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Materials in the nanometer dimension possess interesting functional properties originating mainly
from the quantum conﬁnement eﬀect, which is a beautiful experimental demonstration of the
‘particle-in-a-box’ model. Conﬁnement of charge carriers in nanoscale materials leads to dramatic
modiﬁcations in their density of states giving rise to size and shape dependent properties. The
ability to tune the functional properties of materials without changing their chemical constituents
has opened up newer opportunities in disciplines as diverse as physics, chemistry, biology, medicine and engineering. The current focus of nanoscience is to design materials with novel properties
and utilize them for the miniaturization of devices with better performance. Among the various nanoscale building blocks, metal and semiconductor nanoparticles and carbon nanotubes have
gained much attention and a brief summary of their functional properties is discussed. Furthermore, the functional properties of nanomaterials can be ﬁne-tuned by a stepwise integration of
these nanoscale building blocks into organic–inorganic and inorganic–inorganic hybrid systems.
In the integrated hybrid nanomaterials, the functional properties of the individual nanoscale building blocks can couple with each other to yield newer properties that are fundamentally diﬀerent
from that of isolated components. The newer optical properties of nanomaterials provide excellent
opportunities in the biomedical ﬁeld for diagnosis, imaging and therapeutics. Hybrid nanomaterials
with diverse functionality ﬁnd application in the design of new generation nanophotonic and optoelectronic materials, and these aspects are discussed.

1. Introduction
Controlled organization of materials with micrometer scale precision has led to the miniaturization of devices, which has been the key to
major technological innovations in the last decade.
Design of materials in the nanometer scale is not
merely another step towards miniaturization; it
is the exploration of a new size regime wherein
materials exhibit properties which are diﬀerent
from that of the bulk. In this regime, size
and shape play a dominant role in tuning their
properties rather than the constituting elements

and their chemical composition [1–10]. Examples of nanostructured materials include metal
and semiconductor nanoparticles and nanostructured carbon based systems such as fullerenes,
single and multi-walled carbon nanotubes. The
noble metal nanoparticle based systems possess an
attractive property in the nanoscale: strong optical absorption arising from the localized surface
plasmon resonance (yellow, red and blue color for
Ag, Au and Cu, respectively). The larger surface
to volume ratio is yet another unique feature of
nanostructured materials, which make them a suitable candidate in catalytic processes [1].
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Nanoscale materials exhibit size and shape
dependent physical, chemical, electronic and magnetic properties, which are diﬀerent from the bulk
and their isolated atoms/molecules. Classical laws
of physics fail to explain the origin of the novel
properties of materials in this size regime [11].
Electrons experience a conﬁnement of motion in
space, when one or more dimensions of a crystal are in the nanoscale. This situation can be
described in terms of particles in a box and under
this condition, quantum mechanics is more suitable
to explain the size and shape dependent properties
(vide infra). Dimensional conﬁnement of electrons
in materials leads to dramatic modiﬁcations in
their density of states (DOS) giving rise to shape
dependent properties. Based on dimensional conﬁnement of electrons, nanomaterials are generally
classiﬁed as 2D, 1D or 0D [10]. The conﬁnement of
electrons is imposed only along one axis in the case
of 2D nanomaterials (e.g., quantum wells). In the
case of one-dimensional nanomaterials, electrons
experience conﬁnement along two dimensions and
are free to move only in one dimension; the best
examples are semiconductor nanowires and carbon
nanotubes. When the material experiences conﬁnement of electrons along all the three dimensions, it
is often termed as quantum dots (QDs). The dramatic blue shift observed in the absorption and
emission spectra of semiconductor quantum dots,
with decrease in size, is one of the direct observations of quantum size eﬀect (vide infra).
The synthesis, characterization of various nanomaterials and investigation of their properties are
well documented in recent reviews [1–10]. Newer
methods of characterization based on electron and
probe microscopic methods have enabled better
understanding on the crystallographic properties
of nanomaterials. Various spectroscopic methods
have been used for understanding the optical and
electronic properties of these materials. Among
various nanomaterials, gold nanoparticles and
nanorods, semiconductor quantum dots and single walled carbon nanotubes are widely used as
components for the design of hybrid nanostructures. This article provides a brief summary of
the recent understanding on the functional properties of nanomaterials, particularly on the optoelectronic properties of nanoscale building blocks
such as metal nanoparticles, semiconductor QDs
and carbon nanotubes and hybrid nanomaterials
based on these systems.
2. Nanomaterials and their
functional properties
2.1 Gold nanoparticles
Metal particles in its colloidal state have attracted
mankind even centuries ago due to their medicinal

Figure 1. Schematic representation of the oscillation of
the electron cloud in presence of an electromagnetic radiation (reproduced with permission from [8], copyright 2003
American Chemical Society).

value and fascinating colors [11–14]. Colloidal gold
has a long therapeutic history, which is well rooted
in Eastern traditions particularly in the Indian subcontinent [11–13]. The medicinal value of colloidal
gold is well documented in the books of ancient
Indian ayurveda like ‘Charaka Samhita’ and the
‘Vedas.’ The fascinating colors of metal nanoparticles have been utilized for decorating glass windows
in many cathedrals in Europe (stained glass windows). Another interesting example is the famous
Lycurgus cup of 4th century, which is now displayed in the British Museum [14]. This glass cup
appears green when viewed in reﬂected light and
transmits red color, when illuminated from inside.
Analysis of the glass reveals that it contains small
quantity of an alloy of gold and silver having a
diameter of ∼ 70 nm in the molar ratio of (3 : 7).
The surface plasmon resonance (vide infra) of the
alloy is responsible for the special color display in
the Lycurgus cup.
The light absorption in metal nanoparticles originates from an interesting phenomenon
called localized surface plasmon resonance [1–10].
According to the Drude–Lorentz model, the atoms
in metals exist in a plasma state, having a core
of positively charged nuclei surrounded by a pool
of negatively charged electrons and hence named
as ‘plasma electrons’. In the presence of an electromagnetic radiation, the electric vector displaces
the free electrons and the columbic electrostatic
attraction of the nuclei will restore the electrons to
the original position (ﬁgure 1). As a result of the
oscillating nature of the electric ﬁeld of light, the
electron cloud coherently oscillates over the surface with a resonance frequency ‘ωp ’ [8]. When the
frequency of this oscillation matches with that of
incident radiation, a resonance condition is established which results in the intense absorption, often
termed as ‘surface plasmon (SP) absorption’. For
example, spherical gold nanoparticles exhibit a
single surface plasmon band at around 520 nm,
attributed to the collective dipolar oscillation of
the electron cloud (ﬁgure 2).
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Figure 2. (A) TEM images of gold nanoparticles (obtained by reducing HAuCl4 using gallic acid at room temperature);
(B) absorption spectrum of Au nanoparticle and nanorod; (C) TEM images of gold nanorod (obtained by photochemical
reduction); (D) surface plasmon oscillation of spherical gold nanoparticles and (E) the surface plasmon oscillation of gold
nanorods in the transverse and longitudinal axes.

For a bulk metal with inﬁnite dimension in all
the three directions, the resonance frequency of
plasma electrons (ωp ) can be expressed as
ωp = (N e2 /ε0 me )1/2

(1)

where N is the number density of the electrons,
ε0 is the permittivity of vacuum, and e and me
are the charge and eﬀective mass of the electron, respectively. Depending on the dimensionality of the nanostructured materials, diﬀerent
boundary conditions can be imposed on the electron plasma. In contrast to the bulk metal, the electron cloud in nanoparticles is conﬁned to a ﬁnite
volume, which is smaller than the wavelength of
light. Hence, the frequency of oscillation of metal
nanoparticles is determined mainly by four parameters: number density of electrons, eﬀective mass
of the electron and the size and shape distribution of the charge. This allows the tuning of the
optical properties of noble metal nanoparticles by
varying the size, shape and dielectric environment
[8]. In 1908, Gustay Mie provided a quantitative
description for the resonance in spherical particles,
by solving Maxwell’s equations, with appropriate
boundary condition [15]. According to Mie theory,
the total cross-section consists of scattering and
absorption (often termed extinction) and given as
summation over all electric and magnetic oscillations. The contribution of absorption and scattering mainly depends on the size and shape of the
particles.
Nanostructured metallic systems of noble metal
such as silver, gold and copper are of great
interest since their localized surface plasmons resonate at the visible range of the electromagnetic

radiation. Typically, the surface plasmon (SP)
band for spherical Au nanoparticles having diameter of ∼ 20 nm is observed at around 530 nm.
The surface plasmon absorption of Au nanoparticle obtained by reducing HAuCl4 using gallic
acid at room temperature [16] and gold nanorod
prepared by photochemical reduction [17] and
their corresponding TEM images are presented in
ﬁgure 2. A bathochromic shift in the λmax was
observed from 530 to 550 nm on increasing the
diameter of the nanosphere from 20 to 80 nm,
which is attributed to the electromagnetic retardation in larger nanoparticles. The dependence
of the nanoparticle diameter on the maximum of
plasmon resonance band was theoretically calculated by adopting Mie theory and discrete dipole
approximation (DDA) method and these aspects
were reviewed extensively [8]. As the shape of
the nanoparticle changes, the surface electron density and hence the electric ﬁeld on the surface
varies. This causes dramatic variations in the oscillation frequency of the electrons, generating different optical cross-sections (including absorption
and scattering). For example, nanorods of gold and
silver split the dipolar resonance into two surface
plasmon bands wherein the induced dipole oscillates along the transverse and longitudinal axes
(ﬁgures 2B and E) [18]. The longitudinal surface plasmon band shifts to longer wavelengths
with increase in aspect ratio, while the position
of transverse surface plasmon band remains more
or less unaﬀected. These results indicate that the
dimensionality plays a crucial role in determining the plasmon resonance of metal nanoparticles. Au nanoparticles in the size range of 2–5 nm
show interesting quantum size eﬀects and can
behave as conductor, semiconductor or insulator
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depending on its dimension. The surface plasmon
band of Au nanoparticle, which is characteristic
of its metallic nature, undergoes broadening and
dampening on decreasing the size below 5.0 nm
[19]. A sharp decrease in the intensity of surface
plasmon band is observed for nanoparticles having
diameter below 3.2 nm due to the transition from
metallic to semiconductor/insulator behavior. This
eﬀect is attributed to the onset of quantum size
eﬀect and was further established by theoretical
investigations. Surface plasmon band is absent for
Au nanoparticles having core diameter less than
2 nm. The dampening of the SP mode is attributed
to the surface scattering of conduction electrons
that follows inverse radius (1/radius) dependence
[19,20]. It was found that Au nanoparticles < 5 nm
in diameter are catalytically active for several reactions, for example, catalysts for the oxidation of
CO (an automobile exhaust) at room temperature
[21]. Another interesting property of Au nanoparticles/nanorods is the high optical cross-section
of the surface plasmon absorption, which is typically 4–5 orders of magnitude higher than conventional dyes [22]. These unique features of Au
nanoparticles/nanorods provide excellent opportunities for their use in biomedical ﬁeld for diagnosis,
and imaging. The absorbed light in Au nanoparticles/nanorods is eﬃciently converted into localized
heat and this strategy has been successfully used
for the laser photothermal destruction of cancer
cells. Au nanoparticles/nanorods can be targeted
to tumor site by conjugating them with bioactive
molecules.
One of the most widely investigated nanostructured systems is spherical gold nanoparticles
owing to their (i) stablity, (ii) ease of synthesis,
(iii) excellent optical and electronic properties
and (iv) their ability to bind with thiols, which
allows functionalization with various molecular
systems. In 1857, Michael Faraday provided the
ﬁrst systematic investigation and documentation
on the synthesis of colloidal Au nanoparticles
[23]. An aqueous solution of sodium tetrachloroaurate, (Na[AuCl4 ]), was reduced with phosphorus in carbon disulﬁde. The solution turned to
deep ruby color and Faraday concluded that the
gold was dispersed in the liquid in a very ﬁnely
divided form. Several synthetic procedures have
been developed over the years for the design of
Au nanomaterials having varying size and shape.
The notable ones include (i) Turkevich method
by boiling an aqueous solution of HAuCl4 and
sodium citrate [24], and (ii) two-phase reduction
method developed by Schiﬀrin, Brust and coworkers [25]. In the last decade we have witnessed
a plethora of scientiﬁc activities related to the
development of newer synthetic methods, which
led to the size and shape controlled synthesis of

noble metal nanoparticle having tunable optoelectonic properties. Control on the shape and size of
metal nanoparticles have been achieved by varying the reaction conditions such as reduction technique, reaction time and concentration of capping
agent. Recent developments in the classical wet
chemistry methods have enabled the synthesis of
anisotropic nanostructures possessing well deﬁned
shapes (for example, ellipsoids, rods, cubes, disks,
tetrahedra, cylinders, pyramids, triangular prisms,
and multipods) and these aspects are discussed
extensively [26,27]. The functional properties of
various nanomaterials were correlated with their
size and shape and these aspects are well documented [1–8].
2.2 Semiconductor quantum dots
Photoexcitation of a bulk semiconductor results
in the transfer of an electron from valence band
to conduction band creating an electron-hole pair,
called ‘exciton’, bound by a weak columbic interaction. The minimum energy required to generate
such an exciton is called the band gap energy
[28]. Excitons can be treated as hydrogen-like system and the spatial separation between the charge
carrier pair is termed as exciton Bohr radius (aB )
which can be deduced from the Bohr approximation. When the physical dimensions of matter become comparable or lower to the exciton
Bohr diameter (2aB ), the functional properties of
a semiconductor becomes sensitive to the size and
shape due to conﬁnement of excitons. This phenomenon is often expressed as quantum size eﬀect
or quantum conﬁnement eﬀect. For example, CdSe
has a Bohr exciton radius of ∼ 56 Å; the electron and hole cannot achieve their desired distance
when the diameter of nanocrystal is smaller than
112 Å [29–32]. As mentioned in the previous section, this situation can be illustrated as a ‘particlein-a-box’ system and explained from a quantum
mechanical point of view.
Many theoretical models have been reported
which correlate the size of quantum dots to their
band gap energy and these models were further
compared with the experimentally observed data
[34]. An earlier theoretical calculation for semiconductor nanoparticles (using CdS and CdSe QDs as
examples) was reported by Brus, based on ‘eﬀective mass approximation’ (EMA) [28–33]. In this
approximation, an exciton is considered to be conﬁned to a spherical volume of the crystallite and
the mass of electron and hole is replaced with
eﬀective masses (me and mh ) to deﬁne the wave
function. Kayanuma accounted the electron-hole
spatial correlation eﬀect and modiﬁed the Brus
equation [33]. Based on the modiﬁed equation, the
size dependence on the band gap energy of QDs
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Figure 3. (A) Photograph illustrating the size dependent emission from CdSe quantum dots having radius of (a) 2.6 nm
(b) 3.7 nm (c) 4.7 nm; (B) the energy levels of the valence and conduction bands of core and shell in type I heterostucture
QDs.

can be quantiﬁed as follows:
Eg (QD) = Eg (bulk) + (2 π 2 /2μR2 )
∗
− (1.786e2 /εR) − 0.248ERy

(2)

where ‘R’ is the radius of QD, μ is the reduced
∗
mass, ‘ε’ is the permittivity of the vacuum and ERy
is the eﬀective Rydberg energy. The ﬁrst term on
the right hand side represents the band gap of bulk
materials, which is characteristic of the material:
for example, 2.53 eV for CdS, 1.74 eV for CdSe and
1.50 eV for CdTe. The second additive term of the
equation represents the additional energy due to
quantum conﬁnement having a 1/R2 dependence
on band gap energy, Eg (QD). The third subtractive
term stands for the columbic interaction energy
of exciton having 1/R dependence; often neglected
due to high dielectric constant of the material. The
last subtractive term, stands for spatial correlation
eﬀect (independent of radius), and signiﬁcant only
in case of semiconductor materials with low dielectric constant.
The experimental observation of the size dependence in the band gap energy of semiconductor
is in good agreement with the theoretical predictions [35,36]. Variation in the band gap energy
of semiconductor with size is directly reﬂected
on their optical responses (ﬁgure 3). The conﬁnement of electrons in semiconductor QDs inﬂuences their electronic structure in two ways. The
energy gap of semiconductor QDs increases dramatically with decrease in its radius (Eg ∝ 1/R2 ).
Also the continuum observed in the conduction
band and valence band in the case of bulk materials is replaced with discrete atomic like energy
levels as the particle size decreases.
Earlier attempts to produce extremely small particles included template-assisted synthesis using
zeolites, micelles, lipid bilayers, molecular sieves
and polymers [37]. Most of the initial eﬀorts
were concentrated on the synthesis of cadmium

chalcogenide such as CdS, CdSe, CdTe (II–VI semiconductors). A breakthrough in producing high
quality monodispersed QDs of II–VI semiconductors was reported by Bawendi and coworkers in
1993 by adopting a high temperature organometallic reaction in presence of a coordinating solvent
[38]. The reaction was carried out at elevated temperatures (∼ 360◦ C) under vacuum, using selenium
precursor (TOPSe; selenium coordinated to trioctylphosphine) which was injected rapidly into a
solution of dimethylcadmium in TOPO. An excellent control over crystal growth was achieved by
controlling the reaction parameters such as precursor concentration, temperature and duration of
reaction. A marked improvement in the above synthesis strategy was achieved by Peng and coworkers, where the authors have used a non-pyrophoric
and stable cadmium precursor, cadmium oxide
instead of dimethylcadmium [39]. Later several
modiﬁcations have been reported with the aim
of improving the monodispersity and increasing
the photoluminescence quantum yield and these
methods were further extended for the synthesis of
III–V semiconductor QDs (GaAs, InP, etc.) [40].
A hypsochromic shift in the absorption as well
as emission band was observed on reducing the size
of semiconductor nanocrystal, which is accompanied by the appearance of sharp absorption peaks
originating from the ﬁrst and second excitonic
transitions [41]. For example, bulk CdSe has an
absorption onset at 720 nm (Eg = 1.74 eV) which
is blue shifted to 450 nm (Eg = 2.8 eV) by reducing
the size down to about 2 nm. Many other properties
of semiconductor nanomaterials also depend on the
physical dimension of the material. It is reported
that the redox potential of the valence and conduction bands are also sensitive to size of the QDs,
which shifts to more positive values for valence
band and negative values for conduction band as
the size decreases [42].
Bare QDs possess low emission yield due to
the presence of the dangling bonds and deep
trap states on their surface, which enhances the
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2.3 Carbon nanotubes

Figure 4. HRTEM images of (A) CdSe QDs and (B) CdSe
QDs overcoated with 3.9 monolayers of ZnS; (C) Absorption
and PL spectra of bare CdSe QDs and overcoated with 3.9
monolayers of ZnS (bathochromic shift in absorption band
and enhancement in PL) along with (D) photographs of bare
(left ﬂask) and overcoated (right ﬂask) CdSe QDs (reproduced with permission from [46], copyright 2003 American
Chemical Society).

nonradiative channels [43]. One of the successful strategies adopted for imparting photostability
and improving the photoluminescence eﬃciency of
QD is to overcoat with an inorganic shell material
having similar lattice parameters and higher band
gap energy (Eg ). Such core-shell systems wherein
the core is overcoated with large band gap shell
material are called as type I heterostucture QDs
(ﬁgure 3). In such systems, the conduction band of
the shell possesses higher energy than that of the
core and the valance band of the shell possesses
lower energy than that of the core. As a result,
both electrons and holes (exciton) are conﬁned
in the core. Shell materials used for overcoating
CdSe QDs include zinc sulphide (ZnS) [43], zinc
selenide (ZnSe) [44] and cadmium sulphide (CdS)
[45]. Among these, ZnS is widely used as overcoating material owing to its higher band gap energy,
allowing eﬃcient conﬁnement of excitons in the
core. Overcoating prevents photoinduced charge
transfer in bare QDs retaining PL eﬃciency. It also
prevents the leakage of core materials, avoiding the
toxicity inside of the cell when used in biological applications. However, the core-shell QDs with
large shell thickness are less eﬀective for biological
applications due to the decrease in luminescence
quantum yield. Studies from our group have shown
that two monolayers (corresponding to ∼ 0.65 nm)
of ZnS shell is the optimum shell thickness for a
4.2 nm diameter CdSe quantum dot, which inhibits
charge transfer processes and provides maximum
PL quantum yield (ﬁgure 4) [46].

Another class of nanoscale building blocks which
received much attention in recent years is the
carbon nanotube (CNT), an allotrope of carbon.
They are molecular scale tubes of graphene sheets;
an ideal CNT is a hexagonal network of carbon atoms rolled as a seamless cylinder, with
diameter in the order of few nanometers (0.8–
2.0 nm) and a tube length varying in thousands
of nanometer. This class of quasi one-dimensional
nanostructures possess unique electrical properties
which make them an attractive candidate for the
fabrication of nanodevices and these aspects are
reviewed in detail [47–51]. The chemical bonding
of nanotubes is similar to that of graphite, composed entirely of sp2 hybridized carbon atoms.
Carbon nanotubes are mainly classiﬁed as two
types: single-walled carbon nanotubes (SWCNT)
and multi-walled carbon nanotubes (MWCNT).
Based on the theoretical studies, it was proposed
that the electronic properties of ‘ideal’ carbon
nanotubes depend on their diameter and chirality. However, experimental studies have showed
that various defects in carbon nanotubes such as
pentagons, heptagons, vacancies or dopant can
drastically modify the electronic properties of
CNTs [48].
The fascinating electronic properties of carbon
nanotubes originates from the quantum conﬁnement of electrons normal to the nanotube axis.
In the radial direction, electrons are conﬁned by
the monolayer thickness of the graphene sheet and
periodic boundary conditions exist around the circumference of the nanotube. Electrons can only
propagate along the nanotube axis due to quantum conﬁnement and their wave vectors point
in this direction. The resulting number of onedimensional conduction and valence bands depends
on the standing waves around the circumference of
the nanotube.
The single walled carbon nanotubes are usually
described using the chiral vector, Ch = nâ1 + mâ2 ,
which connects two crystallographically equivalent
sites, (A and A in ﬁgure 5A), on a graphene sheet
where â1 and â2 are unit vectors of the hexagonal honeycomb lattice and n and m are integers
[48]. When the graphene sheet is rolled up into
a nanotube, the ends of the chiral vector meet
each other to form the circumference of the nanotube. The chiral vector Ch also deﬁnes chiral
angle (θ), the angle between the chiral axis and the
zigzag axis of the graphene sheet. The various values of n, m and θ, deﬁnes the diﬀerent nanotube
structures such as chiral (n, m), armchair (n, n)
and zigzag (n, 0 or 0, m). Armchair nanotubes are
formed when n = m having a chiral angle of 30◦
whereas zigzag nanotubes are formed when either
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3. Functional properties of hybrid
nanomaterials

Figure 5. (A) Schematic diagram of two-dimensional
graphene sheet illustrating chiral axis, zigzag axis and
chiral angle; (B) HRTEM images of bundled SWCNT;
(C) electronic properties of an armchair nanotube exhibiting metallic behavior and (D) zigzag nanotube exhibiting
semiconductor behavior (A, C and D are reproduced with
permission from [48], copyright 2002 American Chemical
Society).

n or m are zero and the chiral angle is 0◦ . All other
nanotubes with chiral angle between 0◦ and 30◦
are known as chiral nanotubes [48]. The electronic
properties of a nanotube vary in a periodic way
between metallic and semiconductor by following
a general rule of n − m = 3i, where i is an integer or noninteger. If i is an integer, i.e., (n − m)
is a multiple of 3, then the tube exhibits a metallic behavior and possesses a ﬁnite value of carriers in the density of states at the Fermi energy
level (ﬁgure 5C). In contrast, if i is a non-integer,
then the tube exhibits a semiconducting behavior
and has no charge carriers in the density of states
(DOS) at the Fermi energy level (ﬁgure 5D). The
DOS of various types of CNTs were experimentally
investigated and compared with theoretical models
[48]. Although there have been many interesting
and successful attempts to grow CNTs by various
methods, most widely used techniques are (i) arc
discharge, (ii) laser furnace and (iii) chemical vapor
deposition (CVD). Commercially available nanotubes contain a mixture of metallic and semiconductor tubes; one third of them are metallic and
the rest are semiconducting. Even though CNTs
are considered as versatile building blocks for the
design of optoelectronic devices, the availability of
carbon nanotubes in a scalable quantity having
(i) uniform diameter and bandgap, and (ii) metallic/semiconducting character remains a major
hurdle.

The functional properties of nanomaterials can
be further tuned by the stepwise integration
of nanoscale building blocks (nanoparticles,
nanorods, nanotubes, etc.) into hybrid nanomaterials. When integrated as hybrid nanomaterials,
the functional properties of nanoscale building
blocks may couple each other to yield newer properties. Thus, hybrid nanomaterials may possess
novel properties diﬀerent from that of isolated
components or possess complementary properties
useful for performing speciﬁc functions (vide infra).
Several strategies have been reported for designing
hybrid nanostructures and representative systems
include organic-inorganic and inorganic-inorganic
hybrid systems. Design of organic-inorganic hybrid
systems can be achieved by functionalizing photoor electroactive molecules on to metal or semiconductor nanomaterials wherein electron/energy
transfer processes may occur. Inorganic-inorganic
hybrid nanomaterials can be obtained through the
hierarchical integration of metal and semiconductor building blocks into higher order assemblies.
For example, a nanoscale building block ‘X’ can
be coupled using a spacer group with another
nanoscale building block ‘Y’ to yield ‘X-Y’ type
hybrid nanostructures (or with similar building
block to yield an ‘X-X’ type nanostructure).
Properties of these hybrid nanostructures can be
tuned by varying the length of the spacer group.
Design of hybrid nanomaterials with heterojunction can be achieved by bringing (i) metal and
semiconductor nanoparticles, (ii) dissimilar metal
nanoparticles and (iii) dissimilar semiconductor
nanoparticles. Such hybrid nanomaterials possess
properties that are fundamentally diﬀerent from
those of isolated components. Recent studies have
shown that hybrid nanomaterials possess more
promising functional properties than individual
building blocks. A brief summary of the recent
developments on the design of hybrid nanomaterials and their functional properties is presented
here.
3.1 Organic-inorganic hybrid nanomaterials
Stable metal as well as semiconductor nanoparticles were prepared by capping with a monolayer of
organic molecules. The ability of functional groups
such as quaternary ammonium halides, amines,
thiols, etc., to bind on to the surface of nanoparticles has been exploited for organizing organic molecules around them (ﬁgure 6). The most widely
used method for the functionalization of organic
molecules on to the surface of metal nanoparticles adopts a two-phase synthesis reported by
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Figure 6. Monolayer-protected clusters (MPCs) having metal core covered with (A) alkyl thiol and (B) monothiol derivative of triethylene glycol as ligand shell; (C) schematic illustration of a core-shell hybrid nanostructure; (D) schematic
representation of ligand exchange (place exchange) reaction for preparing mixed monolayers; (E–G) gold nanoparticles
having mixed monolayers of (E) fullerenethiol and dodecanethiol; (F) pyrenethiol and dodecanethiol; (G) ruthenium trisbipyridine thiol and monothiol derivative of triethylene glycol.

Brust et al [25] and their modiﬁed procedures [52].
Such monolayer-protected clusters (MPCs) can be
visualized as three-dimensional assemblies possessing a core-shell structure (metal core covered with
ligand shell; ﬁgures 6A–C) [25,52–54]. Solubility
of MPCs can be tuned from nonpolar to polar
medium by varying nature of the stabilizer layer.
Optoelectronic properties of MPCs can be tuned
by linking photoactive molecules on to the surface of nanoparticles. Several methodologies have
been developed for incorporating a desired number of chromophores on to the nanoparticle. For
example, metal nanoparticles bearing mixed monolayers can be synthesized using ligand exchange
(place exchange) reactions reported by Murray and
coworkers [52,53]. The addition of pre-synthesized
nanoparticles possessing thiol bearing ligands to a
solution of another thiolate molecule having diverse
functionality results in the partial substitution of
the protecting shell on the nanoparticle surface
(ﬁgure 6D). This strategy enabled the functionalization of a desired number of photoactive or electroactive molecules around the metal nanoparticle
(ﬁgures 6E–G).
Interesting physical processes arise when photoactive or electroactive molecules are linked on to
metal nanoparticles [52,55,56]. The most signiﬁcant ones are electron/energy transfer processes,
which can be further modulated by varying the

size, shape and chemical constituents of nanomaterials. It is reported that Au nanoparticles
in the size range of 2–5 nm can behave as conductor, semiconductor or insulator depending on
their dimension due to quantum size eﬀects [19,57].
Optoelectronic properties of hybrid nanomaterials
can be tuned by anchoring chromophores on to
Au nanoparticles in this size range. Photoinduced
electron transfer process from a chromophoric
system (pyrene; ﬁgure 6F) to Au nanoparticle
of ∼ 2 nm was demonstrated by following transient spectroscopy [56–59]. The eﬀect of the transition behavior of metal nanoparticles was studied
by Dulkeith et al by functionalizing lissamine
molecules on gold nanoparticles of diﬀerent sizes
(1–30 nm) and isolated the resonant energy transfer
rate from the decay rates of the excited dye molecules [60]. The increase in lifetime with decrease
in the nanoparticle size was indicative of the
decreased eﬃciency of energy transfer. It is further reported that chromophore bound Au/Ag
nanoparticles possess unique ability to store and
shuttle electrons [19,57,61]. A wide variety of chromophores have been functionalized on the surface
of Au nanoparticles (ﬁgure 6E–G) and proposed
as active components in light harvesting systems.
The signiﬁcant photophysical events occurring in
these hybrid nanomaterials are summarized in
ﬁgure 7.
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Excited-state deactivation processes in ﬂuorophore-metal hybrid nanomaterials.

Photoactive molecules linked semiconductor
QDs are widely used as hybrid nanomaterials
for ﬂuorescence resonance energy transfer (FRET)
analysis. The use of QD based hybrid nanomaterials in the detection of biomolecular systems (proteins and DNA) have been summarized by Medintz
and coworkers [62,63]. Compared to organic ﬂuorophores, QDs possess several unique photophysical properties, which make them attractive as
biolabels: (i) broad absorption spectra and large
Stokes shifts, (ii) molar extinction coeﬃcients 10
to 100 times higher than organic dyes (iii) sizetunable photoluminescent emission with relatively
high quantum yield and lifetime (iv) high resistance to photobleaching and chemical degradation.
The native organic ligands used as a monolayer
for protecting the QDs can be partially exchanged
with a bioactive/photoactive molecule. The emission properties of QDs can be size-tuned to give
better spectral overlap with a particular acceptor
dye. It has been shown that the FRET eﬃciency
can be increased by loading a central QD donor
with multiple ﬂuorophores [63,64]. Unique photophysical properties of QDs opens up newer opportunities for the design of FRET-based biological
assays, providing better distance resolution than
traditional donor–acceptor FRET systems. However, the toxicity of QDs is a matter of concern,
particularly for biomedical application, and newer
generation QDs such as InP are now considered as
alternatives.
3.2 Plasmon coupling in hybrid nanomaterials
The transport of optical energy using materials
that are considerably smaller than the wavelength
of light is one of most challenging issues in the
miniaturization of photonic components (due to
problems associated with the diﬀraction limit of
light). However, nanostructures can convert photons into surface plasmons that are not diﬀraction
limited. Within the propagation length, the surface plasmon modes can be decoupled to light and
this possibility oﬀers tremendous opportunities

in the design of nanoscale optical and photonic
devices such as metal-nanoparticle based plasmon
waveguides. Design of higher order hybrid nanomaterials (for example, one-dimensional arrays of
noble metal nanoparticles with deﬁned particle
spacing) is an essential requirement for achieving
this goal. Lithographic methods such as electron
beam lithography are commonly used for the construction of higher order nanostructures and details
are summarized in recent reviews [65,66]. Maier
et al have recently demonstrated the transport of
electromagnetic energy over a distance of 0.5 μm
in plasmon waveguides consisting of closely spaced
silver rods [67]. The waveguides were excited by the
tip of a near-ﬁeld scanning optical microscope and
energy transport was probed by using ﬂuorescent
nanospheres.
Recent studies have shown that it is possible to
ﬁne tune the optical properties of metallic nanoparticles by their controlled organization into periodic
arrays [65,66]. Two types of interactions exist in
organized metal nanoparticles: near-ﬁeld coupling
and far-ﬁeld dipolar coupling. Near-ﬁeld coupling
(evanescent coupling) is observed in an ensemble
of closely packed nanoparticles wherein they nearly
touch each other. In the latter case, the dipole
ﬁeld resulting from the plasmon oscillation of metal
nanoparticle induces an oscillation in a neighboring nanoparticle.
As mentioned in previous sections, closely
packed 1D arrays of Au nanoparticles can, in principle, function as (i) guides of electromagnetic
radiation (waveguides) allowing miniaturization of
devices below the diﬀraction limit and (ii) interconnectors in optical and photonic devices. However,
isotropic nature of spherical Au nanoparticles prevents the selective binding of molecules on surfaces
which restricts the possibility of designing 1D array
of nanomaterials by chemical functionalization
methods [56]. In contrast, the anisotropic features
of Au nanorods allow their assembly in various
orientations, and several attempts have been
made for organizing Au nanorods using electrostatic/supramolecular/covalent approaches [68–73].
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Figure 8.

Molecules used for organizing Au nanorods using hydrogen bonding and electrostatic approaches.

This includes the (i) linear organization of Au
nanorods using biotin-streptavidine connectors and
lateral organization through electrostatic interactions by varying the pH of the medium [72,73],
(ii) longitudinal assembly through covalent functionalization by using dithiols [68,70], (iii) cooperative intermolecular hydrogen bonding by using
3-mercaptopropionic acid and electrostatic interaction by using cysteine and glutathione as shown
in ﬁgure 8 [69,71] and (iv) end-to-end electrostatic assembly of Au nanorods on multiwall carbon
nanotubes [74].
On the basis of electron diﬀraction analysis and
HRTEM studies, it is proposed that the end facets
of Au nanorods are dominated by {111} planes and
the side facets by {100} and {110} planes [3,75,76].
It is reported that the thiol derivatives preferentially bind to the {111} planes of the Au nanorods
and this speciﬁc interaction was further exploited
for the organization of Au nanorods [72]. The
preferential functionalization at the edges of Au
nanorods leads to the formation of 1D nanochains
in the longitudinal direction. Based on detailed
mechanistic investigations, it is concluded that the
nanochain formation proceeds through an incubation step, followed by the dimerization and subsequent oligomerization of nanorods in a preferential
end-to-end fashion (ﬁgure 9). The clear isosbestic
point observed in the time dependent absorption
spectrum and dimers observed in the TEM micrographs conﬁrms the involvement of the dimerization step in the chain formation process. Spectral
changes were analyzed for a second-order kinetic
process, and linearity in the initial period further
supports the dimerization mechanism, which deviates with time due to the contribution of other
complex processes (oligomerization) [70].
More recently, studies are focused on the design
of Au nanorod dimers and investigation of plasmon coupling in these systems as a function of their
distance and orientation. The plasmon coupling in

Au nanorod dimers linked through rigid molecules
(e.g., 1,2-phenylenedimethanethiol) were found to
be more pronounced due to eﬀective dipolar overlap along their longitudinal axis compared to ﬂexible aliphatic dithiol such a 1,6 hexanedithiol [68].
These studies conﬁrm that the nature of the linker
group plays a critical role in plasmon coupling of
metal nanoparticles. Such hybrid metal nanoparticles are promising components in the design of
nanoscale devices, for example stable Au nanorod
chains with eﬀective dipolar overlapping can be
used as elements in the design of plasmonic wave
guides. Thus light waves can be channeled through
hybrid nanomaterials depending on the assembly of Au nanorods. Rigid Au nanorod dimers
are also promising as nanoscale interconnectors in
future molecular electronics devices and the distance and orientation between the nanorods can be
varied by choosing proper linker groups. A possible
strategy for the design nanoscale molecular electronic devices using Au nanorod dimers is presented in ﬁgure 10.
We have recently developed a novel methodology for the preferential end functionalization of Au
nanorods with nanoparticles by exploiting the electrostatic attractive interactions [77]. The enhanced
potential at the edges of Au nanorods preferentially
attracts the positively charged Au nanoparticles,
leading to their selective binding. Site speciﬁc binding results in a spontaneous bathochromic shift
in the longitudinal plasmon band of Au nanorods
which is dependent on the size of the nanoparticles. This concept can be further utilized for coating dissimilar metals/metal oxides on to the edges
of nanorods and also for alloying speciﬁc domains
of nanorods with other metals. Such hybrid materials are useful in surface enhanced spectroscopic
studies. Another possibility is to selectively position molecules to speciﬁc domains of nanomaterials
having enhanced electric ﬁeld. This can lead to a
large enhancement of various spectroscopic signals,
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Figure 9. (A) TEM images of Au nanorods in the absence (a) and presence (b–d) of mercaptoproponic acid (MPA)
illustrating the end to end assembly; (B) generalized scheme indicating the stepwise formation of nanochains through
incubation, dimerization and oligomerization; (C) schematic representation of plasmon coupling in dimers and oligomers of
Au nanorod and (D) Absorption spectra of gold nanorods in acetonitrile-water (4 : 1) recorded after the addition of MPA
(0–8 µM). Decrease in the absorption of the longitudinal plasmon band, accompanied by the formation of coupled plasmon
band of Au nanorod dimers, was observed, through an isosbestic point (A and D reproduced with permission from [71],
copyright 2004 American Chemical Society and B reproduced with permission from [70], copyright 2006 American Chemical
Society).

Figure 10. (A) Au dimers as elements in molecular electronics and (B) enhanced potential at the edges of Au nanorods
(B reproduced with permission from [77], copyright 2004 American Chemical Society).

ﬁnding applications in techniques like surface
enhanced Raman spectroscopy (SERS) leading to
single-molecule detection. Design of several ‘metamaterials’ with programmable physical and chemical properties have been reported by Shevchenko
et al through the self-assembly of nanoparticles of
two diﬀerent materials into a binary nanoparticle
superlattice [78].

3.3 Heterojunctions in hybrid nanomaterials
Hybrid nanomaterials possessing heterojunctions
are promising functional nanomaterials having
potential application in optoelectronic devices.
They possess novel properties that are fundamentally diﬀerent from those of nanoscale components
[5,79]. Heterojunctions in hybrid nanomaterials
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Figure 11. (A–C) Various types of heterojunction hybrid nanomaterials of dissimilar semiconductors and (D–E) schematic
representation of the spatial separation of excitons in type II core-shell QDs and the corresponding energy levels of the
valence and conduction bands of the core and shell.

can be obtained by bringing nanomaterials of
(i) dissimilar metals and (ii) dissimilar semiconductors and (iii) semiconductor and metal.
Heterojunctions of dissimilar metal nanoparticles can form alloys having novel optical and electronic properties and these aspects are reviewed
[5]. Interestingly when two dissimilar semiconductor nanomaterials are in contact, the heterojunction created can assist the spatial separation of
charge carriers (excitons) formed upon photoexcitation. This can be achieved by tuning the energy
levels of the valence and conduction bands of semiconductors. If the valence and conduction band
position of the semiconductor ‘S1 ’ is lower (or
higher) than semiconductor ‘S2 ’, then one carrier
is mostly conﬁned in ‘S1 ’, while the other one in
‘S2 ’ (ﬁgure 11). Core-shell nanostructures of this
type are called type-II nanostructures. Such coreshell heterostructures can be synthesized by molecular beam epitaxy (e.g., GaSb/GaAs [80]) as well
as chemical methods (e.g., CdTe/CdSe [81,82] and
CdSe/ZnTe [81]). Photoexcitation of CdTe/CdSe
QDs results in the spatial separation of charge carriers (excitons); the hole is mostly conﬁned to the
CdTe core while the electron is mostly in the CdSe
shell. This situation is reversed in CdSe/ZnTe QDs,
since the energy levels of the valence and conduction bands of the shell are higher than that of
the core. In CdSe/ZnTe QDs, the electron resides
mostly in the CdSe core, while the hole is mostly in
the ZnTe shell. Emission in type-II nanostructures
originates from the radiative recombination of the
electron-hole pair across the core-shell interface.
Type-II QDs emit at energies that are smaller than
the band gap of either material; the photoemission

from CdTe/CdSe and CdSe/ZnTe QDs is observed
at longer wavelengths than from the corresponding
core and shell components. The emission properties
of type-II QDs can be ﬁne-tuned by changing the
shell thickness and core size. For example, the emission spectra from CdTe/CdSe QDs can be tuned in
the range from 700 nm to over 1000 nm by changing the core size and shell thickness. Type-II QDs
are expected to have longer exciton decay times
due to the spatial separation of charges; for e.g.,
the mean decay lifetimes of CdTe/CdSe heterojunction QDs is found to be much larger (57 ns)
compared to CdTe QDs (9.6 ns). Heterojunction
hybrid nanomaterials of dissimilar semiconductors
are proposed as promising materials for photovoltaic applications due to the tunability in the
emission band and longer lifetimes.
Bulk metals and semiconductors possess diﬀerent electrochemical potentials, hence charge redistribution occurs at the contact junction so that the
potentials are equilibrated (generally represented
as band bending) [83]. When metals are doped
on n-type semiconductor, charge transfer occurs
to the metal resulting in the depletion of electrons at the semiconductor interface. For metal
nanoparticle-semiconductor junction, it is diﬃcult
to apply traditional Schottky junction behavior
due to issues related to depletion length and a
fully accepted theoretical model is not yet developed. One of the theoretical models propose that
the metal nanoparticles may create an interfacial
‘Schottky-type’ potential barriers on semiconducting substrates [84]. However, recent experimental
studies indicate that the Au nanoparticles form
size-dependent ‘nano-Schottky’ potential barriers
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on semiconducting substrates that asymptotically approach the macroscopic Schottky barrier. Hence the semiconductor supported metal
nanoparticle will experience this eﬀect and create
localized depletion regions on the semiconductor wall which act as the deep acceptor states
[83]. Other theoretical and experimental investigations dealing with the modiﬁed electronic
properties of metal nanoparticle-semiconductor
interface include metal nanoparticle-TiO2 [83],
Ag nanoparticle-SbO2 [84], Mn nanoparticle-GaN
nanowires [85] and noble metal nanoparticleSWCNT systems [86]. Methodologies for incorporating Ag, Au and Pt nanoparticles on to the
surface of SWCNT and their potential applications as sensors and ﬁeld emission transistors [87]
have also been demonstrated. It has been recently
reported that the electron donation to the nanoparticle decorated SWCNT network of nanotube ﬁeld
emission transistor (NTFET), upon exposure to
NO gas, is dependent on the work function of the
metal [86]. Based on these studies, it is concluded
that the Schottky type potential barrier existing
at the nanoparticle-SWCNT interface is intimately
related to the work function of the metal. While
SWCNT-metal nanoparticle systems are proposed
for sensing applications, the possibility of utilizing
these materials as components of light energy conversion systems has not been actively pursued.

as active components in molecular electronics, sensors and light energy conversion systems. Design
of hybrid nanomaterials with high degree of reproducibility and stability is one of the limiting factors preventing their use in devices. Eﬀorts are
now focused on the development of newer strategies for the synthesis of hybrid nanomaterials and
investigation of their novel properties. Studies in
this direction can provide fundamental insight on
the properties and functions of heterojunctions in
hybrid nanomaterials.

4. Conclusions and perspectives
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