
 1

6.Optical and electronic properties of Low 

dimensional materials  

(I). Concept of Energy Band 

1. Bonding formation in H2 Molecules  
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From bond to band  
 

 Hybridization in CH4 molecule (sp3) 
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Hybridization in Benzene (sp2)  

Planar structure and  electron delocalization　  
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From two to many  Energy bands 

1. Metal (Li) 

 

    

   

 

 
 

(N atoms interactN electrons N orbitals 2N states ) 1 electron/state 
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Free electron model (V=0) 
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2. Fermi level and workfunction 
 

Fermi level (Ef) for metal : the highest energy level filled by electrons at 0K 

 
Workfunction: 

 results from the formation of  
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with electron split off 
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Properties of electrons in a band (under electrical field) 
 

1. For metal: 

 
  

 

Free electron model: 
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Quantum theory of metals(V(x)=0) 
 

  
 

 

5. Fermi-Dirac Distribution Function 

Determine the # of states that actually contain e- 

Distribution function 
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◎ Nearly free electron model (NFE)   V(X)≠0 

A simple model 
 
1. e- : a traveling wave in a solid with a weak potential disturbance 
2. periodic by ionic core 
 
Bragg’s diffraction 

 

 

 

Semiconductor (Si) :Formation of band gap. 
 

 

  

 

A. Intrinsic semiconductor 

＊ Basic concepts: 

1. Band Gap 

2. Electron affinity   

3. - +electron (e ), and hole (h )  
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4. Thermal and photon generation 

5. Recombination 

 

1. Silicon crystal and energy band diagram: 

 

  

electron affinity   v.s. workfunction ?? 

 

2. Electrons and holes 
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Conduction in Semiconductor 
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Electron and Hole concentration 
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(1) Intrinsic semiconductor  Fermi level is in the middle of V.B and C.B 

(2) n type semiconductor  Fermi level is near to C.B  n  

(3) p type semiconductor  Fermi level is near to V.B  p  

 

※By adding impurity (doping)  

1. n-type  n>p  (Ec-Ef)< (Ef-Ev) 

2. p-pype  p>n (Ec-Ef)> (Ef-Ev) 

But np=ni
2 (ni depends on T, by mass law) 

 

 

B. Extrinsic Semiconductor 

N-type doping 

 

 

described by H-atom model. 
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1. Doping and impurity 

 

。Shallow donor and acceptor: 

※Shallow donor/ acceptor: the energy level of donor/acceptor is near to C.B/V.B 

                       easy to totally ionized  

 

shallow donor: ,
totally ionized

shallow acceptor: ,
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1. Direct v.s. indirect band gap 

 

 

direct bandgap:  (consevation of energy)

                          (conservation of p)

indirect bandgap: 
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Optical absorption:  

 

 

 

 

 



 14

 

※Beer’s law 

0( ) exp( )
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x: distance
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Absorption coefficient depends on density of states ( )g E  

 
 

Optical properties of low dimensional materials 

  
Quantum confinement effect  
 
Bulk: no quantum effect 
 
Quantum well: 1-D quantum confinement, 2 free domensions 
Quantum wire: 2-D quantum confinement, 1 free domensions 
Quantum dot: 3-D quantum confinement, 0 free domensions 
 
Bulk   concept of band   3D band structure 
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3D crystal 
 
 
 
 
 
 
Well   2D band structure (1-D confinement, 2-D free electron) 
 

 
2D Quantum Well 

 
 

 
 
Wire   1D band structure (2-D confined, 1-D free electron) 
 

 

         1-D quantum wire 
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Dot    3-D confined  
 

  
 
 
 
Q: when should we consider “quantum confinement effects? ” 

Ans: Uncertainty Principles,  px   
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Exciton 

 
Binding energy and Bohr’s radius 
e- + h+ → exciton 

。free exciton eVEb 01.0  

。tightly bound exciton eVEb 1.0  

 
Free exciton 
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Plasmonic Nanoparticles 

 

Plasmons are the oscillations of free electrons which are the consequence of the 

formation of a dipole in the material due to electromagnetic waves. The electrons 

migrate in the material to restore its initial state; however, the light waves are 

constantly oscillating leading to a constant shift in the dipole, so the electrons are 

forced to oscillate at the same frequency as the light. This coupling only occurs when 

the frequency of the light is equal to or less than the plasma frequency and is greatest 

at the plasma frequency and is therefore called the resonant frequency. 
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Nanoparticle plasmons have the additional property of being dependent on their 

geometry and size, the scattering and absorbance cross-sections describe the intensity 

of a given frequency to be scattered or absorbed 

Different Geometries (Gold nanorods) 

 

 

Applications: 

 

1. Surface-enhanced Raman scattering (SERS) is a phenomenon strongly 

dependent on the surface Plasmon excitations of metal nanostructures. Raman 

scattering from vibrational bands of a molecule at or near a nanostrucutred surface 

is greatly enhanced due to extremely high local electromagnetic fields associated 

with localized surface Plasmon resonances. E-beam lithography can be used to 

fabricate nanostructures with controllable size and period. 

 

Figure 1 shows gold nanohole array fabricated with e-beam lithography (left) and SERS 

spectra from nanohole-arrays of the same hole-size but different hole-spacing with 

detection of 4 mM 4-mercaptopyridine molecules. 
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SERS by Dr. Yuh-Lin Wang, IAMS, Academic Sinica 

 

 

2. Plasmonic solar cells: (Metal Nanoparticle Plasmonic Solar Cell) 

A common design is to deposit metal nanoparticles on the top surface of the thin film 

SC. When light hits these metal nanoparticles at their surface plasmon resonance, the 

light is scattered in many different directions. This allows light to travel along the SC 

and bounce between the substrate and the nanoparticles enabling the SC to absorb 

more light.  

 


