resonance mode for LSPs
in a metal nanosphere. Reproduced with permission from Langmuir 22(1),
32-41 (2006) , American Chemical Society. [44].

While dipolar and multi-polar resonance modes
can be obtained by changing the size of one- and zero-dimen-
sional nanostructures. Generally small size nanostructures
offer dipolar resonance modes and those with large sizes ex-
hibit multipolar resonance modes. Moreover, frequency of the
multipolar resonance mode is higher than that of dipolar reso-
nance mode. An exceptional phenomenon, Fano resonance,
appears with an asymmetric line shape owing to the interac-
tions between a superradiant “bright” mode and a subradiant
“dark” mode. Interaction between dipolar and quadrupolar
resonances gives rise to the Fano resonance [6].

Surface Plasmon Resonance Modes

Resonance modes can be adjusted through vari-
ous nanostructure parameters like spacing, aspect ratio, and
length. Wurtz et al. investigated transversal and longitudinal
Localized Surface Plasmons resonance (LSPR) of Au nano-
structures engineered by electrodeposition in anodic alu-
minium oxide (AAO) templates [45]. Figure 6(b) shows the
experimental extinction spectra of Au nanostructures for vari-
ous incidence angles. Incident electric field perpendicular to
nanostructure axis, extinction spectra gives rise to one single
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transversal LSP peak at 520 nm. At oblique incidence, the in-
cident electric field which includes both s-polarized and p-po-
larized components exhibits two resonance peaks centered at
520 and 650 nm for transverse and the longitudinal resonance
modes respectively. Longitudinal resonance is excited more
effectively due to their strong dependence on large incidence
angles. Angular sensitivity is a sign of strong anisotropy of the
nanorods in the array (Figure 6(b)). Resonance peak for lon-
gitudinal resonance mode shifts towards shorter wavelengths
with increasing incidence angle while angular dispersion de-
pends on the coupling strength between nanorods [6].

Moreover, resonance mode depends strongly both on
the rod aspect ratio and the distance between the nanorods in
the array. An increase in the nanorod aspect ratio splits reso-
nances into two resonance frequencies and transverse mode
undergoes a blueshift, moves towards higher frequency region
and longitudinal mode undergoes a redshift, moves towards
low frequency region.
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Figure 6: (a) SEM image of Au nanorods in air. Inset, TEM image of Au
nanorods in anodic aluminium oxide (AAO). (b) Zero-order optical ex-
tinction spectra for different of incidence angles. The nanorod length is
300 nm, diameter is 30 nm, and the interrod distance is about 100 nm. (c)
Zero-order optical extinction spectra of Au nanorods in AAO as a function
of rod aspect ratio. The nanorod length is 400 nm and the interred distance
is about 100 nm. The plots are labeled according to the nanorod’s aspect ra-
tio, corresponding to the diameters from about 15 to 30 nm. Reproduced
with permission from Opt. Express 16(10), 7460-7470 (2008), OSA [45].

Dipolar and Multipolar Resonance Modes

Dipolar and multipolar localized surface plasmon
resonance modes depend on nanostructure size. For instance,
spherical nanoparticles of size 5-50 nm diameter corresponds
to mainly dipolar resonance, as conduction electrons in metal
are in phase with the incident electromagnetic field. However,
when the dimensions become long enough, multipolar reso-
nance modes can be excited as a result of phase retardation of

the applied field inside the material [46]. For example, small
and larger nanorods display dipolar and multipolar resonanc-
es respectively [47-49].
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Figure 7: Experimental extinction spectrum of a concentric nanoshell par-
ticle (solid curve) and the theoretical extinction spectrum (dashed curve)
calculated by using various dielectric values for gold. The various order
multipoles of the plasmon are plotted separately (dotted curves). Repro-
duced with permission from Nano Lett. 4(7), 1323-1327 (2004). [50].

Fano Resonances:

For some systems amplitude of the oscillator increases
up to its maximum when its frequency is in phase with driving
force while for other systems opposite phenomenon can also
occur for certain resonance condition. Lets consider weakly
coupled harmonic oscillators system and an external applied
force; then there will be two resonances near eigenfrequencies
wl and w2 of the oscillators [51]. Standard enhanced reso-
nance exist near eigenfrequency w- while other unusual sharp
peak resonance is at eigenfrequency w+. First enhanced reso-
nance is described by a Lorentzian symmetric profile known
as a Breit-Wigner resonance, while second unusual resonance
is characterized by an asymmetric profile. In 1961, Ugo Fano
discovered Fano resonance exhibits a distinctly asymmetric
shape resulting from the constructive and destructive interfer-
ence between narrow and broad discrete resonances [52].
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Figure 8: (a) Schematic view of two weakly coupled oscillators and a driv-
ing force (b) dependence of resonance characteristic on the amplitude of
the forced oscillator |c1|, and (c) resonance characteristic coupled to |c2|.
There are two resonances for these weakly coupled oscillators. The forced
oscillator (w1, C1) exhibits resonances with symmetric and asymmetric
profiles for eigenfrequencies wl =1 and w2=1.2 (b), respectively. The sec-
ond coupled oscillator exhibits symmetric resonant profiles only (c). Re-
produced with permission from Rev. Mod. Phys. 82(3), 2257-2298 (2010),
APS [51]
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Due to destructive interference of oscillations be-
tween first oscillator and the external force and the second os-
cillator amplitude of the first oscillator reduces to zero. When
the coupled oscillators system is at resonance of second oscil-
lator there are basically two forces acting on the first oscilla-
tor, which are indeed out of phase and cancel each other. This
phenomenon describes the basic properties of Fano resonance
[51], namely, resonant destructive interference.
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Figure 9: Fano-resonance characteristic of a plasmonic heptamer. (a) Cal-
culated extinction spectrum and charge density plots for a heptamer ex-
cited at normal incidence. The nanoshells have dimensions [r1, r2] =[62.5,
85] nm, and the cluster has 1.6 nm gap separations and is embedded in a
cylinder with a dielectric constant € = 2.5. The Fano minimum is at 1450
nm. The charge density plot of the heptamer is at 1490 nm. (b) TEM image
and spectra of a heptamer at three different incident electric-field orienta-
tion angles. The nanoshells are measured to have average dimensions [r1,
r2]=[62.5, 85] nm. The Fano minimum at 1450 nm is isotropic for these
orientation angles. (c) Calculated scattering spectra for a heptamer with
a geometry matching that in (a), for the three orientation angles in (b).
Reproduced with permission from Science 328(5982), 1135-1138 (2010)
L [53].

Field Enhancement through Surface Plasmons

Near-field Enhancement

Near-field intensity is strongly enriched due to LSPP
resonance near the interface between metals and dielectric
materials, and the enhancement mainly depends on the shape
and size of the metal nanostructures. The metal nanostruc-
tures such as nanorods, nanotips, and nanogaps show strong
near-field enhancement effects. Free charge carriers are de-
tached with the applied external electric field of the propagat-

ing light. These separated charge carriers then introduce an
additional field which oscillates with the same frequency as of
the external field. As a result, an extremely strong field is devel-
oped near the interface of nanostructures [54]. The near-field
enhancement effects has a great interest in some applications
such as surface enhanced Raman spectroscopy (SERS) [55-
57], nonlinear optics [58-61], and nanophotonics [62-64].

Transmission Enhancement
Nanohole Arrays

Holes with sizes smaller than that of the wavelength of
the incident light reveal distinctive optical properties for an
opaque metal film. These holes strongly enhance the trans-
mission of light; these fascinating effects take place due to the
interaction of the light with electronic resonances in metal
surfaces [65]. Output surface of the metal nanoholes act as
a new point source for the light propagating through them.
These transmission enhanced phenomenon through tiny holes
are of great importance in the applications such as subwave-
length optics, nanophotonics, optoelectronics, and sensing to
biophysics [6].
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Figure 10: (a) Schematic of a single slit of width a in a metallic film of thickness
w, and single slit symmetrically surrounded in the input surface by 2NI grooves of
depth hl. The separation between adjacent indentations is d, and all groove widths
are a. (b) Electron micrograph image of one of the devices analyzed and then cross
sectioned by focused-ion-beam milling. Nominal values are a = 404 nm, w = 350
nm, hl = 100 nm, and d = 500 nm. Collection of experimental T()), for different
structures formed by a central slit surrounded by +5 grooves (a = 40 nm) on the
input surface of a silver film with w = 350 nm. (c) h1 = 40 nm, while the array period
(d) is varied between 500 and 800 nm. The black curve corresponds to the single-slit
case (also reproduced in the inset for clarity). (d) d = 650 nm, for different groove
depths hl. In the inset, the spectral locations of measured transmission peaks (black
dots) are compared with the calculated positions of the surface electromagnetic
resonances of silver reflection gratings with square (blue curve) or triangular (red
curve) grooves. Reproduced with permission from Phys. Rev. Lett. 90(21), 213901
_(2003), APS [67].
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While for perfect conductor these phenomenon are
reversed. Considering a single hole milled in a free-standing
infinitely thin Ag film. Transmission efficiency of normally in-
cident light can be approximately expressed as [66].

64

]
57z K7

where propagation constant, k =2mn/A and r and A are
the hole radius and the wavelength of the incident light, re-
spectively. T is proportional to (r/\)* that indicates transmis-
sion of light is very little for a very small hole compared with
the wavelength.

Nanoslits

Optical transmission like metal nanoholes, can also be
enhanced through metal nanoslits. Garcia-Vidal et al. theoret-
ically and experimentally discovered strong enhanced optical
transmission through single nanoslit edged by a finite array
of grooves made on a thick Ag film [67]. A single nanoslit of
width of 40 nm was surrounded by +5 grooves of length of 10
um (Figs. 10(a) and 10(b)), was fabricated by a focused-ion-
beam technique. A wide transmission maxima was revealed
at around 725 nm (Figure 10(c)). This maximum corresponds
due to transmission through the nanoslit has enhancement
factor of about 6. Transmission peak of grooves surrounded
nanoslits of periods ranging from 500 to 800 nm of nominal
depth of 40 nm, shifts to higher wavelengths with enlarged
period; the peak is strongest at 650 nm. As a consequence,
peak appears at the wavelength agreeing with the nanoslit
waveguide mode position. For transmission enhancement op-
timum groove depth is of 40 nm. Garcia-Vidal et al. suggested
three main ways to enhance optical transmission: groove cav-
ity mode excitation (depth control of the grooves), in-phase
groove re-emission (period control of the groove array), and
nanoslit waveguide mode (thickness control of the metal film).
Two orders of magnitude transmission enhancement of light
can be attained by adjusting these geometrical parameters [6].

Surface Plasmon Resonance Spectroscopy

Optical setup for Hydrogel optical waveguide spectros-
copy (HOWS) [68] biosensor is depicted in Figurell. He-Ne
laser with a power of 2mW at a wavelength of A = 633nm is
transmitted through a polarizer, Polarizer polarizes to trans-
verse magnetic (TM) mode and is passed to a high refractive
index (n_= 1.845) prism at [90]° and through a sensor chip.

P
The sensor chip consists of a glass slide and with a PNIPAAm
hydrogel film and glass is coated with a gold layer of thickness
between 37 and 45 nm. Cell dimension inserts in the chip area
of volume 10pL, length 10mm and depth 0.1mm. Rate of flow
of liquid sample over chip is 200 pL[min]A~!

For the current analysis purpose, 45nm gold and thiol
Self-assembled monolayer (SAM) was used for the sensor. To
control the angle of incidence of a laser beam 0, total setup was
mounted on a rotating stage. The reflected laser beam from the
sensor was measured by a photo detector. Reflectivity is deter-
mined as a ratio of two light intensities: reflected light from a
sensor chip and from a blank glass slide. Reflectivity variation
o(R) can range from between 7x10~° and 2x10.
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Figure 11: (a) Experimental setup for hydrogel waveguide (HW) (b) lay-
out different surfaces and (c) reflectivity spectra for the resonant excita-
tion HW and SP modes. Here refractive index for a hydrogel film increases
An,= 5x107 from index n,=1.345 [68]. Reproduced with permission from

0.0
47.1 47.4 47.7 48.0 54 56 58 G0 62
Angle of incidence 0 [degree]

Biosensors and Bioelectronics 25 1663-1668 (2010), Elsevier limited.

Evanescent wave is first internally reflected at sensor
surface and then penetrates through the gold layer and which
is then interact with surface plasmon (SP) and hydrogel wave-
guide (HW) modes. This evanescent wave propagates along
metal interface. SP and HW modes excite two distinct dips as
can be seen in the angular reflectivity spectrum. Angles 0 as-
sociated with these dips can be related with the propagation
constant P of the reflected laser beam component as

(k], n, Sinf=Re{p}

Where k =2m/\ is free space light propagation con-
stant. Propagation constant p of Surface Plasmon and Hydro-
gel Waveguide mode can be calculated from their dispersion
relation.

Principle of plasmon based concentrators

Scientists are exploring nanostructures to effectively
concentrate light on nanoscale devices. The structures can be
of two types: resonant and nonresonant. The electric field as-
sociated with light wave in resonant structures, apply a force
on the negatively charged electrons inside the metal and with
this applied force, electrons oscillate, creating surface plasmon
inside material. At a particular frequency this oscillation is at
resonant making a huge charge displacement in contact of the
metal - dielectric interface. Resonant characteristic of quasi-
static and retardationbased structures will be discussed first,
then will continue with nonresonant characteristic.

When the size of a nanostructure is much smaller
than the freespace wavelength, i.e. A/a ratio is very high, then
this structured nanoparticle can be called as quasistatic nano-
particle, quasistatic nanoparticle structure experiences a uni-
form electric field everywhere at any instant of time. With the
help of potential function one can determine resonance char-
acteristic of a given geometry. Spherical nanoparticles can be
in resonance at wavelengths where ¢ = -2¢,, where em and ¢,
are of metallic and dielectric permittivities respectively. Being
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quasistatic resonance frequencies independent of particle size,
by changing metal, shape or dielectric environment resonant
frequency for nanoparticles can range over a wider frequency
spectrum [69] (Figure 12a, b).

Frequency depends on the energies in metal and its
surrounding dielectric and this frequency will be in resonance
when they are equal. Quality factor, Q at the resonant fre-
quency depends on metal losses and doesn’t change with the
change of geometry. Sub wavelength particles in combine can
enhance field at least couple of orders of magnitude larger than
single subwavelength particle. A single subwavelength particle
can offer enhanced in the range of 10-100.

When nanostructures dimensions approaching ex-
ternal applied light wavelength. i.e. Wavelength of external
light is comparable to nano particle or even smaller than na-
nostructure, the system is considered as retardation and effect
is called as retardation effect. Retardation principle is based
on scaled radio frequency antenna design concepts. Truncat-
ed SPP waveguides of wavelength scaled structures are metal
nanowires [70,71] or strips [72]. Surface plasmon polaritons
oscillate back and forth inside the metal, creating a standing
wave in the metal. This back and forth oscillation of free elec-
trons in metal is considered as Fabry-Perot resonator for SPPs.
The resonant length of this fabry-Perot structure is equal to
n\,,,/2, where n is an integer and for first resonance mode n
equal to one and A_,, is the wave length of the resonator (Fig-
ure 12c-e).

As the structure size of this resonator is very small, di-
electric lenses are used to efficiently couple freespace light to
the structure of interest. Plasmonic structures can store light
in areas that are sometimes quite larger than the wavelength
of light.

Nonresonant effects can also be utilized to store light
inside the materials. Various structured nano-devices such as
plasmonic tapers: metal cones or wedges, can offer broadband,
non resonant enhancements. As a wave propagates, group ve-
locities in these structures decrease towards apex while at the
same time wave vector increases towards its apex. Hence, if we
launch SPP at the base of a structure, the structure will experi-
ences strong field at its tip.

Photovoltaic Devices

For complete absorption of light photovoltaic de-
vice needs to be thick enough. Figure 13 shows AM1.5 solar
absorption spectrum and light passes once through 2um thick
crystalline Si film. The figure shows that for 600-1,100 nm
spectral range, light absorption considerably low. But tradi-
tional wafer Si solar cells have 180-300 pm. For high efficiency
diffusion length of minority carrier has to be several times
higher than the actual material thickness.

Physical thickness of solar cell can be reduced in three
ways. First, subwavelength nanoparticles interact with propa-
gating Sun light and semiconductor thin film absorbs com-
pletely these electromagnetic waves by folding these waves

T e
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-65 65
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o =104 0 nm
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Figure 12: Resonances characteristic of different geometry and materials. a, Effects of geometry and materials on electrostatic reso-
nances of deep-subwavelength metal nanostructures. As the surrounding dielectric constant increases the resonance for a spherical
nanoparticle (shown on the left) redshifts. As the aspect ratio for a nanorod is increased the longitudinal resonance is redshifted
(shown on the right). Minus (plus) signs indicate regions of high (low) electron density. b, Resonant condition (e_/e,) as a func-
tion of aspect-ratio parameter L for quasistatic spheroidal particles, which are shown in the inset. The major and minor axes of the
spheroid are represented by a and b, respectively. c-e, Retardation-based strip resonators. Normalized field-intensity distributions
normalized to the incident intensity for the lowest odd-order resonances of 30-nm-thick silver strips that are top-illuminated with
light at wavelength of A = 550 nm. EO denotes the incident electric-field strength. Three different resonant antennas are shown that
approximately measure one (c), three (d) and five (e) times \,,/2 [69]. Reproduced with permission from Nature Materials, 9, p193-
204 (2010), Nature Publishing Group.
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Figure 13: Absorption spectrum of solar cell. AM1.5 solar spectrum, together with a graph that indicates the solar energy absorbed
in a 2-pum-thick crystalline Si film (assuming single-pass absorption and no reflection). Clearly, a large fraction of the incident light
in the spectral range 600-1,100 nm is not absorbed in a thin crystalline Si solar cell. [73] Reproduced with permission from Nature
mater,9, 205-213 (2010), Nature Publishing Group.
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several times before being absorbed (Figure 14a). Second, sub-
wavelength nanoparticles can be placed in metal-semiconduc-
tor interface and interacting with light, those subwavelength
nanoparticles excite plasmonic near field and increases solar
cell effective absorption (Figure 14b). Third, corrugated metal-
lic film could be installed at the back of solar cell devices. Due
to the refractive index mismatch between metal and semicon-
ductor, Surface Plasmon polariton (SPP) modes generates at
their interface. Absorbed sunlight could couple with these SPP
modes as well as with the guided modes in the semiconduc-
tor slab (Figure 14c). Physical thickness of photovoltaic so-
lar could be reduced considerably applying these three tech-
niques, could be reduced in the range of 10- to 100-fold but in
both cases optical absorption remains constant.

Nanoparticles embedded inside homogeneous me-
dium. Both forward and reverse wave propagates symmetri-
cally from these nanoparticles. But when these nano particles
beside in interface between metal and semiconductor, light
penetrates first in a medium of higher permittivity. When
light scattered at the critical angle, total internal reflection
takes place and light remains trapped. The Si - air interface
has a critical angle of 16°. Due to corrugated metallic surface
at the back of the photovoltaic cell, the light reflected back to-
wards the surface and again interacts with the nanoparticles
and again reflects towards the corrugated back surface. Thus
light bounces back and forth for several times before being ab-
sorbed in semiconductor film. Absorption efficiency depends
on metal nanoparticles shape and size and it has been proved

Ve

a b

f\l\/‘\i\/\

Figure 14: Absorption spectrum of solar cell. AM1.5 solar spectrum, together with a graph that indicates the solar energy absorbed in a 2-um-thick crys-
talline Si film (assuming single-pass absorption and no reflection). Clearly, a large fraction of the incident light in the spectral range 600-1,100 nm is not
L absorbed in a thin crystalline Si solar cell. [73] Reproduced with permission from Nature mater,9, 205-213 (2010), Nature Publishing Group.
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that smaller nanoparticles could increase absorb of light due to
increase cross section areas [74].

Optical Antenna

Optical antenna similar to microwave and radiowave
antenna, is an interesting concept to the scientists. They use
optical radiation at subwavelength scale. Optical antennas
can be used to enhance the efliciency of photodetection [75,
76], light emission [77, 78], sensing [79], heat transfer [80, 81]
and spectroscopy [82]. Optical antenna takes care of optical
propagation using elements like mirrors, lenses, fibres and dif-
fractive elements while for radiowave and microwave antenna
deals with electromagnetic fields at subwavelength scale.

Optical antenna converts optical radiation into local-
ized energy, and vice versa. Fabrication accuracies for optical
antenna necessitates down to a few nanometers. So far opti-
cal antennas have been fabricated by top-down nanofabrica-
tion techniques such as focused ion beam milling [83, 84] or
electron-beam lithography [85, 86], and also by bottom-up
self-assembly schemes [87, 88]. Size of a receiver or transducer
is generally much smaller than that of radiation wavelength, A,
and is normally of the order of A/100 and at optical frequency,
antenna requires dimensions to be of ~ 5 nm [89].

Strong energy concentration is observed both below
the diffraction limit as well as in the semiconductor. White
J.S and et al claimed these enhanced energy density below the
slit due to resonance phenomena. They demonstrate this reso-
nance characteristic as surface plasmon polariton (SPP) mode
supported by the slit [see Figurel6 (b)]. This resonance ge-
ometry works as a truncated metal-dielectric-metal (MDM)
plasmonic waveguide [92]. A strong reflection is observed
from its truncation edge terminal and cavity is termed as
resonance cavity. Their proposed geometry can offer absorp-
tion enhancements up to 352% for A=633 nm and quite user
friendly for its fabrication.

Using commercially available FDFD simulations they
calculated absorption enhancement for a variable slit of di-
mension 1.5w x50 nm where slit width is 1.5w nm and height
is 50nm. [See Figure 17 (b)]. Figure 17 (a) shows the absorp-
tion spectrum as a function of slit length as well as with slit
widths, normalized to bare silicon without any metallic struc-
ture on its back; absorption enhancement decreases by 34.8%
with a perfect antireflection coating with the bare silicon.

White JS et al [90] investigate scattering coeficients
of the metal-dielectric-metal system (MDM) [Figure 17 (b)]
for Fabry-Perot model. Plane wave electric field polarized

-
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kpermission from Nature photonics, Vol.5, 2011 [89].

Figure 15: Optical Antenna a. transmitter b. receiver. Each antenna is used both as a receiver as well as transmitter antenna simultaneously. Reproduced with
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Optical antenna associates both with quantum and
pure photon sources systems, and which in turn introduces
new physics such as breaking of selection rules and strong cou-
pling. Directed emission and reception concepts can now be
imposed to photon emitters.

Photodetectors

White .S and et al explored a deep subwavelength vol-
ume nanoplasmonic structure: a single isolated slit in a metal-
lic film on an absorbing substrate [90]. They carried out their
analysis based on finite-difference frequency-domain (FDFD)
simulations [91] of slits generated in an Al film on a Si sub-
strate. Figure 16 (a) shows the energy density distribution of
a slit. Dimensions are for this slit 50nm wide and of 100nm
long. The plane wave of wavelength 633nm excites the struc-
ture from the top with polarization towards x direction.

normal to x direction strikes the top surface with permittivity
constant ¢ . Cavity (e,) of length L and width w is formed in
metal film (g,). Plane wave couples to plasmon modes sup-
ported by the cavity with a transmission coefficient t,,. Plane
wave also couples to surface plasmon polaritons on interface
g /¢, but they have very little effect on isolated cavity and can
be ignored. Incident electromagnetic waves bounce back and
forth several times at top and bottom interfaces with complex
reflection coefficients r, and r,,. Propagating plasmon mode
out couples to induce absorption, which is termed as coupling
coefficient kB, a ratio of absorption in the 1.5wx50 nm region
to the magnitude of the propagating electric field. Scattering
parameters; transmission and reflection spectrum as well
as coupling coeflicients can be calculated from FDFD simu-
lations. They discovered width independent first order reso-
nance at L~100 nm and resonance length decreases as with the
decrease of slit width as k,,increases. They also found that
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lowest order resonance length is off L_=A /5. If we could
eliminate losses in the aluminum film, then absorption could
be increased by 19% (w=100 nm) to 82% (w=30 nm).

rameters more specifically effective permittivity and effective
permeability of these materials can be controlled over a wide
frequency range. Metamaterial research can be motivated in
the area of high-resolution imaging [94], invisibility cloaks

35
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Figure 16: (a) Field energy density for a single isolated slit of 50 nm width in a 100-nm-thick aluminum film on a silicon substrate, the top-illuminated by

a A=633 nm plane wave polarized in the x direction. (b) Magnetic field distribution for the same structure [90]. Reproduced with permission from Optics
Letters 34, 686-688 (2009), Optical Society of America.
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Figure 17: (a) Plot of the absorption enhancement in a nanoscale region directly beneath a slit as a function of MDM cavity length for several widths. The
FDFD simulations (symbols) show excellent agreement with the Fabry-Perot model (curves). (b) Schematic showing the relevant scattering coefficients used
for the model [90]. Reproduced with permission from Optics Letters 34, 686-688 (2009), Optical Society of America.

Metamaterial

Metamaterials are artificial material engineered
to achieve specific electric and magnetic characteristic from
that materials which are not present in nature. Exciting optical

[95], small antennas [96], quantum levitation [97].

In the last couple of decades different types of

characteristic can be tuned from this man-made material. J.
B. Pendry et al detailed the enhance gained plasmonic nano-
structures, such as metamaterial emitters, nanolasers, spacers
and so on [93]. They dealt with problems and limitation as-
sociated with these structures and resolve these problems both
analytically and experimentally. They explained later the ex-
perimental success in association with the loss-compensated
negative-index and double negative metamaterial. These ma-
terials are also termed as left handed materials. Effective pa-

metamaterial has been introduced by numerous researchers
globally. All of these metamaterials are operational in RF and
optical frequency range. But these materials are lossy in the
visible band and so still researchers are working to fabricate
low loss metamaterial for visible and higher order spectrum.
One of the key measuring factors for metamaterial charac-
teristic is its figure of merit (FOM) and is defined as FOM =
Re{n}/Im{n}. Higher its value, better its performance, lower its
loss, easier to fabricate.
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Figure 17: Negative-index metamaterials. a, Schematic of a dye-doped double-fishnet metamaterial together with exemplary profiles of the inversion (left)
and electric-field amplitude (right) at the emission wavelength (710 nm) taken at the xy-plane (top) and zx-plane (bottom). Color bars: left, light (dark)
shades represent high (low) areas of inversion; right, light colors represent the local field enhancement. hm, hc and hd denote the height of the metal,
cladding and dielectric layers, respectively; ax and ay are the width of the rectangular holes in the x and y direction, p is the periodicity. The incident
optical pump and probe pulses are indicated by red and blue waves. b, Real and imaginary part of the extracted effective refractive indices n for different
pump amplitudes. The peak electric-field amplitude of the pump increases in steps of 0.5 kV cm™, from no pumping (cyan) to a maximum of 2.0 kV
cm™! (black). The inset shows the real and imaginary parts of the effective permeability (black and red lines, respectively) and the corresponding results of
Kramers—Kronig calculations (dotted lines) for the highest peak electric-field amplitude of 2.0 kV cm™. ¢, The figures-of-merit (FOM = Re{n}/Im{n}) for
the same pumping amplitudes as those shown in b. d, Rate dynamics during probing in the amplifying regime of the metamaterial. Shown are the net-gain
rate I’ (blue), dissipative-loss rate I, (green), outflux/radiative-loss rate A (red) and energy-decay rate I, (black). e, Dynamics of the probe-pulse intensity
Is (black) and energy U inside the metamaterial (red) in the regimes of continuous excitation (CE) and free decay (FD) for the active optical metamaterial

of d. [93]. Reproduced with permission from Nature 11, 573-584 (2012), Nature Publishing Group.

Modulators and Direction coupler Switches

For Rapid light routing and switching in optical com-
munication, high speed and poor efficient IC has increasing
demand for the last couple of decades. In these devices light
passes through a guided wave guide. The waveguide is made
of core and cladding where core has a higher refractive index
than that of the dielectric. Complete internal reflection takes
place in core material and thus light propagates through the
core material. Waveguide modes can be controlled through an
external electric field for EO effects and with magnetic field for
MO effects. Positioning of electrode for modulators or switch-
es need to be taken special care.

Thin metal nanostripe embedded inside the dielectric
can support propagation of a Long Range Surface Plasmon
(LRSPP) mode, but Thomas Nikolajsen [98] and et al showed
rigorously by experiment that such a stripe can also carry elec-
trical signals that influences the LRSPP mode. They are the
first guys to demonstrate the first examples of electrically con-
trolled plasmonic components, opening new areas of research
interest in photonic modulators and switches. They detailed

the design, fabrication, and characterization of thermoop-
tic Mach-Zender interferometric modulators (MZIMs) and
directional-coupler switches (DCSs). These devices require
low driving powers as low as <10 mW for modulators and
<100 mW for switches, high extinction ratios as high as >30
dB, moderate response times of ~1 ms.
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Figure 18: Schematic layout of LRSPP-based (a) MZIM and (b) DCS. (c)
Optical microscope image of the fabricated MZIM showing stripes with typ-
ical bends (curvature radius .20 mm to ensure low bend loss), 100-nmthick
contact pads and connecting electrodes. (d) Magnified image of the MZIM
part containing an isolating 10-um-long break in the waveguide stripe and
a part of thick electrode connected with 20-um-long (15-nm-thin) stripe to
the waveguide [98]. Reproduced with permission from Applied Physics Let-
\ ters.85, 5833-5835 (2004), AIP Publishing LLC.
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The operation of a thermo-optic MZIM is based on
changing the LRSPP propagation constant in a heated arm
resulting in the phase difference of two LRSPP modes that
interfere in the output Y-junction. The Characteristic curve
presented realizes the feature associated to LRSPPs that allow
us to control and guide optical power through the same mate-

the true planar processing technology, that simplifies develop-
ment processes, large-scale integration possible, and photonic
devices fabrication possibility.

Plasmon based MDM waveguide can be manufactured
in nanoscale level. High confinement modes in the cavity is
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Figure 20: Dynamic characteristics of the MZIM. Inset shows the temporal response of the MZIM measured with an offset of 2 V and a peak-to-peak voltage
of 3.8 V (the electrode resistance was ,1.6 kV). Fitting exponential dependencies to the rise and fall of the MZIM output power give a response time constant
of 0.7 ms [98]. Reproduced with permission from Applied Physics Letters.85, 5833-5835 (2004), AIP Publishing LLC.
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Figure 21: Reaction cross section is equal to the absorption cross section. a) Visible absorption cross section of a model 12 molecule near a silver sphere
(a =500 A°. The molecule is perpendicular to the surface. b)Integrated absorption cross sections for the model I2 molecule perpendicular to Ag, Cu and
Au spheres (a = 500 A°) as a function of the molecule-surface separation. The cross sections are normalized to I when d very large [103]. Reproduced with

permission from Journal of Chemical Physics. 75, 2205-2214 (1981), AIP Publishing LLC.

rial. Thermooptic effect depends on the type of material be-
ing used. Proper use of material will enhance system efficiency
further. Characteristics presented here can be improved, the
component could be made attractive for communication in-
dustries. We can use this design concept for other designs too,
like Y- and X-junction based DOSs. Long range Surface plas-
mon polaritons (RSPP) components are fabricated through

strongly limited to rapidly attenuating SPP waves. Materials
used today in all optical fields have modulation amplitude of
~3 dB and transmission losses of about ~3dB for IC applica-
tion. Those materials are being used in all optical switching
configurations [99, 100] and for all control devices [101]. In
accelerating modulators researchers have demonstrated a
modulator application for terahertz frequency spectrum [102].
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Nanoplasmons in Chemical and Thermal reaction

Nanoplasmons has profound effect both on chemical
and thermal reaction. Induced enhanced electromagnetic field
by these nanoplasmons increases the chemical and thermal re-
action rate. Abraham Nitzan and L. E. Brus [103] investigated
enhanced photochemical reactions for this electromagnetic
field. They demonstrated both by experimentally and numeri-
cally a simple theory for ultraviolet, visible, and infrared pho-
tochemical enhancement near rough dielectric and metallic
surfaces described and investigated. Noble metals Ag, Au and
Cu due to their low plasma frequency are the most efficient en-
hancing reactors. Nitzan and Brus observed the same charac-
teristics with alkali metals as with the noble materials. Silver is
the best enhancing substrate found till to date. This is because
of its narrow, pronounced plasmon resonance.

Chemical and thermal process can be controlled by
the temperature induced in nanostructured particles. Heat
induced in nanoplasmons has various applications like in de-
tection and killing of cancer cells [104], drug delivery [105],
photothermal melting of DNA [106, 107], growth of semicon-
ductor nanowires and carbon nanotubes [108], nanofluidics
and chemical separation [109], polymer surface modification
[110], phase change memory [111, 112]. Due to their large
cross sectional area metallic nanoparticles are effective sources
of heat generation. Absorb and scattering of light can be ma-
nipulated by changing the shape, size and dielectric environ-
ment [113]. Different methods have been developed to meas-
ure this nanoparticles temperature [114].

Conclusion

Nanoplasmonics has become one of the most exciting
research areas due to the ability to manipulate free electron
oscillation in the interface of metal-semiconductor in various
fields and geometric configurations. These oscillations takes us
to the peak of modern technology. Guiding and concentrating
light capabilities in very subwavelength region of the nano-
structure is the key interest of the plasmonics device.

Conventional solar cell is much more thicker than
the plasmon based solar cell due to high optical length and
reduced physical length. As physical length is reduced signifi-
cantly much cheap plasmon solar cell can be manufactured at
lower price. Modern day high resolution camera uses plasmon
technology to provide us vivid pictures of the objects. In recent
past in communication sectors we used very large size antenna
for transmission and receiving information, with the help of
nanoplasmon concepts researchers are capable of producing
super small antenna. Plasmon acts as primary agent and can
change the chemical and thermal reaction rate drastically.
Techniques have been developed to detect infected cancer
cells and then kill them in thermal plasmon treatment. We can
cure infected cells with the help of drug delivery technique. In
manufacturing semiconductors nanowires and carbon nano-
tubes nanoplasmon acts as the key role for their fabrication
process. In the 60s people watched in movie actors made their
appearance on screen disguise, now researchers have made
invisible cloak based on these nanoplasmons that can make
thing invisible. Despite of lots of remarkable properties of na-

noplasmonic devices, dissipative losses in all of the conven-
tional optical devices are considerably high. Scientist proved
that engineered metamaterial can reduce this dissipative loss
significantly.Larger the volume of engineered materials lower
the dissipative loss.
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