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Abstract 

Energy band gap is fundamentally important for the properties of a solid. Most of a material’s behaviors, such as 

conductivity, optical transitions, or electronic transitions, depend on it. Any change of the energy band gap may 

significantly alter the material’s physical and chemical properties. Change of the energy band gap occurs when the 

size of a solid is reduced to the nanometer length scale. Germanium is a semiconductor element and it has indirect 

energy band gap when it is in its bulk structure. Its energy band gap changes from indirect gap to direct gap after 

its size reduced to the nanometer scale which is responsible to many novel properties of the material. In this 

research paper, I investigated dependence of energy band gap of germanium nanostructure (the case of quantum 

dot) on the size of the dot and the findings are in agreement with other theoretical and research results.   
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Introduction 

Semiconductor nanomaterials have been attracted considerable attention for the last decades due to their 

exceptional physical and chemical properties, which make them as the best advanced functional materials for 

nanodevices [1, 2].  As a result of the energy band gap of semiconductor materials playing a fundamental role in 

electrical and optical properties, it is important and necessary to study on the band-gap change in order to gain a 

better understanding for their relevant properties [3]. Over the last few decades, it was well established that below 

a particular size (in the nanoscale region which extends from 1nm to 100nm), physico-chemical properties of 

semiconducting materials become size dependent [4]. This phenomenon attracted wider attention to the integration 

of optically and electrically active semiconducting materials after nanostructured silicon as well as germanium 

were observed to show strong photoluminescence, although their bulk counterparts are  indirect energy band gap 

semiconducting material and hence non-radiative. This feature could allow the synthesis of more optically as well 

as electrically active materials [5].   

The size dependent physical, chemical, electrical, optical and even biological properties of nanomaterials 

arise from effects, such as quantum confinement or surface plasmon resonance. Thus, these particles are highly 

promising for many optical, electronic, diagnostic, chemical, or biomedical applications, because the particle 

properties can be tuned to optimize the physical and chemical performance.  Detailed knowledge of size, shape, 

molecular weight, and composition of these nanoparticles is required to understand their physical and chemical 

properties [6, 7].   

 

Quantum confinement effect 

When one or more dimensions of a particle are brought to the nanoscale region, the quantum confinement effect 

sets in [8]. This concept can be explained using the term band gap, a property that is characteristic of 

semiconductors. The band gap can be defined as the difference in energy between the valence and conduction band 

and is typically in the range of 1-3eV for semiconductors [9]. In bulk materials, the energy bands are a continuum 

of energy levels arising from the overlapping of the atomic orbital‘s due to the large number of molecules. When 

a semiconductor is brought to the nanoscale, containing lesser number of molecules, the quantized energy levels 

become distinct. Thus, the addition or removal of atoms significantly changes the energy levels within the band 

making the band gap size dependent [10].  
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                       Energy levels in bulk semiconductors                 Energy levels in a quantum dot 

 
Figure 1: A Schematic diagram of the energy levels in a bulk semiconductor and a nanocrystal [11].   

The figure above illustrates the excitation  of  an  electron  into  the  conduction  band  thus  leaving  a  hole  

in  the  valence band.  An  electron-hole  pair  is  called  an  exciton,  and  the  natural  physical  separation between 

them is called the excitonic Bohr radius and is characteristic  of each material. Thus  when  a  semiconducting  

material  approaches  a  size  nearing  its  Bohr  excitonic  radius (nanoscale),  the  exciton  is  said  to  be  confined  

within  the  particle  and  is  called  a  quantum dot [11]. 

 

Formulation of quantum confinement model (QCM) 

This model is based on the electronic confinement in dot like structure of semiconductor (Ge, Si, etc). This model 

is based on the effective mass approximation theory. In this model, the luminescence process is attributed to an 

energy shift of carriers (electrons and holes) and is proportional to ���, � being diameter of nanostructure(here Ge 

nanostructure quantum dot is considered). Luminescence is light that usually occurs at low temperature and thus 

form a cold body radiation [12]. Quantum dot (QD) nanostructure is modeled by a sphere of diameter �, so that its 

HOMO-LUMO energy gap relation is given as 

                                                    ��
� = ��

	 +
��


�
��

                                                                      (1) 

Quantum wire (nanowire) can be modeled as a cylinder with HOMO-LUMO energy gap, 

                                                     ��
� = ��

	 +
��


�
��

                                                                      (2) 

Quantum well (QW) nanostructure is modeled as hemisphere so that its HOMO-LUMO energy is parabola and its 

energy relation is given as  

                                                     ��
� = ��

	 +
��


�
��

                                                                      (3) 

where ��
	 and ��

� are the energy gaps of the bulk  and confined structures respectively for the given geometries 

mentioned above; ��, �� and �� are the diameters of the sphere, the cylinder and the hemisphere respectively and 

��, ��and �� and ��, �� and �� are constants that can be found by empirical fit. � (for �� ,�� ,��)  is the porosity 

level and ranges from 1.25 to 1.85 and �(for �� ,�� ,��) is the value for the passivation of atoms/ions on germanium 

nanostructure. In this work 0.67eV will be used for energy band gap of bulk germanium semiconductor in equation 

(1) above in the following section. 

 

Results and Discussions 

In quantum confinement model discussed above energy gap of nanomaterials is mathematically expressed in terms 

of energy gap of their counterpart bulk materials, their diameter and the constants � and �. Here germanium 

nanostructure (Ge-ns) as quantum dot nanostructure is considered and the dependence of its energy gap (��
�) on 

its size and on the constants � and � will be investigated. These dependence can be generated from equation (1) 

above by applying Matlab program.  

If v = 4.5 for a =1.32 and 1.42 with  ��
	 = 0.67�� (energy gap of bulk germanium) and d which varies from 

1nm to 10nm are used in eq.(1) figure 2 below is generated. As it can be seen from this figure energy gap of Ge 

nanodot (��
�) varies with the diameter of the dot. It increases as size of the dot decreases. 
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Figure 2: Variation of energy gap of Ge nanostructure (quantum dot) with the diameter of the quantum dot. The 

upper line (blue) is for a1= 1.32 and the lower line (green) is for a2= 1.42. For both lines v = 4.5. 

If v = 6.2 for a =1.32 and 1.42 with  ��
	 = 0.67�� and d which varies from 1nm to 10nm are used in eq.(1) 

figure 3 below is obtained. As we observe from this figure energy gap of Ge nanodot (��
�) varies with the diameter 

of the dot.  In the same fashion as figure 2 above it increases as size of the dot decreases. Comparing figures 2 and 

3, we see that for smaller value of a (a = 1.32) energy gap is large (blue line) but for larger value of a (a = 1.42) 

energy gap is small (green line). This implies that as we increase porosity level (a stands for porosity level) the 

value of energy gap of Ge nanostructure quantum dot decreases. Again, from these two figures we see that around 

d =10nm energy gap has smaller value when v = 6.2(figure 3) than when v = 4.5 (figure 2) but around d = 1nm 

energy gap has larger value when v = 6.2(figure 3) than when v = 4.5 (figure 2). This implies that energy gap 

increases more rapidly as we increase the value of passivation, v. 

 
Figure 3: Variation of energy gap of Ge nanostructure (quantum dot) with the diameter of the quantum dot. 

The upper line (blue) is for a1= 1.32 and the lower line (green) is for a2= 1.42. For both lines v = 6.2. 

For the same values of v and a’s the energy gap of germanium quantum dot is less than that of silicon quantum 

dot around 1nm diameter of the dots from my previous work. This is because the energy gap of bulk germanium 

(0.67eV) is less than the energy gap of bulk silicon (1.12eV).  

Figures 4 and 5 are obtained in the same way as figures 2 and 3 but here we used the porosity level from its 
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minimum value (1.25) to maximum value (1.85) by adjusting the intervals with a value 0.20. In both figures 4 and 

5 the same conclusion can be drawn as figures 2 and 3 but the differences we observe between figures 2 and 3 and 

figures 4 and 5 is that the energy gap difference between energy gaps in figures 4 and 5 is larger than that of figures 

2 and 3. This is because the difference between passivation in figures 4 and 5 is larger than that of figures 2 and 3.  

 
Figure 4: Variation of energy gap of Ge nanostructure (quantum dot) with the diameter of the quantum dot. The 

different four lines are drown for a1= 1.25, a2=1.45, a3=1.65 and a4= 1.85. For both lines v = 3.53. 

 

 
Figure 5: Variation of energy gap of Ge nanostructure (quantum dot) with the diameter of the quantum dot. The 

different four lines are drown for a1= 1.25, a2=1.45, a3=1.65 and a4= 1.85. For both lines v = 6.75. 

 

Conclusion  

The main objective of this work was to investigate the size dependence of energy band gap of germanium 

nanostructure (the case of quantum dot). It was shown that energy band gap of germanium quantum dot strongly 

depends on the size of the dot when the material is reduced to the nanometer range. Here it was observed that as 

the diameter of the dot decreases the energy gap of the material increases. From this work it was also observed 

that as the passivation, v increases (changing v from some smaller value to some other larger value) energy gap 

correspondingly increases. In other words, the rate of energy gap increase is more rapid for larger value of v than 

for smaller value of v. Finally, it was observed that energy gap is larger for smaller value of porosity level (the a1, 

a2, a3, a4) than for the larger value of porosity level, i.e., energy gap of germanium quantum dot is inversely 

proportional to the porosity level of the material. 
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