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Introduction - electron density in bulk material – Size dependence of Fermi energy– quantum confinement – quantum 

structures - Density of states in quantum well, quantum wire and quantum dot structures –Zener-Bloch oscillations – 

resonant tunneling – quantum interference effects – mesoscopic structures: conductance fluctuations and coherent 

transport – Coulomb blockade effects - Single electron phenomena and Single electron Transistor – magnetic 

semiconductors– spintronics - Carbon nanotubes: Properties and applications. 

Introduction: 

Nanoscience and nano technology refer to the control and manipulation of matter at nanometer 

dimension. 

Nanoelectronics refer to the use of nanotechnology in electronic components. Nanoelectronics 

are sometimes considered as disruptive technology because present candidates are significantly different 

from traditional transistors. 

Electron density in bulk materials 

The bulk material is a collection of atoms having properties that are from individual atoms. 

The minute size of nano materials gives them exclusive electronic properties. One of the major 

ways in which small-volume materials differ from bulk materials is a number of available energy states. 

In a bulk material, the states within each energy sublevel are so close that they merge into a band. 

The total number of electron states, N, with energies upto E, can be determine based on quantum 

mechanics using the subsequent equation, 

                      𝑁= (
8𝜋

3
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Here we represent the volume as V [V being the characteristic dimension of the solid] m is mass 

of an electron and h is a Planck’s constant. The number energy state per unit volume is given by, 
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If we differentiate the above equation with respect E, we get a relation for density of states Z(E). 
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Density of states 

 

The density of states gives the number of allowed electron (or hole) states per volume at a given energy,         

                                          𝑍(𝐸)=( 
𝑑𝑛

𝑑𝐸
 ) -----(3)  

The specific electrical properties of semiconductors and superconductors will depend on density of 

states. Fermi function is 
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𝑍(𝐸)𝛼 √𝐸 ----(5) 
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Size dependence of Fermi energy: 

 In terms of energy distribution, solids have thick energy bands and atoms have thin, discrete energy 

states. The electron density in a conductor is,  

           Since electron density is the property of the material, the Fermi energy does not vary with materials          

 Size. The average spacing between energy is given by 

                     𝐸𝑓 (0) ∝ n2/3  

         Approximately, 𝐸𝑓(0) ∝ 
𝑁

𝑉
 -----(7)  

From equations (6) and (7), we get                 

                ∆E ∝ 𝑽-------(8)  

Thus the spacing between the energy states is inversely proportional to the volume of the solid. 

The energy sub level and the spacing between the energy states within it will depend on the number 

of atoms as in the below figure 
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DENSITY OF STATES IN QUANTUM WELL, QUANTUM WIRE AND QUANTUM DOT 

STRUCTURES: 

 

Most of the nanoelectronic devices are based on the semiconductor nanostructures fabricated by 

tailoring the band gaps of desired level. The major focus of the band gap engineering is to design non- 

traditional devices with unusual electron transport and optical effects. 

When we think about how to engineer the band gap? Quantum well is the first answer. The term 

“well” refers to a semiconductor region that is grown to possess a lower energy, so that it acts as a trap 

for electrons and holes (electrons and holes gravitate towards their lowest possible energy positions). 

They are referred to as “quantum” wells because these semiconductor regions are only a few 

atomic layers thick; in turn, this means that their properties are governed by quantum mechanics, 

allowing only specific energies and band gaps. Because QW structures are very thin, they can be modified 

very easily. 

In other words Quantum wells are real-world implementation of the “particle in the box” problem; 

they act as potential wells for charge carriers and are typically experimentally realized by epitaxial growth 

of a sequence of ultrathin layers consisting of semiconducting materials of varying composition. 

 

DENSITY OF STATES IN QUANTUM WELL (2D) 
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DENSITY OF STATES IN QUANTUM WIRE (1D) 

 

DENSITY OF STATES IN QUANTUM DOT (0D) 

 

QUANTUM CONFINEMENT  

Definition  

It is a process of reduction of the size of the solid such that the energy levels inside become 

discrete.  

In this case, small "droplets" of isolated electrons are created. Thus, the energy of a small volume of 

such materials are quantized just like in an atom. This type of artificial or fake atoms have tunable electrical 

properties. 

The quantum confinement effect is observed when the size of the particle is too small to be 

comparable to the wavelet: (de-Broglie wavelength) of the electron.  

It is to be noted that only a small percentage of electrons that are free to move during confinement 

and majority electrons still tightly bound within inner orbitals.  

Usually in order to reduce the dimensions of a given volume, either bottom-up approach or top-down 

approach is followed.  

In bottom-up approach, low-volume structures are built atom by atom. In the top-down approach, 

material is removed from one or more of three dimensions (length, width, height) of a larger solid.  

In both cases, a structure small enough for quantum behavior to manifest can be produced. 

QUANTUM STRUCTURES  

 

Definition  

When a bulk material is reduced in its size, atleast one of its dimension, in the order of few 

nanometers, then the structure is known as quantum structure.  

Explanation  

The volume of a box can be reduced by shortening its length, width or, and height. The same is true 

for the region occupied by the electrons in a solid.  

There are three dimensions to confine the bulk material. The quantum confinement needs confining 

at least one of these dimensions to less than 100 nanometers or even just a few nanometers.  
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The more the dimensions are confined, the more the density of states function looks like that of an 

atom. This progressive discretization gives atoms, behavior of electrons and new ways to understand real 

developing quantum confined electronic devices.  

A structure in which the motion of the electrons or holes are confined in one or more directions by 

potential barriers is called quantum confined structure.  

The quantum confined structure is classified into three types based on the confinement directions. 

They are  

(i) quantum well  

(ii) quantum wire  

(iii) quantum dot 

(i) Quantum well (2 - dimension)  

Definition  

When the electrons are confined p inside a region of minimal width, i.e., confinement in one 

dimension "quantum-well" is created.  

In other words, if one dimension is reduced to the nanometer range while the other two dimensions 

remain large, then we get a structure known as quantum well. Fig shows a quantum well or 2-D structure 

 

Construction  

Quantum wells are made from alternative layers of different semiconductors or by deposition of 

very thin metal films.  

Explanation  

The quantum well is a larger structure in which the carrier particles’ are free to move in two 

dimensions. The particles are confined in one dimension hence, they are considered to be quantum 

confinement.  

Due to the confinement of carriers, the quantum well structure has important applications in making 

useful devices 

Use 

 Quantum wells are now widely used to make semiconductor lasers and other important devices. 

(ii) Quantum wire (1 D) 

Definition 

 When the electrons are confirmed in two mutually perpendicular directions, then the structure is 

known as quantum wire. 

 Fig shows a quantum wire. 

Explanation 

 The carriers trapped in such structure are considered to be in 1-D quantum confinement. In this 

case, a carrier is only free to move its trajectory along the wire  
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Example: 

 Examples of quantum wire structures are nanowires, nanorod and nano tube. 

(iii) Quantum Dots (0D) 

Definition 

 When all the three dimensions are minimized the resulting structure is known as quantum dot. 

 The dot can be particle located inside a larger structure or on its surface. It can also be a place where 

electrons have been trapped using electrical fields. 

Explanation 

 In quantum dot, the carriers has only confined states i.e. there are no freely moving carriers. 

Through a quantum dot has many thousands of atoms, carriers it is considered more like a single atom due 

to its peculiar properties. 

Use 

 Quantum dot can be used in a quantum computer and lasers. 

 Fig explains the processes of diminishing the size in the case of rectilinear geometry and curvilinear 

geometry, respectively 

 Fig shows a comparison of three quantum confined structure with bulk materials. 

 

 

As quantum wells and quantum wires each have at least one dimension in which the electrons are 

free to move and these structures exhibit "partial confinement". However, quantum dots exhibit "total 

confinement". 

 

BANDGAP OF NANOMATERIALS  

The electronic properties of metals and semiconductors are determined by their electronic band 

structure. The band structure changes with particle size. Molecular orbitals get converted into delocalized 

band states as shown in fig.  
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The band structure of nanocrystals lies between the discrete density of states as in atoms and 

molecules and continuous band as in crystals.  

 
 

As the size of the material decreases, the energy separation between the adjacent levels increases. 

This size quantization effect is responsible for the transition of electronic states from a bulk metal or 

semiconductor to nanoparticles.  

The particles that show this size quantization effect are called Q - particles or quantum dots.  

In case of the particle size being less than the de Brogue wavelength, charge carriers can be quantum-

mechanically understood as particles in a box and the size of the box can provide the dimensions of the 

particle. 

With a decrease in particle size of metals, the quasi-continuous density of states splits into discrete 

electronic levels with an increase in the spacing between these levels.  

Quantum size effect is most significant for semiconductor nanoparticles. In semiconductor, a bandgap 

already exists in the bulk state. It also increases and the energy bands gradually convert into discrete 

molecular electronic levels with a decrease in particle size.  

As the size of metal nanoparticles decreases, they tend to lose their metallic character and become 

semiconductors.  

In metals, the quantum size effect exists but it can be seen only in particles smaller than 2 nm where 

localization of energy levels can be observed when the spacing between the levels exceeds thermal energy 

(about 26 meV). 
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Quantum Size Effect  

 

When the size of a nanocrystal becomes smaller than the de Broglie wavelength, electrons and holes 

get spatially confined, electrical dipoles get generated, and the discrete energy levels are formed. 

As the size of the material decreases, the energy separation between adjacent levels increases. The 

density of states of nonocrystals is positioned in between discrete (as that of atoms and molecules) and 

continuous (as in crystals).  

 

Quantum size effect is most significant for semiconductor and particles. In semiconductors, the 

bandgap energy is of the order of a few electron volts. It increases with a decrease in particle size.  

When photons of light fall on a semiconductor, the photons are absorbed. A sudden rise in absorption 

is observed when the photon energy is equal to the bandgap. 

As the size of the particle decreases, absorption shifts towards the shorter wavelength (blue shifts). 

This indicates an increase in the bandgap energy (Fig). A change in absorption cause a change in the color 

of the semiconductor nanoparticle.  

For example, bulk cadmium sulfide is orange in color and has  bandgap of 2.42 eV. It becomes yellow 

and then ultimately white as its particle size decreases and the bandgap increases. 

 

 

TUNNELING  

 

The phenomenon of penetration of charge carrier’s directly through the potential barrier instead of 

climbing over it is called tunneling. 

 

SINGLE ELECTRON PHENOMENA  

 

In electronics, transistor is the most important device Transistors are what computers used to compute 

tiny switch turning ON and OFF making logic decisions.  

Today, microchips have over a billion transistors, each none turning ON and OFF a billion times every 

second. 

These chips require manufacturing processes with roughly sub 100-nanometer resolution. Every year, 
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this technology resolution drops enabling even smaller transistors. Thus, more transistors are squeezed into 

the same amount of semiconductor space.  

Interestingly, when each transistor is reducing to a few atoms or a single molecule, quantum effects 

will play a significant role. 

In 1970, to switch ON a silicon transistor required about 10 million electrons. Present day, 

transistors require closer to 10,000 electrons. Rather than moving many electrons through transistors, 

it may very well be practical and necessary to move electrons one at a time.  

The single electron devices are sensitive to the transfer of even single electron change. Single 

electron devices provide a potential application of ultra large scale integrated circuits with device size in 

the order of nanometres. They exhibit high speed operation with lower power dissipation. 

Coulomb — Blockade effects  

 

As the size of the quantum dot decreases, the charging energy Wc of a single excess charge on 

the dot increases 

If the quantum-dot size is sufficiently small and the charging energy Wc is much greater than 

thermal energy kT, there is no electron tunnels to and from the quantum dot 

Thus, the electron number in the dot takes a fixed say zero, when both the electrodes are 

grounded. 

Definition  

The charging effect which blocks the injection Or rejection of a single charge into or from a 

quantum dot is called Coulomb blockade effect.  

Condition for coulomb blockade  

If two or more Charges near One another, they exert coulomb forces upon each other. If two 

charges are the same kind, the force is repulsive. Therefore, the condition for observing coulomb 

blockade effect is expressed as 

 

                                                  

 

 

 

Single Electron Tunneling  

Tunneling is the way the electrons cross both the physical barriers and the energy barriers 

separating a quantum dot from the bulk material that surrounds it.  

If any number of electrons on one side of the barrier could just tunnel across it, there would not 

be any isolation.  
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So it is necessary to control the addition and removal of electrons in a quantum dot.  

When the size gets reduced, the capacitance also reduces to a small value.  

At small sizes, the energy required to store an additional may become larger than the thermal 

electron on it, W = Q2/2C, may become larger than the thermal energy kT.  

 

 
 

As a consequence, the quantization of charge can dominate and tunneling of single electrons 

across leaky capacitors carries the current. This is called single electron tunneling.  

It is used to design new types of devices, for example single-electron transistor using quantum 

dots.  

So single-electron devices are devices that can control the motion of even a single electron and 

consist of quantum dots which have tunnel junctions. 

 

SINGLE ELECTRON TRANSISTOR (SET)  

 

Although a single-electron box can control the number of electrons in the quantum dot, it does 

not have the properties of a switching device.  

Single switching devices are essential elements in Ultra large scale integrated circuits (ULSIS). 

The single-elect on switching devices are required to utilize single electron devices in logic circuits.  

Definition  

SET is three-terminal switching device which transfer electrons from source to drain one by 

That is the purpose of the SET is to individually control the tunneling of electrons into and out 

of the quantum dot.  

Construction & working  

The Structure of SET is shown in fig. It has the similar structure of a conventional Field Effect 

Transistor (FET) 

It has tunneling junctions in place of pn-junctions and quantum dot in place of the channel region 

of the FET.  

To control tunneling, a voltage bias to the gate electrode is applied. A separate voltage bias is 

applied between source and drain electrodes for the current direction.  
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 For current to flow, gate bias voltage must be large enough to overcome the Coulomb blockade 

energy. 

 

 

 

The energy E needed to move a charge Q, across a potential difference V is given by 

E=VQ 

Presently, the charge of an electron (Q=e). So, the voltage that will move an electron onto or 

off the quantum dot is given by 

V=E/e =WC/e 

Since E=WC 

WC = charging energy  

V=e2/2C/e 

= e/2C 

With this voltage applied to the quantum dot, an electron can tunnel through Coulomb blockade 

of the quantum dot. The gate voltage as given in above equation, can be used to tune the number of 

electrons on the dot at a time.  

At the lowest setting, electrons tunnel one at a time, from source to drain through the dot. At the 

proper gate voltage = e/2C the potential energy of the dot is low enough to allow an electron to tunnel 

through Coulomb blockade barrel to the quantum dot.  

Once the quantum dot gets an electron, its potential energy rises. Then, the electron tunnels 

through the Coulomb blockade on the other side reach the lower potential energy at the drain Since, the 

dot is empty and potential is lower again. 
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Thus, when the gate voltage VG is zero, no current flows. The first gate voltage which is large 

enough to move an electron through the coulomb blockade is called V coulomb 

For single – electron tunneling VG = V coulomb 

If the gate voltage equals V coulomb + e/2C, then two electrons can be moved on the quantum 

dot at a time. If the gate voltage equals 

V coulomb e/2C + e/2C = V coulomb e/C  

Then three electrons can be moved on the quantum dot at a time and so on. 

The number of electrons in the quantum dot is controlled using the gate voltage. 

Advantages  

The fast information transfer speed between cells (almost near light speed) is carried out via 

electrostatic interactions only.  

No wire is needed between arrays. The size of each cell can be as small as 2.5 nm. This made 

them very suitable for high density memory.  

This can be used for the next generation quantum computer.  

Limitations  

 In order to operate SET circuit at room temperature, the size of the quantum dot should be 

smaller than 10 nm.  

It is very hard to fabricate by traditional optical lithography and semiconductor process.  

Applications  

The main fields of application of the single electron transistor is used in sensor technology and 

digital electronic circuits.  

A variety of digital logic functions. Including AND or NOR gates, is obtained based on SET 

operating at room temperature.  

¶ It is used for mass data storage.  

¶ It is used in highly sensitive electrometer.  

¶ SET can be used as a temperature probe, particularly in the range of very low 

temperatures.  

¶ SET is a suitable measurement set-up for single electron spectroscopy. 

¶ It is used for the fabrication of a homo-dyn receiver operating at frequencies between 10 

and 300 MHz. 

Quantum Dots (QD))  

Rapid progress in the fabrication of semiconductor structures has resulted into the reduction of 

three dimensional systems to two-dimensional, one-dimensional, and finally to zero dimensional 

systems.  

Quantum dots represent the ultimate reduction in three dimensionality of semiconductor devices. 

These are dimensional semiconductor structures nanometers in confining electrons and holes.  
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QDs operate at the level of a single electron certainly the ultimate limit for an electronic device 

and are used as the gain material in lasers. 

 

Definition  

Quantum dots are tiny particles or nanocrystals of a semiconducting material with diameters in 

the range of 2 - 10 nanometers (10 - 50 atoms).  

Applications of Quantum dots  

¶ QD’s are used in quantum dot lasers, memory devices, photo-detectors and quantum 

cryptography.  

¶ The emission wavelength of a quantum dot is a function of its size. Obviously, by making 

QD’s different sizes, we can create light of different colors.  

¶ They have potential uses in LED displays, amplifiers, biological sensors, tumor targeting 

and diagnostics, molecular electronics, and catalysis. 

QUANTUM DOT LASERS  

 

They are the new generation semiconductor lasers. They consist of several million nano sized crystals 

called quantum dots in the active region and they act as light emitters.  

Principle  

Quantum dot laser consists of an active layer (QD) embedded in a waveguide, surrounded by layers 

of lower refractive index material. This arrangement ensures light Confinement.  

The active layer consists of quantum wells or quantum dots where the band gap is lower than that of 

the waveguide material.  

The wavelength of the emitted light is determined by the energy levels of the quantum dot. Therefore, 

the emission wavelength can be tuned by changing the average size of the dots. 

The band-gap of the quantum dot material is lower the band gap of the surrounding medium. It 

ensures carrier confinement. 

Construction and Working  

The structure of a quantum dot laser based on in InAs quantum well layer is shown in fig, in the 

InGaAs 

The structure is grown on an n - type GaAs substrate which also serves as the lower contact to the 

device. The active layer is formed using InGaAs with the inclusion of InAs dots. 

The active layer is placed in between the two layers of n-AlGaAs (lower) and p-AIGaAs (upper). 

This arrangement forms a p-i-n structure for carrier injection and optical pumping of the dots.  

After growing these three layers successively on the GaAs substrate, a doped p-GaAs contact layer 

is grown. Then, on the top of the p-GaAs layer, the metal contact is deposited, serving as the outer contact 

to the device.  
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The waveguide formed between the cladding layers pass the emitted laser light to the exit faces. The 

lasing faces of the waveguide are polished to form laser cavity.  

The cross-section of the active layer consists of several layers (5-15) of stacked InAs QDs in a well 

of a InGaAs nanostructure (shown in the zoom-in view). The band diagram active region is shown in fig. (b)  

When a forward bias is applied, the quantum dot laser emits laser light. 

 

Advantages  

The QDLs have several advantages over the conventional semiconductor lasers as follows.  

• High gain as well as high differential gain due to high density of states in the discrete levels.  

• Low threshold current density Jm and large output power at much lower power consumption. 

• Higher modulation frequency for high speed operation with reduced wavelength shift. 

• High temperature stability.  

• Tunable wavelength of emission and absorption by variation of the size of the quantum dot.  

 

Disadvantages  

• Fabrication process is complicated leading to non-homogenous in size and shape of the QDs. 

• High material gain but low optical confinement factor leads to low gain.  

• There is a carrier leakage out of the QD barrier height.  

Applications & Uses of Quantum Dot Lasers  

• Used in fibre optic communication.  

• Used in various measuring devices such as range finders, bar-code readers.  
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• Used in printing industry both as light sources for scanning images and for resolution printing 

plate manufacturing.  

• Infrared and red laser diodes are common in CD players. CD-ROM and DVD technology. Violet 

lasers are used in HD-DVD and Blue-ray technology.  

• High power laser diodes are used in material processing such as heat treating, cladding, seam 

welding and for pumping other lasers. 

 

CONDUCTIVITY OF METALLIC NANOWIRES  

Let us study what happens when wire length L becomes extremely small relative to the mean free 

path and the influence of wire cross-section size on conductivity of metallic nanowires  

Consider a circular cross-section wire which has radius and length L. Assume that L is very large 

compared to the mean free path.  

 For example, assuming a copper = 5.9 x 107 S/m) win having radius a = 10 mm, R = 5.395 x 10-5 

ohms /m. however, if a 10 µm, R = 53.95 x 10-5 ohms /m in amounting to1 ohm in only; 1.85 cm. If a = 10 

nm. The resistance is huge, R = 5.395 x I ohms / m. 

 It is important to note that for wires having radius values in the order of the mean free path or less 

the conductivity value is changed from the case of a bulk material.  

 For example, copper has a mean free path of approximately 40 nm and in this range, radius-

dependent effects are usually manifest.  

 In fact, we may consider that radius dependent effects may occur even when the radius is 

approximately double this value, in the order of 80 - 100 nm.  

 In the 1 - 20 urn radius range, the conductivity of the wire certainly will differ appreciably from the 

bulk value, and generally the conductivity significantly decreases as is reduced.  

 This is due to several effects, such as scattering from the wire's surface, from grain boundaries 

defects etc., 

 Thus, we can use the bulk value of conductivity for many good conductors when the radius value is 

above approximately = 80 - 100 nm.  

 Below this point, down to radius values of perhaps 540 m (but above metallic quantum wire 

dimensions). We may expect to need to use a size dependent value of conductivity, perhaps based on 

measurement.  

 A relatively simple approximate formula for the resistivity (p) of rectangular cross-section wires is 
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where  

 ρo - bulk resistivity  

 w - Wire width  

 AR - aspect ratio (wire height divided by wire width,  

 d - Average grain size (for relatively narrow wires this can be taken as the wire width),  

 ρ - Secularity parameter (relating to reflection from the wire surface),  

 R - Grain boundary reflectivity coefficient  

 C - a constant (taken to be 1.2 in this model).  

 The first term is related to grain-boundary scattering and the second term wire-surface scattering.  

 Both ρ and Re can take values between 0 and 1, and typical values determined by fitting equation 

(1) to experimental results are p = 0.3 - 0.5 and R = 0.2 - 0.3. 

 For example. Using p = 0.50 and Re = 0.27 we have a = 1.22 x 107S/m for a 10 x 10 nm2 copper 

wire (down from 5.9 x 107S/m for the bulk value).  

 This model may work down to wire cross-sectional dimensions in the order of 5-10 nanometres. 

 However, as complicated as surface and grain-boundary scattering are other factors also determine 

the conductivity of a nanowire.  

 For example, the V—I characteristic of a 30 nm radius, 2.4 nm long single-crystalline copper 

nanowire is shown in fig.  

 In fig, the room temperature characteristics are shown, along with a SEM image of the wire 

contacting electrodes. The resistance is approximately 10 times the value expected using a for bulk copper. 

 

BALLISTIC TRANSPORT  

 The conductivity is a bulk parameter. It is derived by assuming a large number of electrons (the 

electron gas model) and a large number of collisions between electrons and phonons, impurities, 

imperfections, etc.  

 In particular, if conduction path L is reduced to become much less than the mean free path Lm, we 

expect that no collisions will take place.  
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Definition  

 When the dimension of the conductor (L) is smaller than the mean free path of the electron (40 then 

the transport of electron is called ballistic transport.  

 

Explanation  

 When the length of the conductor becomes much smaller than the mean free path 'Lm' the transport is 

termed 'ballistic'. It means that the electrons do not scatter during the time, it travels through the conductor. 

For example, ballistic transport can be observed in a Meta, nano wire.  

 

Condition of Ballistic transport  

 The mean free path can be increased by reducing the number of impurities in a crystal or by lowering 

its temperature  

Ballistic transport conditions are  

(i)  L « Lm and  

(ii) L « Lɸ  

where  

 L - Length of the conductor.  

 Lm — Mean free path 'length that the electron can travel before having an elastic collision  

 Lɸ - Length over which an electron can travel before having an inelastic collision. This is also called 

the phase-coherence length, since it is the length over which an electron wave function retains its coherence.  

 Ballistic transport occurs over very small length scales and is obviously coherent. 

 The electron doesn't hit anything as it travels through the material and therefore, there is no 

momentum or phase relaxation. Thus, in Ballistic material, the electron's wave function can be obtained from 

Schroedinger's equation.  

Application  

 One practical application of ballistic transport is te ultra-short-channel semiconducting FETS or 

carbon nano tube transistors.  

 That is in a very small length scales, electron transport occurs ballistic ally. It can be seen that ballistic 

port will be important in many future nanoscopic devices 

 

QUANTUM RESISTANCE AND CONDUCTANCE  

 For an elementary description of quantum conductance effects. It is more appropriate to deal with to 

microscopic semiconductor structures like quantum wires.  

 If the wire is short enough, i.e., shorter than the electron mean free path in the material, there will 

be no scattering and the transport is ballistic.  

 As in fig, the ID quantum wire is connected through ideal leads. They do not produce scattering 

events to reservoirs characterized by Fermi levels En and En.  
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 In order to flow of the current through the quantum wire, a small voltage V is applied between the 

reservoirs.  

 As a consequence, there is a potential energy eV between the two reservoirs equal to En—Epr The 

current across the wire should be given by the product of the concentration of electrons (obtained from the 

density of states function n10 (E). in the energy interval (eV), the electron velocity ; (E), and the unit 

electronic charge 

 

 
I=en1D(E) v (E) eV 

 

Substituting for nID(E) by its expression, we Obtain the following value of the current;  

 It is independent of the carrier velocity.  

 The value of the conductance G = (I/ V) is therefore:  

 G= 2e2v / h/V  

 G = 2 e2/h 

 It is interesting to observe that the conductance of the quantum wire is length independent, in contrast 

to the classical case where it varies inversely to the length.  

 The quotient 

 G0 = e2/h 

The quotient is called the quantum unit of conductance. The quantum resistance value is given by 

 R0= h/e2 = 25.81 kΩ  

 This can be experimentally determined.  

 Since the quantity 2 e2/h appears very often, it is usually called fundamental conductance.  

 The above results on quantum conductance and resistance have been derived in the simplest 

possible manner, using a microscopic system. 

 This quantification of macroscopic classical concepts, like conductance and resistance, is of 

fundamental importance in microscopic physics.  
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Carbon  

 In nanotechnology, researchers are looking out for certain materials with desired properties 

through which the nanoscale components and structures can be obtained.  

 Carbon is found to be one such material suitable for nano- based components due to its inherent 

desirable properties.  

 Carbon is a unique atom among other elements because of its ability to exist in a Wide variety 

of structures and forms as shown in the fig. 

 

 

 

 

. 
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CARBON NANOTUBES (CNT) 

Materials with nano sized channels such as carbon nano tubes have received significant attention in 
recent years. In heterogeneous catalysis CNTs are being investigated as nano reactors, supports, active 

components and adsorbents. Other applications include electronic devices, gas and biosensors, nano-

balance, scanning probe tips etc. 

  Carbon nano tubes were discovered in 1991 as minor byproduct during synthesis of fullerene which 

is an allotrope of carbon, in which the atoms are arranged in closed shells. Fullerenes consist of 20 

hexagonal and 12 pentagonal rings as the basis of an icosahedral symmetry closed cage structure. The 

structure is shown in Fig. 

Carbon nano tube structures consist of grapheme cylinders closed at either end with caps containing 

pentagonal rings. C70 is smallest nano tube. Nano tubes are formed by rolling up a graphene sheet into 

cylinder and capping each end with half of as fullerene molecule. Different warping results in different 

structure as in below figure and electronic properties. 

 

 

                                             Fig. Structures of fullerene and carbon nanotube 
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Types of CNTs 

Carbon nanotubes are of two types : 

i. Single wall carbon nano tube (SWNT) 

ii. Multiple wall carbon nano tube (MWNT) 

 

Single wall nanotube (SWNT ) consist of one cylinder. It is made of single graphene sheet rolled 

up into cylinder closed by two caps (semi fullerenes). The SWNTs have diameter in the range of 0.5 -

2.0 nm. The length is in the range of 50-150 μm length. The SWNTs are microporous and the specific 

surface area is in the range of 1300 m2/g (outer surface). SWCNTs are commonly arranged in bundles. 

  SWNT have less topological defects and have better mechanical and electro physical properties. 

Electronic properties of SWNTs are governed by two factors, tube diameters and helicity, which further 

depend on the way graphene layer is rolled up, arm chair or chiral. Armchair SWNTs shows conductivity 

as similar to metal whereas zigzag SWNTs behave as semiconductors. 

 

In catalysis CNTs have high application as support. Electrical conductivity, surface curvature and 

presence of inner cavity in CNTs make the metal –support interaction different compared to that in 

activated carbon or graphite support. Mechanically bent SWNTs present kink sites that are chemically 

more active. Metal nano particles size depends strongly on metal-CNT interactions with stronger 

interaction giving rise to smaller nano particles. Studies have shown that convex surface of CNTs are 

more reactive than concave surface and the difference in reactivity increases when the tube diameter 

decreases.  

  Multiwall (MWNT) nano tubes consist of many nested concentric SWNTs cylinders with 

increasing successive radii. The concentric walls are spaced regularly at 0.34 nm similar to inter graphene 

distance. MWNTs have outer diameter in range of 2 – 100 nm depending on number of coaxial tubes 

present. MWNTs are usually mesoporous in nature and specific area depends on the number of walls. 

The length of MWNTs can range from few to hundreds μm. The advantage of MWNT over SWNT is 

that the multi-shell structures of MWNTs are stiffer than single wall hence stability is higher. 

PROPERTIES AND APPLICATIONS OF CARBON NANO TUBES 

 

Before going into applications lets have look at the properties of CNTs which made them popular. 
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PROPERTIES OF CARBON NANOTUBES 

 

1. Carbon nanotubes have a higher tensile strength than steel and Kevlar. 

2. The strength comes from the sp² bonds between the individual carbon atoms. This bond is even 

stronger than the sp³ bond found in diamond. 

3. Carbon nanotubes are not only strong, they are also elastic. One can press on the tip of a 

nanotube and cause it to bend without damaging to the nano tube, and the nanotube will return 

to its original shape when the force is removed. 

4. A nanotube’s strength can be weakened by defects in the structure of the nano  

5. Defects occur from atomic vacancies or a rearrangement of the carbon bonds. Defects in the 

structure can cause a small segment of the nano tube to become weaker, which in turn causes the 

tensile strength of the entire nano tube to   weaken. Standard single walled carbon  nanotubes  can  

withstand  a  pressure  up  to  25  GPa without [plastic/permanent] deformation. They then undergo a 

transformation to super hard phase nanotubes. 

6. Electrical properties:  

 

a. The structure of a carbon nanotube determines how conductive the nanotube is.  

b.  When the structure of atoms in a carbon nanotube minimizes the collisions between 

conduction electrons and atoms, a carbon nanotube is highly conductive. 
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c. The strong bonds between carbon atoms also allow carbon nanotubes to withstand 

higher electric currents than copper. 

d.  Electron transport occurs only along the axis of the tube.  

e. Single walled nanotubes can route electrical signals at speeds up to 10 GHz when 

used as interconnects on semi- conducting devices.  

f. Nanotubes also have a constant resistivity. 

APPLICATIONS OF CARBON NANO TUBES 

 

1. Nano-Electronics: One of the most significant potential applications of SWNTs is believed to be in the 

domain of nano-electronics. This is as a result of SWNTs being highly-conductive. SWNT ropes are 

the most conductive carbon fibers known. Alternative configurations of a carbon nanotube can result 

in the resultant material being semi-conductive like silicon.  

2. Conductivity in nanotubes is based on the degree of chirality – i.e. the degree of twist and size of the 

diameter of the actual nano tube - which results in a nano tube that is actually extremely conductive 

(making it suitable as an interconnect on an integrated circuit) or non-conductive (making it suitable 

as the basis for semi-conductors). Waste water treatment CNTs have a very large surface area (e.g., 

500 m2 per gram of nano tube) that gives them a high capacity to retain pollutants such as water soluble 

drugs. 

3. Solar cells: Due to their strong UV/Vis-NIR absorption characteristics, SWNTs are potential 

candidates for use in solar panels. 

4. Hydrogen storage: By taking advantage of the capillary effects of the small carbon nano tubes, it is 

possible to condense gases in high density inside single-walled nano tubes. This allows for gases, most 

notably hydrogen (H2), to be stored at high densities without being condensed into a liquid. Potentially, 

this storage method could be used on vehicles in place of gas fuel tanks for a hydrogen-powered car. 

5. Drug delivery: Systems being used currently for drug delivery include dendrites, polymers, and 

liposomes, but carbon nano tubes present the opportunity to work with effective structures that have 

high drug loading capacities and good cell penetration qualities. These nano tubes function with a larger 

inner volume to be used as the drug container, large aspect ratios for numerous functionalization 

attachments, and the ability to be readily taken up by the cell. 
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