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Abstract— In the present study, a simple theoretical model has been proposed for computation of optical properties such as 

static refractive index, static dielectric constant and band gap for nanosolids having different nanostructures of different shape 

based on size dependent atomic cohesive energy. We have computed size dependent static dielectric constant for silicon 

nanofilm and deviation in band gap for Si nanowire and nanofilm for different size. We have also computed size dependent 

bandgap of Ge nanowire having square cross section. We have also found that band gap increases as particle size 

decreases.  Our results are compared with the available experimental and simulated data. A close agreement of the computed 

results with available experimental and simulated data validates the present theoretical model. The present relationships of 

Static Refractive Index, Dielectric constant and Band gap of Nano solids are potentially applicable for those materials whose 

experimental data are not available. 
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I. INTRODUCTION 
To describe the optical and electronic properties of a 

semiconductor’s refractive index, dielectric constant and 

energy gap are fundamental physical aspects. For 

semiconductors like Silicon (Si) and Germanium (Ge) the 

parameters including the melting temperature Tm, static 

refractive index η, static dielectric constant ε and band gap 

Eg are primarily important to develop devices [1]. If the size 

of the material is reduced to the nanoscale range, the 

parameters of the material becomes tunable due to size and 

shape dependence. Furthermore, the trends of the change of 

parameters with size and shape are different from each 

another. Reducing the diameter (D) of nanoparticles, the 

most common observations found for Si nanocrystals are (1) 

static refractive index η(D) and static dielectric constant ε(D) 

reduces [2]. Reduction in static dielectric constant ε(D) 

causes an increase in Coulomb interaction energy between 

electrons, holes and ionized impurities; this increment, can 

considerably modify the optical absorption and transport 

phenomenon of nanoscale devices [2].  (2) Reduction in 

diameter (D) causes an increase in Bandgap Eg (D) which is 

an important parameter when we are dealing with the 

semiconductors [2].  Since the physical and chemical 

properties of the nanomaterials are depending on the 

bandgap of nanosolids, the change in bandgap alters these 

properties considerably. To understand these unusual 

properties of nanomaterials, a lot of theoretical models have 

been proposed from various perspectives. For the study of 

size induced melting temperature Tm depression, the liquid 

drop model, W. Qi model, latent heat model and bond 

energy model have been proposed [3-7]. The size-induced Eg 

expansion can be explained in terms of the quantum 

confinement premise [8]. Suppression of static dielectric 

constant is due to the breaking of surface polarizable bonds 

[9]. Guisbiers et al. [10] have expressed the melting 

temperature and bandgap of nanomaterials as function of its 

diameter and the shape parameter. 

  

Zhang [11] also proposed a core-surface (CS) model to 

explain the size effects on the Young’s modulus and 

dielectric constant, where the nano wire is modeled as a 

composite beam consisting of the core section of the bulk 

material and the surface layer. Generally, the size effect is 

originating from the surface-to-volume ratio effect and the 

statistics followed by the particles involved in the material 

property [12]. However, the above-mentioned different 

theoretical interpretations indicate that there are different 

rules governing the size dependences of these physical 

parameters. 

In the literature, we could not find any model involving   

shape factor of given nanostructure for computing size and 

shape dependent static refractive index, static dielectric 

constant and band gap. In computation of these parameters 

shape factor plays very important role, because increment in 
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shape factor enhances surface to volume ratio which alters 

the above-mentioned properties. 

In the present paper, we have reported a simple theoretical 

model for the computation of size and shape dependence of 

the static refractive index, static dielectric constant and 

bandgap of nanosolids. We have also analyzed the effect of 

shape factor for a given shape of a nanosolid. Our computed 

results agree well with the available experimental and 

simulated results which gives the validity to our work. 

  

The   formulation for computation of size and shape 

dependence of the static refractive index, static dielectric 

constant and bandgap of nanosolids with taking care of 

shape factor for given shape of nanosolids is described in the 

section II of this paper. Comparison of our computed results 

with available experimental and simulated results are given 

in section III. Conclusion drawn from our computed results 

are mentioned in section IV. 

II. METHOD OF ANALYSIS 
Static refractive index for a bulk material is given by [13] 
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Where N is number of atoms per unit volume and o  is the 

natural angular frequency of electrons in atoms of the bulk 

material, m is the mass of the electron and qe is the charge of 

the electron, it is supposed that electrons behave as if they 

are held by a spring; so we will consider that the electrons 

behave like little oscillators with a resonant frequency o .  

Parameters N and  o  are size dependent parameters. At the 

nano scale range the surface to volume ratio becomes very 

large, so numbers of atoms at the surface are very large in 

comparison to volume. Hence, for nanomaterial, the number 

of atoms per unit volume decreases. At the nano scale range 

electron orbits contracts that causes the increment in the 

Columbian force which enhances restoring force. This 

increment in restoring force causes the increment in the 

natural angular frequency of electron oscillation. 

No. of atoms inside the volume of nanosolid is given by [5] 
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Where Dn  and n are the number of atoms inside the 

volume of nanomaterials and bulk material respectively and 

sN is the number of surface atoms on the nanomaterial. 

Here the ration Ns/n is 4d/D for spherical nanosolids, 
(8/3)d/D for nanowire and (4/3) d/h for nanofilm. 

 

Where d is the diameter of the atom, D is the diameter of the 

nanoparticle, nanowire and h is the thickness of the 

nanofilm.  

 

It is found that natural oscillation angular frequency o of 

the electrons and vibrational frequency of phonons in the 

nanomaterials are same [14]. Hence size dependent natural 

oscillation angular frequency o of the electrons in the 

atoms of the nanomaterials is given by [15] 
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Where, 
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Where 
)(Do  is the size dependent vibrational frequency of 

the electron in atoms of  the nanomaterial and o , the 

vibrational frequency of the  electrons in atom of the 

corresponding bulk material , h  and )(Dh  are  bond length  

of bulk and nanomaterials respectively, 
)(DE  and E are 

size dependent and bulk cohesive energy. Here α is the 

dimensionless shape factor, which is defined by the ratio of 

the area of the nanoparticle in any shape whose volume is 

the same as the spherical nano particle to the area of the 

spherical nanoparticle [16]. It is 1 for spherical, 1.49 for 

regular tetrahedral and 1.24 for regular hexahedral nano 

particle. For a nanowire, it is defined by the ratio of the 

surface area of the nanowire with arbitrary cross sectional 

shape whose volume is the same as the cylindrical nanowire 

to the surface area of the cylindrical nanowire [17]. It is 1.13 

for nanowire with rectangular cross-section. 

 

In the present work, for computing size dependent cohesive 

energy and melting temperature, we have used our well-

developed size and shape dependent cohesive energy or 

melting temperature model for elemental nanocrystals [18]
 

which has been deduced as 
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Tmn(D,α) is the size and shape dependent melting temperature 

of the nanoparticle, Tmb is the melting temperature of the 

corresponding bulk material, D is the diameter of the 

nanoparticle and β is material dependent constant [18]. 

Equation (5) can be written for size and shape dependent 

melting for pancake-shaped nanoparticles. 
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Here A is the surface to volume ratio and for a spherical 

nanoparticle, it is given by 
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 for a particle with cylindrical geometry of height h and 

diameter D, the surface to volume ratio (A) is: 

hD
A

24
  

 

    (7) 

For thin wires h >> D so A=4/D  

 

For thin films h<<D so A=2/h 

 

Using Eqs. (2), (3), (4), (5) and (6) equation (1) takes the 

empirical form for nano materials 
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Empirical form of Size and shape dependent refractive index 

for a spherical nanoparticle 

  


















n

N

D

S
D

2
1111,


   

         

(9) 

For pancake –shaped nanoparticles 
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Size and shape dependent dielectric constant [19]  
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To formulate the size and shape dependent band gap of 

Semiconductors, a well-known Arrhenius expression [1] for 

the size and temperature dependent electrical conductivity μ 

(D, T) is introduced: 
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   Where μ0 denotes a pre-exponential constant. R=NAkb 

where NA is Avogadro number and kb is Boltzmann constant. 

The activation energy for electrical migration is

fca EEE   with cE  and fE  being the conduction-

band energy and the Fermi energy. In many semiconductors, 

fE is near mid-gap and thus 
2

g

a

E
E  , where gE is the 

band gap energy [19]. If the change of gE  is supposed to be 

proportional to the change of aE , there is ΔEg(D)/Egb = 

|ΔEa(D)/Eab| where Δ denotes the change.  Here Egb and   

Eab   are the corresponding band gap and activation energies 

of bulk materials. 

 

If the electrical conductivity at the melting temperature is the 

same, independent of the melting temperature and therefore 

independent of the size, one can acquire the expression [1]. 
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Since the effect of the exponential term of  

exp [− Ea(D)/(RT)] on μ(D,T) is much stronger than the effect 

of μ0(D), as a first-order approximation, one can suppose that 

μ0(D) ≈ μ0(b), where  μ0(b) is the size independent pre-

exponential constant.  

 

Therefore, there is 
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Using Eq. (5) in Eq. (17) for spherical nanoparticles, 
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For pancake –shaped nanoparticles, 
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For nanowire, 
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For nanofilm, 
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III. RESULT AND DISCUSSION 

Input parameters required for computation for silicon and 

germanium are compiled in table1.  

Table 1. 

 β(nm) 
Band 

gap(eV) 

Dielectric 

constant 
Atomic 

diameter(nm) 

Si 0.8485 1.2 11.4 0.222 

Ge 1.06 0.67 - - 

 

Results of static dielectric constant for Si film computed 

using Eq.11 are compared with experimental and simulated 

data in Fig.1. It predicts that below the film thickness of 5 

nm size, static dielectric constant ε(h) decreases rapidly.  

Our results are in good agreement with experimental and 

simulated data. 

 
Fig.1: Size dependence of static dielectric constant for Si film. 

 

Results of change in band gap ∆Eg (D) for Si nanowire and 

nanoparticle computed using Eq.18 and Eq.19 are compared 

with the available experimental and simulated results shown 

in Fig.2 and Fig.3 respectively. 

 

It is observed that change in bandgap is more rapid below 

the particle 3nm size. Our results are in good agreement with 

experimental and simulated data. 

   

Furthermore, deviation of ∆Eg (D) for the nano wires versus 

D is weaker in comparison to nanoparticles. These 

differences should be attributed to the different surface to 

volume ratios A = 6/D, 4/D, 2/h for nanoparticles, nanowires 

and nanofilms respectively. 

 
Fig.2: Deviation of size dependent band gap for Si nanowire. 

 
Fig.3: Deviation of size dependent band gap for Si nano particles. 

 

Results of   size dependent band gap Eg (D) for Ge nanowire 

with square cross section computed using Eq.19 are 

compared with the available experimental and simulated 

results are reported in Fig.4.  

 

 
Fig. 4: Size dependent band gap for Ge nanowire. 
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Deviation of band gap ∆Eg (D, α) versus shape factor for Si 

nanoparticle computed using Eq.18 are shown in Fig.5. 

 

 
Fig.5: Deviation of size dependent band gap for Si nano particles. 

 

The model predicts that for the given particle size, as the 

shape factor increases, the band gap increases. The particle 

shape has large effect on small particles than on large 

particles. 

 
IV. CONCLUSION 

 
In summary, a theoretical approach has been suggested to 

account the influence of shape effect along with the size for 

static refractive index, static dielectric constant and band 

gap. At the nano scale range the surface to volume ratio 

becomes very large, so the number of atoms at the surface 

are very large in comparison to volume. Therefore, for 

nanomaterials, the number of atoms per unit volume will 

decrease. At the nano scale range, electron orbits contracts 

that causes increment in Coulomb’s force which enhances 

restoring force. Hence the   natural angular frequency of 

electron oscillation, which causes reduction in dielectric 

constant so we found that the static refractive index and 

static dielectric constant of Si and Ge nanoparticle, nanowire 

and nanofilm decrease as particle size decreases. In the 

present study, a simple approach is applied to compute the 

band gap of nano materials. It is observed that band gap 

increases as particle size decreases. Band gap is also 

temperature dependent [30]. This model is potentially 

applicable for those materials whose experimental data are 

not available. 
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