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2- Electrical Properties of Nanomaterials 

As we know, the bulk metals depend on the free electrons to transport the electrical 

current. But at the size reduction the quantum confinement will occur as previously presented. 

That affects on the electrons movements and restricts it. 

   

  However, as the system length scale is reduced to the nano-scale, two effects are of 

importance:  

(1)  the quantum effect, where due to electron confinement the energy bands are replaced by 

discreet energy states, leading to cases where conducting materials can behave as 

semiconductors or insulators, and  

(2)  the classical effect, where the mean-free path for inelastic scattering becomes comparable 

with the size of the system, leading to a reduction in scattering events. 

In 3-D nanomaterials, the three spatial dimensions are all above the nanoscale. Therefore the 

two aforementioned effects can be neglected. However, bulk nanocrystalline materials exhibit a 

high grain boundary area-to-volume ratio, leading to an increase in electron scattering. As a 

consequence, nanosize grains tend to reduce electrical conductivity. 

In the case of 2-D nanomaterials with thickness at the nanoscale, quantum confinement will 

occur along the thickness dimension. These results to only electron wavelengths that are multiple 

integers of the thickness will be allowed in this space, others can be moved into xy- directions 

classically.  

In other words, there is a reduction in the number of energy states available for electron 

conduction along the thickness direction. The electrons become trapped in what is called a 

potential well of width equal to the thickness. In general, the effects of confinement on the 

energy state for 2-D nanomaterials with thickness at the nanoscale can be written as 

𝐸𝑛 =  
𝜋2ℎ2𝑛2

2𝑚𝐿2
 +  

ℎ2𝑘𝐹
2

2𝑚
 ……………… (2 − 106) 

Where 𝐸𝐹 =
ℎ2𝑘𝐹

2

2𝑚
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case of 1-D nanomaterials, quantum In the 

occurs in two dimensions, whereas confinement 

motion occurs only along the long axis of unrestricted 

nanotube/rod/wire. the 

of the confinement, the nanoscale Because 

of 1-D nanomaterials act as reflectors, not dimensions 

allowing the electrons to exit the surfaces. In addition, scattering by impurities and/or phonons 

become restricted to the long axis of the tube, despite the fact that boundary scattering is more 

pronounced due to the high surface-to-volume ratio of 1-D nanomaterials. 

Considering now the electron free motion along the x-direction (long axis), for    1-D we can 

modify equation (2-106) to  

𝐸𝑛𝑦 ,𝑛𝑧
=

𝜋2ℎ2

2𝑚
 
𝑛𝑦

2

𝐿𝑦
2

+
𝑛𝑧

2

𝐿𝑧
2
 +  

ℎ2𝑘𝐹
2

2𝑚
 ……………… (2 − 107) 

As a consequence, the transport of electrons along the tube occurs without significant loss of 

kinetic energy. In other words, the transport is ballistic, particularly at low temperatures. 

For example, in the case of metallic carbon nanotubes, the conductivity is extremely high, as 

much as one billion amperes/cm
2
, in contrast to 1 million amperes/cm

2 
for copper. In addition to 

the effects described here, carbon nanotubes also exhibit a low density of defects and high 

thermal dissipation, reducing even further the chances for scattering. 

For 0-D nanomaterials, the motion of electrons is now totally con-fined along the three 

directions 𝐿𝑥, 𝐿𝑦, 𝑎𝑛𝑑 𝐿𝑥. Therefore, the total energy can be given by 

𝐸𝑛𝑥𝑛𝑦 ,𝑛𝑧
=

𝜋2ℎ2

2𝑚
 
𝑛𝑥

2

𝐿𝑥
2

+
𝑛𝑦

2

𝐿𝑦
2

+
𝑛𝑧

2

𝐿𝑧
2
 ……………… (20 − 108) 
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In this fashion, all the energy states are discreet and no electron delocalization occurs. Under 

these conditions, metallic systems can behave as insulators due to the formation of an energy 

band gap, which is not allowed in the bulk form. 

far we have been discussing the electrical properties of 0- So 

2-D, and 3-D nanomaterials as isolated entities. However, D, 1-D, 

practical point of view, these materials need to be coupled from a 

external circuits by electrodes. For 2-D and 3-D to 

nanomaterials, ohmic contacts are possible. However, for 

and 1-D nanomaterials, the contact resistances between 0-D 

nanomaterials and the connecting leads are usually high. 

one mechanism of providing conduction is through Thus 

electron tunnelling. This is a quantum mechanical effect 

in which an electron can penetrate a potential barrier higher than the kinetic energy of the 

electron. To better understand this phenomenon, think of a configuration in which two metals are 

separated by a thin insulator.  

For an electron to tunnel from one metal to the other across the insulator, one of the metals 

must have unoccupied energy states. A simple way of achieving this is to apply a voltage 𝑉𝑎  

cross the circuit to raise the Fermi energy (the energy of the highest occupied quantum state) of 

one of the metals. In this fashion, electrons can tunnel from the metal with the highest Fermi 

energy to the metal with the lowest Fermi energy, producing a current 𝐼 along the circuit. 

As in regular electronic circuits, the current 𝐼 = 𝑉/𝑅, where Ris the resistance. However, in 

this case, the resistance is primarily due to electron tunnelling. As an example, arrays of gold 

nanoparticles have been electrically coupled by connecting the nanoparticles to each other by 

organic molecules. The nanoparticles act as the metal electrodes, whereas the organic molecules 

play the role of a thin insulator. Under these conditions, the conductance C, defined as C =I/V, 

was shown to increase due to electron tunnelling compared to the case in which the nanoparticles 

were not connected by the organic molecules. 
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