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Abstract

Semiconductor nanoparticles of very small size, or quantum dots, exhibit fascinating
physical properties, completely different from their bulk varieties, mostly because of the
quantum confinement effect. Due to their modified band structure, they particularly
show attractive optoelectronic characteristics. Carbon nanotubes are a class of
nanomaterials, which also possess wonderful optoelectronic properties and can revolu-
tionize modern semiconductor technology to a great extent. Carbon nanotube field-
effect transistors (CNTFETSs) can replace standard MOSFETs in an array of devices and
can function in a more effective way. When these two optoelectronic components com-
bine together in nanocomposites, one may get advanced optoelectronic devices for
widespread application in sensors, solar cells, energy storage devices, light-emitting
diodes, electrocatalysts, etc.

Keywords: nanocomposites, nanohybrids, quantum dots, carbon nanotubes, optoelec-
tronics

1. Introduction

Advanced research in Materials Science introduced a new direction to control the properties of
materials with grain size at nanometer level (1-100 nm). At such reduced scale, materials
exhibit fascinating physical properties completely different from their bulk counterparts. The
properties of this new class of materials, called nanomaterials, can be tuned by changing their
grain size and hence find a wide range of applications. Semiconductor nanoparticles are useful
ingredients for the development of optoelectronic devices. This is due to their striking optical
and optoelectronic properties, which strongly differ from those of the corresponding bulk
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materials. In principle, this is related to the existence of quantum confinement effects of
excitons in the nanoparticles. Bandgaps are significantly changed with the size of the
nanoparticles, thus modifying the mechanism of radiative recombination of the electrons and
holes, which lead to large changes in the emission wavelengths of the excited nanocrystals.
Thus, even Si-based nanoelectronic structures may become luminescent with visible light
emission, leading to the vast possibilities of optoelectronics [1].

Due to quantum confinement effect, the continuous energy states split into discrete states,
with effective blue-shift in the bandgap of the nanomaterials relative to that of bulk mate-
rials. Presence of defects such as vacancies, interstitial atoms, surface and grain boundaries
in the semiconductor nanocrystals and also doping with appropriate dopants introduce
discrete energy levels, which alter the luminescence property of such nanomaterials. An
increase in energy bandgap with decrease in particle size leads to a blue-shift in the absorp-
tion spectrum. The influence of particle size is found not only in the absorption spectrum but
also in the wavelength of the emitted photons. Carbon nanostructures and carbon nanotubes
(CNTs), in particular, have such remarkable electronic and structural properties that they are
used as active building blocks for a large variety of nanoscale devices. Precisely, the use of
carbon nanotubes as active components in electronic and optoelectronic nanodevices has
great potential. When nanostructures are synthesized with the hybridization of the above
two promising optoelectronic components, a new set of functional nanocomposites appear
with fascinating optoelectronic characteristics that may lead to the fabrication of advanced
optoelectronic devices for a great variety of potential applications.

2. Quantum confinement in semiconductor nanoparticles

If the size of a nanoparticle becomes comparable to or smaller than the radius of the orbit of the
electron-hole pair, then we have a quantum dot (QD) and the case of quantum confinement
arises. Quantum confinement can be well explained by applying the laws of quantum mechan-
ics. Quantum confinement is observed in the case of interaction of very small nanocrystals
with radiation, when free electrons and holes are created. The hole and the electron form a
hydrogen-like system called an “exciton.” The radius of the exciton, called the ‘excitonic Bohr
radius,” may range from a fraction of a nanometer to a few nanometers. Quantum confinement
occurs when at least one dimension of a nanocrystal is smaller than the diameter of the exciton.
In this case, the absorption and emission of light are strongly particle size-dependent and the
phenomenon can be explained by the mechanism of quantum confinement. The behavior of
subatomic particles is understood by using Schrodinger equation. In a bulk semiconductor, the
electrons of the conduction band and the holes of the valence band are free to move through-
out the crystal and their motion can be described by the linear combination of plane waves
with wavelength of the order of nanometers. Whenever the size of a semiconducting solid
becomes comparable to these wavelengths, a free charge carrier confined in this structure will
behave as a particle in a potential box. In such a case, the solutions of the Schrodinger equation
are standing waves confined within the potential well, and the energies associated with two
distinct wave functions are in general different and discontinuous. Thus, the energy of the
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Figure 1. Density of states for a particle in a zero-dimensional nanostructure.

particle exhibits a discrete energy level spectrum. Brus [2] modelled in a simple way the
excited electronic states of semiconductor crystallites of sufficiently small size. He expressed
the energy of the lowest excited state as:

E =h?r?/2R*(1/m, + 1/my)-1.8¢%/esR + €% /Rf (e1, €2) 1)

where, R is the radius of the spherical particle with dielectric coefficient, ¢,, which is
surrounded by a medium of coefficient, ¢;; E is the shift with respect to the bulk bandgap; m,
and my, the effective mass of electron and hole, respectively, and e is the charge of the electron.

In Eq. (1), the second term describes the increase in energy due to confinement effects, while
the third term describes the decrease in energy due to Coulomb interaction between electrons
and holes.

For a zero-dimensional nanostructure, such as a quantum dot, the density of states is given by:
p(E)op = Li20(E-E) )

where, 6(E - E;) is the Dirac d-function. The density of states for 0D nanostructure is shown in
Figure 1.

2.1. Optoelectronic properties of QDs

In this section, some significant recent research investigations on the striking optoelectronic
properties of semiconductor nanocrystals will be discussed. Liu et al. [3] reported a facile
chemical synthesis of SnSe nanocrystals with tunable sizes, by using common
alkylphosphine-Se precursors in combination with SnCl,. The optoelectronic properties of
colloidal SnSe NCs were studied by fabricating a SnSe NC thin film between interdigitated
gold electrodes (Figure 2(A)). The current-voltage (I-V) curves were measured in the dark and
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Figure 2. (A) Interdigitated microstructure of metal - semiconductor — metal (MSM) device. (B) Photoresponse of SnSe
NC thin-film to AM 1.5 illumination. Reprinted with permission from Liu et al. [3].
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Figure 3. Schematic diagrams of (a) device heterostructure and (b) energy vs. position of intraband transitions demon-
strating photocurrent generation in epitaxial InAs/GaAs quantum dot infrared photodetectors. (c) Atomic force micros-
copy image of epitaxial InAs/GaAs QDs demonstrating important structural characteristics. Reproduced with permission
from Stokes et al. [4].
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under AM 1.5 simulated solar illumination. The film showed a significant photoresponse
(Figure 2(B)). The photoresponse of the SnSe nanocrystal thin-film to simulated solar light
indicates that the materials have potential for use in solution-processed photovoltaic and
optoelectronic devices.

Stokes et al. [4] reported a wet chemical synthesis of semiconductor quantum dots (SQDs),
such as cadmium sulphide (CdS) or cadmium selenide (CdSe), etc. They stabilized
nanocrystals and controlled their size for specific optical and electronic properties, by chemical
capping using some organic capping agent, such as tri-n-octylphosphine oxide (TOPO). They
further manipulated their properties by using a core-shell structure of SQDs. Core-shell struc-
tures are made by covering the surface of a SQD with a shell of another SQD, which has a
greater bandgap than the core (e.g., ZnS over CdS or CdSe). Also as discussed by them,
epitaxial quantum dot films (EQDs) of III-V compound semiconductors (InAs/GaAs) have
been widely used in infrared photodetectors. Figure 3 shows the schematics of a typical
epitaxial InAs/GaAs infrared photodetector.

3. Carbon nanotubes

The atomic structure of carbon nanotubes depends on tube chirality, which is characterized by
the chiral vector Cj, and the chiral angle 0. The chiral vector, is defined as a line connecting two
crystallographically equivalent sites on a two-dimensional graphene layer, and can be
represented in terms of lattice translation indices (1, m) and the basis vectors a; and a, as
follows:

Ch=na;+may (3)

where, n > m (Figure 4).

CNT is constructed by rolling up the graphene sheet such that the two end-points of the vector
Cy, are superimposed. This CNT is denoted as (1, m) tube with diameter as:

NI=

D = |Cy|/m = a(n* + nm + m*)* /7. (4)
where a = la;| = la,| is the lattice constant of the graphene sheet. The tubes with m = n are
commonly referred to as armchair tubes, while m = 0 as zigzag tube and others having m # n
are called as chiral tubes. A chiral angle is represented as:

6 = tan™'[3"m/(m + 2n)] (5)

For an armchair tube, 0 = 30°. In the case of a zigzag tube, 0 = 0° and all tubes having chiral
angle, 0° < 0 < 30°, are called chiral tubes. A tube made of a single graphitic layer is called a
single-walled carbon nanotube (SWCNT), a tube formed by two coaxial graphitic layers is
called a double-walled carbon nanotube (DWCNT), and a tube comprising of several coaxial
graphitic cylinders is referred to as a multiwalled carbon nanotube (MWCNT). Through
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Figure 4. Geometrical structure of carbon nanotubes (CNTs): (A) honeycomb structure and basis vectors, (B) the chiral
vector.

theoretical calculations and experimental observations, it has been found that C-C bond length
dee = 0.142 nm or a = la;| = lay| = 0.246 nm, while the intertube spacing d;; = 0.34 nm in a
MWCNT. A carbon nanotube can be semiconducting or metallic depending upon its band
structure, which in turn depends on the chirality and diameter of the tube. The electronic
structure of the SWCNTs is related to a 2D graphene sheet, but, because of the radial confine-
ment of the wave function, DOS in graphite divides into a series of spikes in SWCNTs (shown
in Figures 5A and 5B), which are referred to as van Hove singularities [6]. Density of states
gives the number of available energy states and electrons in a given energy interval. For all
metallic nanotubes, the density of states per unit length along the tube axis is constant and is
given by:

N(Er) = 8/,/3may, (6)

where a is the lattice constant of the graphene sheet and v, is the nearest neighbour C-C tight
binding overlap energy. The density of states near the Fermi level Er located at E = 0 for
semiconducting nanotubes is zero (Figure 5A), but is non-zero and small in the case of metallic
nanotubes (Figure 5B). Semiconducting nanotubes show that their energy gap depends upon
the reciprocal of the nanotube diameter D and is independent of the chiral angle. Thus,

E, = y,a/V3D (7)

Electronic transitions between the energy bands of carbon nanotubes and their standard
designations are illustrated in the diagram below for single-walled carbon nanotubes
(SWNTs), synthesized in three different techniques, namely hi-pressure carbon monoxide-
chemical vapour deposition (HiPCO-CVD), laser ablation, and arc discharge method. Their
absorbance characteristics are shown along with following Niyogi et al. [6] (Figure 5C).
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Figure 5A. Band structure and density of states for a (5, 5) armchair nanotube within the zone-folding model. Adapted
with permission from Ref. [5].
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Figure 5B. Band structure and density of states for a (9,0) zigzag nanotube within the zone-folding model. Adapted with
permission from Ref. [5].
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Figure 5C. Electronic transitions between the energy bands of SWNTs, observed by transmission spectroscopy of films,
together with a schematic of the nomenclature used to designate the intraband transitions. Reprinted with permission
from Ref. [6].

3.1. Optoelectronic properties of carbon nanotubes

A great characteristic of carbon nanotubes is their ability to withstand a very high current
density, exceeding 10° A/cm? [7-9]. For metallic nanotubes, the current-carrying capability
may even rise up to a value of 25 pA, limited by Joule self-heating, and by the scattering of
optical phonons. The saturation current limit for semiconducting nanotubes is controlled by
the Schottky barrier electrical resistance at the nanotube-metal contact, which in turn depends
on the diameter of the tube and the work function of the contact metal.

A promising material for fabricating cold cathodes for the next-generation high-performance
flat-panel devices is carbon nanotubes (CNTs). Sridhar et al. [10] synthesized a forest of
vertically aligned MWCNTs on Inconel 718 substrate and studied its field emission properties.
Compared to similar CNT structures grown on silicon, the ones on Inconel substrate were
found to possess lower switching fields (~1.5 V/um), higher operating current (~100 mA/cm?),
and higher amplification factor (~7300), and thus promised enormous potential for use as cold
cathodes in microwave vacuum devices, etc. (Figure 6).

As explained by Kinoshita [11], a carbon nanotube field-effect transistor (CNTFET) may be
designed in a simple way, with the carbon nanotube providing the transport channel when
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Figure 6. Plots of emission current density as a function of applied electric field in repeated experiments for CNTs grown
on (a) Si and (b) Inconel. Reprinted with permission from Ref. [10].
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Figure 7. Schematic diagram of a carbon nanotube field-effect transistor (CNTFET).

contacted on each end by bulk metal, and a heavily doped Si substrate acts as the back gate,
with SiO, performing the function of the gate dielectric. Unlike a conventional MOSFET, a
CNTFET operates as a Schottky barrier transistor where the gate controls the Schottky barrier
and the injection of carriers. In a CNTFET, one can obtain an I,/ ratio of 10°-10” and an on-
current of ~1 pA at the operating drain-source voltage Vps of 1V, as observed by Kinoshita
[11]. The details of the conduction characteristics depend on the tube diameter, the choice of
the contact metal, etc. (Figure 7).

Topinka et al. [12] studied carbon nanotube network field-effect transistors (CNTN-FETs).
They investigated the microscopic transport mechanism of such devices and observed that in
CNTN-FETS the voltage dropped abruptly at a point in the channel where the current was
constricted to just one tube. They varied the semiconducting/metallic tube ratio and studied
the effect of Schottky barriers on conductance of the channel.

4. Nanoparticle-carbon nanotube composites

When the external surfaces of carbon nanotubes are decorated with semiconductor
nanoparticles or quantum dots (NPs/QDs), a new class of functional materials is produced
with remarkable properties, which combine the unique characteristics of the individual com-
ponents. Such nanostructures are known as CNT-NP (or CNT-QD) hybrids, or
nanocomposites. These nanocomposite materials are potentially useful in a wide range of
advanced applications, in the field of chemical sensors [13], biosensors [14], electrocatalysis
[15], fuel cells [16], and nanoelectronics [17]. Semiconductor NPs of very small size are known
as quantum dots (QDs), as they exhibit interesting size-dependent optical and electronic
properties, due to quantum confinement effect. As observed by Georgakilas et al. [18] CNTs
hybridized with QDs of II-VI or III-V semiconductors are ideal optoelectronic materials and
can be used in solar cells, light-emitting diodes, etc.

Therefore, varieties of semiconductor NPs, such as CdSe, CdS, CdTe, PbSe, ZnS, ZnO, SiO,,
TiO,, and In,S;, have been bound to CNT surfaces and properties studied by several
researchers.

The electronic interaction between CNTs and the externally attached nanocrystals (NCs) plays a
crucial role in constructing optoelectronic devices [19, 20]. Hybridizing semiconductor NPs on
CNT surfaces can modify their optical characteristics and luminescent property significantly
and hence can find application in assembling photoelectrochemical cells [21], in tailoring
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light-emitting diodes [22], in organizing sensor systems, and in fabricating electrochromic
devices [23].

4.1. Synthesis and characterization of the CNT-QD composites

There are several methods to decorate carbon nanotubes with nanoparticles. Chen and Lu [24]
proposed an efficient gas-phase route of the electrostatic force directed assembly (ESFDA)
process. The locally enhanced electric field near CNTs results in directed assembly of charged
aerosol nanoparticles onto CNTs. They coated MWCNTs with a mixture of SnO, and Ag
nanocrystals by using this method.

However, the most widely exploited route for synthesis of semiconductor nanoparticle-coated
carbon nanotubes is the wet chemical process. In this method, the size of the QDs can be tuned
and the proportions of the two components of the composite can be adjusted to obtain the
desired properties. Carboxyl groups on the surface of acid-treated CNTs are often used to

attach amine-terminated or mercapto-terminated inorganic nanoparticles through amide
bonds.

Banerjee and Wong [25] used a multistep procedure to attach modified CdSe QDs to carboxyl-
group functionalized CNTs (Figure 8).

Liet al. [26] used polyamine- and amino-functionalized MWCNTs (MWCNT-NH,) templates
to load CdTe quantum dots (QDs) and Fe;O, magnetic nanoparticles by the electrostatic
self-assembly approach, synthesizing MWCNT/CdTe and MWCNT/Fe;O, nanohybrids
(Figure 9).
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Figure 8. Multistep process for linking modified CdSe QDs to CNTs via amide bonds, involving (1) the oxidation of CNTs
in KMnOj, and functionalization with ethylenediamine and (2) the thiolization of CdSe and termination with acid groups.
Reprinted with permission from Ref. [25].
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Figure 9. Synthesis procedure for preparation of MWCNT/nanoparticle hybrids from multiamino-functionalized
MWCNTs by the electrostatic self-assembly approach. Reprinted with permission from Ref. [26].

Robel et al. [27] investigated the single-walled carbon nanotube-CdS nanocomposites as light-
harvesting assemblies and studied their photoinduced charge-transfer interactions, undertak-
ing a simple solution-mixing synthesis of the samples as shown in Figure 10.

Paul et al. [28] reported a simple chemical precipitation technique for the synthesis of a hybrid
nanostructure of single-wall carbon nanotubes (SWCNT) and titania (TiO,) nanocrystals of
average size 5 nm (Figure 11). They prepared SWCNT/TiO, nanohybrid structures by mixing
purified SWCNT in TiCl; solution and stirring the mixture in a magnetic stirrer. NH,OH
solution was added in drops to attain pH neutrality and the mixture was further stirred for a
few hours. Then, they centrifuged the colloidal solution at 9°C, washed it with deionized water
and 2-propanol, and dried up at room temperature. They did structural and morphological
characterization of the samples, and studied their optical and electrical properties.

In the absorbance spectra of the nanohybrid material, a blue-shift was observed by them,
confirming the charge transfer between SWCNTs and titania nanoparticles. There was a

Figure 10. Chemical synthesis of SWCNT/CdS hybrid structure in THF solution is shown on the right part of the figure.
The different stages of formation of the nanocomposite are shown in a labelled flowchart. The left part shows the charge
transfer mechanism between excited CdS nanoparticles and SWCNTs. Reproduced with permission from Ref. [27].
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Figure 11. HRTEM micrograph of SWCNT/TiO, hybrid; insets showing the HRTEM micrograph of pristine SWCNT,
SAED pattern of the composite material and the particle size distribution of TiO, NCs. Copyright © 2013 Techno-Press,
Ltd.

considerable visible emission in the photoluminescence spectrum with the peak emission at
400 nm.

Figure 12 shows the Raman spectrum of pristine SWCNT and that of SWCNT/TiO, hybrid.
The peaks at 150, 408, and 650 cm! of the hybrid sample correspond to the photoelectronically
active TiO, anatase phase. There is an upshift by 12 cm™ in the position of G-band indicating
charge transfer to SWCNTs from TiO, NCs. Ip/I; for pristine SWCNT was 0.546, while that for
SWCNT/TiO, hybrid was found to be 0.939.

Study of DC conductivity of pristine SWCNT showed a crossover from a semiconductor-like
temperature dependence of conductivity to a metal-like one with the increase of tempera-
ture, transition temperature being 180 K (Figure 13). When coated with TiO, NPs, the whole
material behaves as a semiconducting material and its conductivity decreases by several
orders of magnitude. A broad luminescence in the visible region in the range of 325-500 nm
was observed, which could be attributed to the charge transfer from the titania NCs to the
SWCNTs. Thus, the hybridization of TiO, nanoparticles with SWCNTs rendered an
advanced functional material with improved photocatalytic response due to reduced recom-
bination of photoelectrons. Also, this nanocomposite could find application as a useful
optical material for sensor devices.
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Figure 12. Raman spectrum of pristine SWCNT and SWCNT/TiO, composite. Copyright © 2013 Techno-Press, Ltd.
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Figure 13. Variation of log of DC conductivity of SWCNT/TiO, hybrid with 1000/T (K_l); inset shows the higher
temperature plot of DC conductivity of the hybrid. Copyright © 2013 Techno-Press, Ltd.

4.2. Optoelectronic applications of CNT-QD composites

Yang et al. [29] synthesized In,S;-carbon nanotube nanocomposites through a facile refluxing
wet chemistry process, as shown in the migrograph (Figure 14). The as-synthesized In,S;-CNT
nanocomposites were used as selective and active visible-light driven photocatalysts toward



Nanocomposites of Carbon Nanotubes and Semiconductor Nanocrystals as Advanced Functional Material...
http://dx.doi.org/10.5772/66218

U2 | mem

InS, (100}

Figure 14. Typical TEM images (a—c) and high-resolution TEM (HR-TEM) image (d) of the sample of In,53-3% CNT; the
inset of panel (c) is the corresponding SAED pattern. Reprinted with permission from Ref. [29].
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Figure 15. Photocatalytic selective hydrogenation of 4-NP over blank In,S; and In,S;-CNT nanocomposites under visible
light irradiation for 1 h in water with the addition of ammonium formate as a hole scavenger and N, purge at room
temperature. Reprinted with permission from Ref. [29].

hydrogenation of nitroaromatics to amines in water, with enhanced photocatalytic perfor-
mance (Figure 15).

Shi et al. [30] reported a simple process for the synthesis of a sandwich structure of SWCNT-
CdSe hybrid film (thickness ~ 200 nm), in between two SWCNT films (each thickness ~ 36 nm).
They tested it as an optoelectronic conversion device under the illumination of simulated solar
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Figure 16. (A) Schematic diagram of an optoelectronic device using SWCNT-CdSe hybrid film. (B) Photocurrent vs. time
under alternating light on and light off condition (a) for the device using calcined SWCNT-CdSe film as the middle layer.
Curve (b) is for the device using SWCNT-CdSe film without calcination. Curve (c) is for the device using pure SWCNT
film. (C) On/off light cycles of photocurrent and (D) photocurrent for a long-time illumination with light of 100 mW cm™>.
Reproduced with permission from Shi et al. [30].

light. They found that the device could generate photocurrent with high sensitivity and their
observations are illustrated in Figure 16.

5. Conclusion

Attachment of semiconductor nanoparticles or quantum dots on the surfaces of carbon
nanotubes has opened up innumerable possibilities of their applications in a variety of
advanced nanodevices in various areas of nanotechnology. Combining the remarkable opto-
electronic properties of the two outstanding nanoscale components, a vast array of fascinating
optoelectronic devices is being proposed by researchers every day all over the world. In our
brief review, we have touched upon a few of such applications.
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