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Preface

Nanotechnology has emerged as an important field of modern scientific society due
to its diverse range of applications in the area of electronics, material sciences,
biomedical sciences, energy science, food, environmental detection and monitoring
and other applications. The advantages of the use of nanomaterials, which are
related to their properties that are completely different from the bulk materials,
make them extremely attractive and give them enormous potential. Various nano-
materials like titanium dioxide, nanoclays, nanotubes, nanodendrimers, graphene,
ferritin, porphyrinogens, noble metals, etc., find their applications in various fields.

Although there have been extensive interdisciplinary activities, major collabo-
rative efforts are needed to jointly address some of the most challenging issues in life
and medical sciences. Nanomaterials also find great deal of applications in envi-
ronmental control and remediation. The biosynthetic route of synthesis of nano-
materials is taking a central stage nowadays. Nanomaterials lead to new-generation
devices for more efficient, cost-effective and reliable solar energy conversion.

Therefore, realizing the importance of nanomaterials with their application in
these three major sectors, this edited book is hoped to fill the gap of knowledge in
the field of nanotechnology. Generally, conventional materials find their use in the
fields of energy, health and environment, but the nanomaterials often have prop-
erties that are significantly different and efficient from the properties of the same
matter at the bulk scale and also have an enormous potential economic impact.
Nanomaterials are used in a variety of, manufacturing processes, products and
healthcare including paints, filters, insulation and lubricant additives. High-quality
filters may be produced using nanostructures; these filters are capable of removing
particulate as small as a virus. Nanomaterials are being used in modern and
human-safe insulation technologies; in the past, they were found in asbestos-based
insulation. As a lubricant additive, nanomaterials have the ability to reduce friction
in moving parts. This book is basically intended to address the holistic approach in
terms of nanomaterial applications by taking into consideration various stake-
holders using nanomaterials. It is hoped that publication of this book will provide
the readers new knowledge and understanding on the broad range of nanomaterials
and their applications.
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Optical Applications of Nanomaterials

Pankaj Bharmoria and Sónia P. M. Ventura

Abstract Riding on their size tunable properties, “Nanomaterials” have emerged
as darling materials of 21st century for plethora of practical applications includ-
ing optical. The nonlinear optical properties and optical emission of nanomaterial’s,
enhances with the decrease in particle size due to the “quantum confinement effect.”
Therefore, the quantummechanical effects emerge at the nanoscale which ultimately
dictates the optical properties of nanomaterials. This book chapter will delineate the
conceptual basis of optical applications of nanomaterials, subject to their size and
material specific optical properties, including examples for conceptual demonstra-
tion. Considering the broad width of applications this book chapter is particularly
focussed on biosensing and photovoltaic applications of nanomaterials.

Keywords Nanomaterials · Optical applications · Quantum confinement effect ·
Biosensing · Photovoltaics

1 Introduction

Nanomaterial is any particle, aggregate or agglomerate (natural or manufactured)
with one or more than one dimensions in the size range of 1–100 nm (European
Commission 2011). Historically, nanomaterial’s, are being used by humans since
600 BC, in the form of carbon nanotubes and cementite nanowires in Hindvi steel
developed in Southern India (Sanderson 2006). However, the modern world wit-
nessed their scientific revolution for practical utility after the invention of scanning
tunnellingmicroscope (STM) in 1981 byGerd Binnig and Heinrich Rohrer (awarded
Nobel prize in 1986) (Binnig and Rohrer 1986; Nobelprize.org. 1996 and discovery
of fullerenes in 1985 by Richard Smalley, Robert Curl, and Harold Kroto (awarded
Nobel Prize in 1996) (Kroto et al. 1985). Thereafter, in early 2000, the research on
nanotechnology picked up impetus and growing unabated till date with a plethora
of practical applications (Bhagyaraj et al. 2018; Guo and Tan 2009). Thanks to their
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2 P. Bharmoria and S. P. M. Ventura

unique physical, chemical, mechanical and optoelectronic properties which offer
tunability as per size and dimensions (Guo and Tan 2009). Among these, the opti-
cal properties have gained a lot of interest, namely because of the advanced optical
applications of nanomaterials. This is due to the fact that the optical properties are a
function of their internal electronic structures, which can be tuned by altering their
size and dimension as per the required optical application. However, before going
deep into details we must understand the basics of material optics and quantum con-
finement effect of nanomaterials, responsible for their exceptional optical properties
required for optical applications.

Material optics generally deals with the interaction of light with matter which
results in manipulation of the flow of light involving reflection, refraction,
absorbance, fluorescence, dispersion, frequency alterations and focusing or splitting
of an optical beam (McGraw-Hill 1993). The characteristics of the optical material
are a strict function of the light wavelength used. Since the dimensions of nanoma-
terials are defined in the nanoscale, which is sometimes lower than the wavelength
of light, the understanding of the light matter interaction becomes a key step under
the scope of optical applications of nanomaterials. Thus, the optical properties of
materials may be categorized in two main sets, the linear and non-linear properties.

Linear optics and linear optical properties: The linear optics deals with “weak
light”, which upon interaction with medium is deflected or delayed but does not
undergoes to a frequency change, thus following the superposition principle (Zhang
and Wang 2017). According to the superposition principle when two waves undergo
overlap in a space time then the optical property of resulting wave would be an
algebraic sum of individual wave. In simple algebraic equation if the wave A gives
signal X and the wave B gives signal Y, then upon superposition of A and B (A +
B) the resulting wave would give the signal X + Y (i.e. A + B = X + Y). In linear
optics, the light wave induces vibration in the molecules followed by the emission
of the light, having the same frequency of the incident light, then interfering with
the original light (Fig. 1). The optical response of materials scales linearly with the
amplitude of the electric field of light when electric field associated with the radiation
is small as shown in Eq. (1) (Suresh and Arivuoli 2012).

�P = εoχ �E (1)

Here, P is induced by dipole moment per unit volume, which defines polarization, εo
is the permittivity of free space, χ is polarization susceptibility and E is electric field
amplitude. The arrow above P and E is indicating their vector nature. The general
linear optical properties of materials are reflection, refraction and diffraction, which
are utilized for practical optical applications such as in phase shifters, beam splitters
and recently, in quantum computing (Turner et al. 2013; Wu et al. 2017; Pittman
et al. 2004). Lenses, mirrors, wave-plates and diffraction gratings are some examples
describing the well-known linear optical materials.
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Fig. 1 Presentation of linear optical system; a showing no change in frequency of input light wave
after being emitted by vibrating the molecule with whom it interacted and b no change in the photon
energy after the same event

Non-linear optics and non-linear optical properties: The non-linear optics deals
with the “intense light”, which upon interaction with material changes its optical
properties (Luca 2010; Lewis et al. 1941). Unlike linear optical systems the non-
linear optical systems does not follow superposition principle (i.e. A + B �= X +
Y). As a result of non-linear effect the incident light undergoes a change in optical
properties like polarization, frequency, phase or path of incident light because the
polarization density of medium responds non-linearly to the electric field of light
(Zhang and Wang 2017). This behaviour is observed when the optical electric field
strength of light is very high and comparable to that of intra-atomic electric field. In
this case, the induced polarization is given by Eq. (2) (Agrawal 2013).

�P = χ(1) �E + χ(2) �E2χ(3) �E3 + · · · (2)

χ (1) is the linear polarization susceptibility of materials which is applicable for
lenses. χ (2) and χ (3) are non-linear polarization susceptibilities of the materials,
which defines second order effects like a second harmonic generation and third order
effects such as third harmonic generation, stimulated Raman scattering, four wave
mixing and intensity dependence of the index of refraction. In non-linear optics, the
light does not follow superposition principle. At high irradiance many molecules are
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excited to a high energy state, which are excited further to another higher energy
states (the first excited state act on a low energy state for a high energy states). This
causes vibrations at all frequencies corresponding to energy differences between
populated states which, upon mixing, generate light with different frequency. The
typical non-linear optical system is presented in Fig. 2.

The non-linear properties of materials are susceptible to change at higher powers
inducing nonlinear effects like self-focusing, solitons and high-harmonic generation.
The most common non-linear processes involves second harmonic generation, third
harmonic generation, optical parametric amplification, optical rectification, optical
Kerr effect, multi photon absorption and cross polarised wave generation (Franken
et al. 1961; Heinz et al. 1982; Ciriolo et al. 2017; Zhong and Fourkas 2008; Palese
et al. 1994).

Since the electronic structure of atom changeswith the decrease in size of nanoma-
terials, its optical properties are highly prone to alterations. Based on the dimension
of nanomaterials, they have been classified into various types as shown in Fig. 3
(Tiwari et al. 2012; Cha et al. 2013).

Fig. 2 Presentation of the non-linear optical system; a showing change in frequency of input light
wave after being emitted by vibrating molecule with whom it interacted and b change in the photon
energy after same event, exemplified by a second harmonic generation
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Fig. 3 Nanomaterials of various dimensions a 0-dimension (fullerene); b 1-dimension (nanotube)
and c 2-dimension (graphene)

(i) Zero dimension nanomaterials (confined into three dimensions), e.g.
nanoparticles, nanoshells, nanocapsules, nanorings, fullerenes and quasi crys-
tals.

(ii) One dimension nanomaterials (confined into two dimensions), e.g. nanorods,
nanofilaments, nanotubes, quantum wires, and nanowires.

(iii) Two dimension nanomaterial (confined into two dimensions), e.g. discs,
platelets, ultrathin films, super lattices, graphene and quantum wells.

The alterations in optical properties of nanomaterial with reduced dimensionality
are usually defined by “quantum confinement effect.”

Quantum confinement effect: The increase in energy difference between band gap
and energy states of amaterial due to the origin of discrete energy spectrum,when one
of its dimension approaches the size below 5 nm, is called as “quantum confinement
effect” (Zorman et al. 1995; Takei et al. 2011) (Fig. 4). Consequently, both optical
and electronic properties of nanomaterials deviates compared to the bulk material,
where the energy levels remain continuous. The ‘quantum confinement effect’ arises
due to the spatial confinement of electrons in the conduction band, and holes in
the valence band when diameter of the particle approaches de Broglie wavelength
of electron (λelectron = 1.23 nm). This will cause the quantization of their energy
and momentum with restricted motion since in such a situation they follow the
principle of quantummechanical motion rather than classical mechanics (Anas et al.
2014). The situation becomes similar to the particle in one dimension box. In this
situation it becomes very intriguing to confine the probing light for measuring the
optical property of a single nanoparticle or nanowire, since the surrounding substrate
is always going to interfere with the optical measurement. If the substrate is not
photo-luminescent and its absorption range doesn’t lie on the frequency range of the
probing light, then its effects on the measurement of non-linear optical properties
are automatically discarded. However, it affects the linear optical properties like
transmission and reflection, just to mention a few. Therefore, the correction of linear
optical measurements is inevitable, which can be performed by subtracting the linear
optical properties of the substrate alone from the nanomaterial laden substrate.
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Fig. 4 Presentation of quantum confinement effect, wherein the band gap between valence and
conduction band increases while decreasing the material size to quantum level due to electron-hole
confinement. The holes remain confined in the discrete valence band and electrons remain confined
in the discrete conduction band

The “quantum confinement effect” has been exploited immensely by tailoring the
optical properties of the nanomaterials by tuning their crystal dimensions and the
chemistry of their surfaces (Clancy et al. 2018).However, developing technologies for
the utilization of these nanomaterials becomes the key factor to achieve their practical
applications. The optical applications of nanomaterials include bio-sensing, solar
cells, photovoltaics, imaging, non-linearity, photonics and optoelectronics (Keshea
and Khakpoor 2017; Jang et al. 2016; Carey et al. 2015; Joarder et al. 2018; Zheng
and Zhang 2016). Therefore, in the following section, the optical applications of
nanomaterials specifically in Biosensing and Photovoltaics shall be discussed.
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2 Optical Applications of Nanomaterials

2.1 Nanomaterials in Optical Biosensing

The high optical sensitivity leading to lower detection limits of analytes by nano-
materials is pointed out as an advantage favouring their application for biosensing
applications. Their highly specific surface along with their large surface area could
enable the increase in immobilization rate of different types of bio-receptors. In
fact, a typical biosensor is composed of a bio-receptor, a transducer, a signal pro-
cessor and an interface (Li and Liu 2017; Wen et al. 2015; Borisov and Wolfbeis
2008), as depicted in Fig. 5. By its turn, an optical biosensor is comprised of an opti-
cal transducer and a bio-receptor. The bio-receptors at the surface senses physical
or chemical change when ‘in natura’, which are transported/transduced to the trans-
ducer resulting in changes of the properties of light, namely absorption, fluorescence,
transmission, reflection, refraction, phase, amplitude, frequency and polarization
(Lara and Perez-Potti 2018).

As observed, nanomaterials perform the function of a transducer in a biosen-
sor, providing a high electrical conductivity and optical sensitivity to a very small
detection limit. The biomolecules can be immobilized on the nanomaterial surface
either via non-covalent interactions such as electrostatic, H-bonding and π-π stack-
ing, or via covalent cross-linking, e.g. amide coupling reactions. The covalent bind-
ing is particularly useful in terms of stability and reproducibility of the surface
functionalization. However it has a major drawback of uncontrolled functionaliza-
tion, consequently changing the principal recognition site, whereas the non-covalent
immobilization possesses advantages regarding the maintenance of the properties

Fig. 5 Schematic representation of optical bio-sensing by using a nanomaterial a without and
b with an analyte, thus demonstrating characteristic changes in the properties of light


