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Abstract:  

A formulation is provided for the band gap energy of semiconductor compound 

nanomaterials (SCNs), which is dependent on their size and shape. The theoretical model is 

based upon the measure of cohesive energy shown by nanocrystals in relation to bulk crystals. 

The investigation of size- and shape-dependent band gap energy has been conducted on 

semiconductor compounds including CdSe, CdTe, ZnS, ZnSe, and ZnTe. Band gap energy 

of single-crystal nanoparticles (SCN) is determined by the size and form of the particles. 

Based on the model, it is predicted that the band gap energy of semiconductor nanomaterials 

rises as their particle size decreases. This study compares the generated findings with the 

existing experimental data, which confirm the accuracy of the provided model. 

Keywords: Formulation, semiconductor, size and shape, SCN, band gap. 

 

1. Introduction 

The scientific world has seen a significant surge in research on semiconductor nanoparticles owing to 

their distinct mechanical, optical, photonic, and electrical characteristics. [1-4] With the aid of the 

Wein2K code, they have recently reported on the mechanical, structural, electrical, magnetic, and 

optical behaviours in Zn1–xMnxS (0 ≤ x ≤ 1). Characterising the qualities of nanomaterials is largely 

dependent on their surface area to volume ratio, which affects several of these attributes. [5-8] A 

semiconductor's band gap is one of its most significant and essential characteristics. Electrical and 

optical characteristics of semiconductor materials are fundamentally influenced by band gaps. [9-14] 

To have a better understanding of their features, it is thus important and crucial to investigate the SCN's 

band gap growth. The large band gap of semiconductors makes them useful in a variety of applications. 

The indirect and tiny band gap of bulk silicon limits its utilisation, although Si photon nanodevices 

have been manufactured and utilised extensively. Numerous theoretical and experimental researchers 

have taken a size-dependent band gap stance. [15-17] With the use of photoluminescence spectra, the 
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diameter dependency of the effective band gaps in the wires is calculated and compared to the 

predictions of several theoretical models as well as the practical findings for InAs quantum dots and 

rods. Barnard demonstrated that the individual diamond nanocrystals' shapes might provide a means 

of adjusting the band gap within the quantum confinement regime via the use of electronic structure 

simulations.  

Atoms and holes in semiconductors at the nanoscale are confined because of the quantum confinement 

phenomenon. Consequently, the energy gap in the semiconductor widens or rises between the full and 

empty states. [18-20] This wider band gap impairs semiconductors' optical and electrical 

characteristics at the nanoscale in optoelectronic devices. Both photoluminescence and X-ray 

photoemission spectroscopy have been used in several investigations to determine the band gap value. 

Yet, the band gap of semiconductor compound nanomaterials (SCNs) is predicted theoretically, and it 

even has unique characteristics. There are currently no accepted theoretical models for the size- and 

shape-dependent band gap of semiconductor nanomaterials, despite the possibility of calculating the 

band gap in its whole without the need for approximations. [21-23] This work presents a theoretical 

model that proposes the size- and shape-dependent band gap energy of single-crystalline nanocrystals 

(SCNs) based on cohesive energy, without the need for modifiable parameters. Theoretical predictions 

are used to analyse the behaviour of CdSe, CdTe, ZnS, ZnSe, and ZnTe semiconductor group 

nanomaterials in spherical, nanowire, and nanofilm forms. [24] Study reveals that the size and form of 

particles may adjust the band gap energy of the single-crystal nanotube (SCN). Comparative analysis 

is conducted between the model predictions and the existing experimental data. [25] An excellent 

agreement confirms the soundness of our suggested model throughout the whole range of diameters. 

This model has the potential to be used in situations where there is a complete absence of experimental 

data.  

2. Analysis theory 

The total cohesive energy of the nanomaterial is defined as the energy resulting from the contributions 

of the surface and inner atoms, and it is stated as 

                                         𝐸𝑇𝑜𝑡𝑎𝑙 = 𝐸0(𝑛 − 𝑁) + (
1

2
) 𝐸0𝑁,                       (1) 

where n represents the aggregate atomic count in the nanosolid and N is the count of atoms on the 

metal surface. Hence, (n − N) represents the aggregate count of internal atoms inside the nanomaterial. 

𝐸0  is the specific cohesive energy of each atom in the bulk material. To calculate the cohesive energy 

per mole, formula Equation (1) may be expressed as 

                       A
𝐸𝑇𝑜𝑡𝑎𝑙

𝑛
=  𝐴𝐸0 (1 − (

𝑁

𝑛
)) + (

1

2𝑛
) 𝐴𝐸0𝑁,                           (2) 

where the number of Avogadro is A. In this case, 𝐴𝐸0 is the cohesive energy per mole of the matching 

bulk material (𝐸𝑏), and A
𝐸𝑇𝑜𝑡𝑎𝑙

𝑛
 is the cohesive energy per mole of the nanomaterial 𝐸𝑛. Equation (2) 

may be substituted to get 

                                           𝐸𝑛 =  𝐸𝑏 (1 − (
𝑁

2𝑛
)).                                  (3) 
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Since the cohesive energy and melting temperature are said to be linearly related, we may express the 

relationship for the melting temperature of nanomaterials as 

                           𝑇𝑚𝑛 =  𝑇𝑏𝑚  (1 − (
𝑁

2𝑛
)).                                               (4) 

The electrical conductivity σ (D, T), which is dependent on temperature and size, is represented using 

the Arrhenius formula as 

                     𝜎 (𝐷, 𝑇) =  𝜎0 exp (−
𝐸𝑎(𝐷)

𝑘𝐵𝑇
)                                                (5) 

For nanocrystals, the pre-exponential constant 𝜎0 and the size-dependent activation energy for 

electrical migration, 𝐸𝑎(𝐷), are defined as 𝐸𝑎(𝐷) = 𝐸𝑐 − 𝐸𝐹, where 𝐸𝑐  represents the conduction band 

energy and 𝐸𝐹 represents the Fermi energy. By assuming that the electrical conductivity is unaffected 

by the melting temperature and size, it is possible to derive the equation σ (D, 𝑇𝑚𝑛) = σ (bulk, 𝑇𝑚𝑏), 

where 𝑇𝑚𝑛 and 𝑇𝑚𝑏 represent the melting temperatures of nanomaterials and large materials, 

respectively. Therefore, by using Equation (5), we get 

                     𝜎0(𝐷) exp (−
𝐸𝑎(𝐷)

𝑘𝐵𝑇𝑚𝑛
) =  𝜎0(𝑏𝑢𝑙𝑘) × exp (−

𝐸𝑎(𝑏𝑢𝑙𝑘)

𝑘𝐵𝑇𝑚𝑏 
)).  

Ignoring the influence of size on σ0, we arrive at the equation 𝐸𝑎(𝐷)/𝐸𝑎(𝑏𝑢𝑙𝑘) = 𝑇𝑚𝑛/𝑇𝑚𝑏 . Activation 

energy becomes 𝐸𝑎 = 
𝐸𝑔

2
 because we know that, for most semiconductors, the Fermi level is located in 

the middle of the band gap. This suggests that the change in activation energy is proportionate to the 

change in energy band gap. As so, having the phrase that is more appropriate. 

                            
∆𝐸𝑔(𝐷)

𝐸𝑔(𝑏𝑢𝑙𝑘)
=  |∆𝐸𝑎(𝐷)/𝐸𝑎(𝑏𝑢𝑙𝑘)|                                 (6) 

Where ∆𝐸𝑔 𝑖𝑠 𝑎 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒  in energy band gap. 

Or Equation (6) may be written as 

                    ∆
𝐸𝑔(𝐷)

𝐸𝑔(𝑏𝑢𝑙𝑘)
=  |(𝐸𝑎(𝐷) −  𝐸𝑎(𝑏𝑢𝑙𝑘)/𝐸𝑎(𝑏𝑢𝑙𝑘)| 

Or 

                          
∆𝐸𝑔(𝐷)

𝐸𝑔(𝑏𝑢𝑙𝑘)
= 1 − 𝑇𝑚𝑛/𝑇𝑚𝑏                                                        (7) 

Using Eqn (4), Eqn (7) may be written as 

                    𝐸𝑔(𝐷) =  𝐸𝑔(𝑏𝑢𝑙𝑘) ( 1 + 
𝑁

2𝑛
)                                               (8) 

N/2n varies depending on the dimensions and morphology of the nanomaterials [19]. The equation 

N/2n for spherical nanosolids is equivalent to 2d/D, where d represents the diameter of an atom and D 

represents the diameter of the spherical nanosolids. The N/2n values for nanowire and nanofilm are 

4d/3l and 2d/3h, respectively. These values are derived from the diameter of the nanowire (l) and the 
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breadth of the nanofilm (h). We get the following formulas by substituting the values of N/2n into 

Equation (8). 

                       𝐸𝑔(𝐷) =  𝐸𝑔(𝑏𝑢𝑙𝑘) (1 +
2𝑑

𝐷
)                                                (9)    

                   𝐸𝑔(𝐼) =  𝐸𝑔(𝑏𝑢𝑙𝑘) (1 +  
4𝑑

3𝐼
)                                                   (10) 

                   𝐸𝑔(ℎ) =  𝐸𝑔(𝑏𝑢𝑙𝑘) (1 +  
2𝑑

3ℎ
)                                                  (11) 

For spherical nanosolids, nanowires, and nanofilms, respectively, the energy band gap is expressed by 

equations (9)– (11). In this work, the band gap energy shift of semiconductor compounds 

nanomaterials at various sizes and shapes is investigated using Equations (9)– (11). 

3. Result and Discussion 

To investigate how the size and structure of semiconductor nanoparticles affect the energy band gap, 

a simple model has been developed. Table 1 lists the input parameters needed for the theoretical 

computations.  

Table. 1 Parameter input  

Nanomaterials 𝑬𝒈 (bulk) eV D(nm) 

ZnS 3.69 0.235 

ZnTe 2.38 0.188 

CdSe 1.75 0.269 

CdTe 1.45 0.286 

ZnSe 2.8 0.255 

Figures 1 through 12 present the collected results in conjunction with the available experimental data. 

Equation (9) for the size-dependent energy band gap of spherically shaped CdSe semiconductor 

nanoparticles is modelled and reported in Figure 1. Figure 1 displays comparisons between the 

expected outcomes and the experimental data that are currently available. The findings demonstrate 

that when particle size decreases, the band gap energy Eg(D) rises.  

 
Figure.1 Effect of size on the energy band gap of CdSe nanospheres. The study's values derived 

using Equation (9) are displayed as continuous lines, whereas experimental data are shown as solid 

circles and triangles. 



Communications on Applied Nonlinear Analysis 

ISSN: 1074-133X 

Vol 32 No. 2 (2025) 

 

117 https://internationalpubls.com 

A significant rise in the value of Eg(D) is noticed when the particle size is smaller than 6 nm. 

Furthermore, spanning the whole range of the CdSe nanosphere, the expected outcomes coincide with 

the available experimental evidence. The quantum confinement theory, which postulates that the 

potential barriers of the surface or potential well of the quantum box confine the electrons in the 

conduction band and the holes in the valence band, also lends credence to our concept. As the particle 

size decreases, the band gap energy between the valence band and the conduction band rises due to the 

electron and hole confinement. Equation (10) yields the energy band gap of CdSe nanowire, which is 

shown in Figure 2 along with experimental evidence that validates the model's predictions. Figure 2 

shows that when particle size decreases, the energy band gap widens. Starting at size 4 nm, there is a 

dramatic rise in the energy band gap.  

 

Figure.2 CdSe nanowire energy band gap varies with size. This study's Equation (10) values are 

illustrated by the continuous line, and the experimental findings are solid circles and triangles. 

As shown in Figure 2, our findings closely resemble those of Li et al. The size-dependent energy band 

gap of semiconductor nanofilms made of CdSe, CdTe, ZnS, ZnSe, and ZnTe is determined using 

equation (11). The results of the computations are shown in Figures 3, 6, 9, and 12. It has been noted 

that as nanofilms become smaller, their energy band gap widens. The energy band gap increases with 

decreasing size, following the same pattern as spherical nanosolids and nanowires.  

 

Figure.3 Effect of size on the energy band gap of CdSe nanofilm. The continuous line shows 

Equation (11) results from this investigation. 
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Figure.4 The energy band gap of CdTe 

nanospheres varies with size. In this research, 

values derived using Equation (9) are 

displayed as continuous lines, whereas 

experimental data are shown as solid circles 

and triangles. 

 

Figure.5 The energy band gap of CdTe 

nanowires varies with size. A continuous line 

shows the values estimated in this research 

using Equation (10) and solid circles indicate 

the experimental data. 

 

Figure. 6 The energy band gap of CdTe nanofilm varies with size. This research determined values 

using Equation (11). The continuous line shows them.  

 

Figure.7 ZnS nanosphere energy band gap varies with size. In this research, Equation (9) values are 

illustrated by a continuous line, while experimental findings are solid circles and triangles. 
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Figure.8 The energy band gap of ZnS 

nanowires varies with size. A continuous line 

shows the values estimated in this research 

using Equation (10) and solid circles indicate 

the experimental data. 

 
Figure.9 The energy band gap of ZnS 

nanofilm varies with size. This research 

determined values using Equation (11). The 

continuous line shows them. 

 
Figure.10 Variation in energy band gap of 

ZnSe nanospheres with size. The study's 

values derived using Equation (9) are 

displayed as continuous lines, whereas 

experimental data are shown as solid circles 

and triangles. 

 
Figure.11 The energy band gap of ZnSe 

nanowires varies with size. A continuous line 

shows the values estimated in this research 

using Equation (10) while solid circles and 

triangles indicate the experimental data. 

 
Figure.12 Energy band gap changes in ZnTe nanospheres, nanowires, and nanofilms with size. The 

continuous line shows Equations (9)– (11) values, whereas the solid delta and square reflect 

experimental findings. 
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Figure 12 shows that as we go from spherical to nanowire and nanofilm, the influence of size 

diminishes. Given that the surface to volume ratio rises with decreasing size, this pattern is predicted. 

It should be noted that the CdSe, CdTe, ZnS, ZnSe, and ZnTe nanofilms do not yet have access to the 

experimental findings. For the time being, we are publishing our model forecast without any 

experimental data. Our forecast could now be of interest to researchers doing experimental 

investigation. Since cohesive energy reduces by Equation (3) as nanofilm particle size decreases, this 

causes a rise in band gap energy, which is initiated by Equation (11). Figure 4 displays the size 

dependence of the CdTe nanosphere's band gap energy using Equation (9). It is observed that when the 

particle size decreases, the CdTe nanosphere's band gap energy rises. The published findings are 

contrasted with the experimental observations that are at hand. The experiments and our suggested 

model agree rather well. Figure 5 shows the size dependence of the CdTe nanowire's band gap energy 

using Equation (10). We contrasted the experimental results published by Li et al. with our predictions. 

It has been found that the energy band gap fluctuation follows a similar pattern. For sizes lower than 

5 nm, there is a good agreement between known experimental evidence and theory. Figures 7–8 reveal 

variations in energy band gaps and experimental results for ZnS nanomaterials in nanosphere and 

nanowire geometries with sizes. This demonstrates that the formulation used was accurate. We have 

computed the band gap of ZnSe nanomaterial semiconductor in various sizes and shapes using 

Equations (9) and (10). Figures 10 and 11 report the calculated values. The experimental results are in 

good agreement with our model predictions. There is a good agreement with the experiment for ZnSe 

nanosphere over its whole size range. The size dependence of ZnSe nanowire's band gap growth is 

seen in Figure 11. The resulting outcomes are contrasted with the data from the experiment. The band 

gap expansion grows slowly at first and then quickly as the size decreases, as the image illustrates. A 

graphical representation of the growth in band energy with size and form demonstrates that, at the 

nanoscale, shape is just as important as size. Shape and size affect the volume to surface area ratio, 

which in turn affects the cohesive energy and the number of surface atoms at the nanoscale. Thus, at 

the nanoscale, the band gap energy varies. This may be explained quantum mechanically as the number 

of overlapping orbitals or energy levels drops and the band width thins as the particle size approaches 

the nanoscale. The energy band gap between the valence band and the conduction band will increase 

as a result. This explains why SCNs have a larger energy band gap than their bulk equivalent. 

4. Conclusion 

An elementary model is developed to compute the band gap energy of semiconductor nanomaterials 

of various sizes and forms, including spherical nanospheres, nanowires, and nanofilms. The hypothesis 

states that the energy band gap of semiconductor nanoparticles grows as the particle size of the 

nanomaterials decreases. Moreover, our computer model accurately predicts the energy band gap, 

which is in good agreement with the existing experimental results. We are certain that this theory will 

play a significant role in applications where experimental evidence is now unavailable. 
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