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ABSTRACT 

We use first-principles simulations to gain insight into the structural, electronic, and optical characteristics of two-

dimensional honeycomb lattices. This study concentrates mainly on their features and the intricate connection 

between orbital hybridizations and electrical and optical properties. Germanene has been found to exhibit sp2 

hybridizations. The geometric structure, the electronic band structure, and the density of states are all 

significantly affected by these bonding arrangements. Moreover, it is anticipated that pure group IV monolayers 

will sustain the meta-stable & stable excited states. The zero band gap in Germanene alludes to its metallic nature. 

The theoretical ideas found in the present study are significant for both high-tech and fundamental applications.  
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1. Introduction 

There has been a lot of experimental and theoretical interest in two-dimensional (2D) materials. Along with 

graphene, other well-known group-IV mono layers consist of silicene, germanene,  stanene, and plumbene. 

These layered structures are excellent for researching an extensive variety of physical, chemical, and 

material phenomena, mainly because of the complicated and peculiar fundamental atomic interactions and 

geometric aspects.  Germanene is a two dimensional material composed of a single layer of Germanium 

atoms arranged in a honey comb lattice similar to grapheme, as a result, it exhibits unique optical and 

electronic properties that differ from its bulk counterpart Germanium, since its experimental realization in 

2004[1-5]. Germanene, has emerged as a candidate for future electronics applications because of its 

extraordinary electronic and mechanical properties [6-8]. Inspired by the discovery of graphene, both 

experimental and theoretical researchers focus their research interests on the members of group-IV 

elemental 2D atomic-layer systems including silicene, germanene, and stanene. Compared with their bulk 

form, these 2D materials exhibit so many unusual properties such as high charge-carrier mobility, 

outstanding mechanical performance, and large surface-to volume ratio [9-11]. However, the intrinsic 

shortcoming of these group-IV 2D materials is gaplessness which gives rise to their poor performance in the 

FET applications. To our best knowledge, the key to develop 2D material-based electronics urgently lies in 

opening a tunable band gap in it. To achieve this, an alternative route is the realization of hetero structures. 
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Many strategies have been adopted for band gap engineering of graphene and silicene. However, there are 

still little efforts made  to open the band gap of germanene by heterostructures[12-14]. 

In this paper, we explore electronic and optical properties of Germanene, by Ab-initio   simulation package 

which is based on density functional theory (DFT). We will explain the   significance of our findings for 

prospective applications and suggest future research and development directions. We may learn more about 

this interesting substance's inner workings and open the way for its incorporation into upcoming 

technologies, enabling improvements in areas like nanoelectronics, photonics, and quantum computing. 

2. Computational Result: 

All the Ab-initio calculations of Ge are performed by Quantum Espresso simulation package within the 

density functional theory (DFT) framework [15]. The generalized gradient approximation (GGA) is used to 

determine the exchange-correlation potential using the Perdew-Burke Ernzerh of (PBE) functional [16]. To 

estimate the interaction potential between the valence electrons and ionic core plane augmented wave 

(PAW) is used. To explore Ge, we constructed DFT-D3 van der Waals interaction [17]. The kinetic energy 

cut-off of 70 Ry and the charge density cut-off of 300 Ry are used throughout the computations for the 

plane wave. The Broyden Fletcher-Gold fard-Shanno (BFGS) algorithm was used to do the geometrical 

optimization of Ge. The structure was relaxed when the forces were less than 0.001 eV/A and the total 

energy criterion was set at 1 ×10−5 ev. In order to create the k-points for the irreducible Brillouin zone 

sampling for the geometrical optimization and electrical characteristics of the Ge, a set of 7 × 7 × 1 

Monkhorst-pack grids were utilised, and a denser grid of 13 × 13 × 1 was used for the density of states 

(DOS). Additionally, we added a 10 vacuum to prevent the periodic interaction in the z-direction. 

DFT in the GGA and linear response theory in the Random Phase Approximation (RPA) are used to 

calculate optical characteristics [18]. The optical characteristics of the Ge were estimated using the 

frequency-dependent complex dielectric function as follows: 

         휀(𝜔) =  휀1(𝜔) + 𝑖휀2(𝜔)  

             

(1) 

 

Which is defined as the linear response of the medium to electromagnetic radiation 휀1(𝜔) and 휀2(𝜔) are real 

(dispersive) and imaginary (absorptive) parts of the dielectric function, respectively. The imaginary part of the 

dielectric function is obtained by 

 휀2(𝜔) =
2𝜋𝑒2
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Where the unit cell's volume is , the electronic charge is e, the conduction and valence bands' wavefunctions are 

𝜑𝑘
𝑐  and 𝜑𝑘

𝜈, respectively, and the vector given by the polarisation of the electric field is u. 

      The real part of the dielectric function can be calculated from  휀2(𝜔), using the Kramer-Kronig relation. 

 휀1(𝜔) = 1 + (
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(3) 

 

 

The other optical parameters, such as Absorption coefficient 𝛼(𝜔), Refractive index 𝑛(𝜔), and Optical 

conductivity 𝜎(𝜔), can be estimated by calculating the real and imaginary part of the dielectric function. 
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 𝜎(𝜔) =
𝜔𝜀2(𝜔)

4𝜋
       (6) 

3. Structural and Electronic Properties:  

The initial step in each system's optimization procedure is to reduce its energy consumption in order to identify 

its most stable condition. The optimum Ge-Ge bond length, Ge-Ge-Ge bond angle, lattice constant, and 

buckling height for pure germanene were calculated to be 2.26Å, 115.71°, 3.83Å, and 0.47Å, respectively [19]. 

Our calculation for pure germanene agrees well with earlier conclusions derived from DFT simulations. Fig. 1 

depicts the structures in their optimal states, both undoped and doped [20] 

 

 

                                                  Fig.1.  (a) Germanene 

The structural and electronic properties of any material are very important factor to be considered for the 

electronic, optoelectronic and energy conversion devices such as photo detector, sensor, solar cell etc [20].  

The electronic properties such as, density of states (DOS), partial density of states (PDOS) and energy band gap 

of germanene are shown in fig.2. The band gap of germanene is estimated along the high symmetry point Γ →

𝑀 → 𝐾 → Γ in the first Brillouin zone, as shown in Fig. 2(c). At the K- point, the germanene exhibits a zero 

band gap. It is consistent with previously reported theoretical estimates [21,22].  
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Fig.2. (a) density of states (b) partial density of states (c) energy band gap of Germanene 

 

The total density of states (TDOS) and partial density of states (PDOS) of germanene are shown in Fig. 2. (a) 

and 2(b). In Fig.2. (a) and (b), the lowest conduction bands for germanene occur between -11.46 and -3.23 eV 

and are dominated by the s orbitals of germanene. The top of the valence band occurs within the range -3.23 to 

0 eV and dominated by p orbital of germanene. The conduction band of germanene is dominated by p orbital of 

germanene and occurs within range from 0 to 8.4 eV. The top of conduction band occurs within the range 0 to 

10 eV and dominated by p orbital of Ge.  

3.1. Optical Properties:  
Material’s optical properties must be investigated in order to understand their properties for usage in 

optoelectronic systems and devices [23]. When exposed to electromagnetic radiation, the optical characteristics 

characterize the behavior of the material [23]. As a result, understanding the material’s optical characteristics is 

crucial for establishing their usefulness and usability for optoelectronic applications [24].  
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                              Fig.3. real part of die electric function of Germanene 

Many experimental and Theoretical studies reveal that the optical characteristics of materials are affected by the 

thickness of the film. Germanene’s optical characteristics were computed using thin films. To the best of our 

knowledge, the optical properties have been described in the theoretical analysis of germanene. To compute the 

optical properties of germanene, the real and imaginary parts of the dielectric function, as well as other optical 

parameters such as the absorption coefficient, optical conductivity, reflection coefficient, loss function, and so 

on, are required [25]. The real component of the dielectric function describes how much material has been 

polarised as a result of an external electric field driven dipole, while the imaginary part of the dielectric function 

describes how much photon energy is absorbed by the materials. The real part of the dielectric function of 

germanene, is depicted in Fig 3.The real component of the wave function at zero frequency can be used to 

derive the static dielectric function 휀(0) [26]. 
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                                Fig.4. Imaginary part of dielectric function of Germanene 

The static dielectric function 휀(0) value of germanene, is 0 ev, as shown in Fig. 4.By using the value of the static 

dielectric function 휀(0), the band structure of these materials can be calculated by the Penn model defined 

by 휀(0) = 1 + (ℏ𝜔𝑝 𝐸𝑔⁄ )
2
. 

The imaginary part of the dielectric function is directly related to the electronic band structure. In Fig. 4, the edge 

(first critical points) of optical absorption of germanene occurs at 0 eV [27]. This is related to the transition 

from the valance band maximum to conduction band. 
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                                         Fig.5.Optical conductivity of Germanene 

 

The conduction of free charge carriers over a range of photon energy is described by optical conductivity. Figure 

5 depicts the frequency-dependent optical conductivities of germanene.  
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                                 Fig.6. Absorption coefficient of Germanene 

Fig.6.shows that absorption coefficient of germanene is minimum, which corresponds to the fundamental 

band gap. The absorption coefficient describes how much photon energy the substance absorbs. It is an 

important parameter in optoelectronic applications such as photodiodes, solar cells, and so on. Figure 6 

exhibits the absorption coefficient of germanene, as well as an absorption spectrum in the 0 to 1.20 eV 

regions. The absorption coefficient of Germanene is found to have maximum value of 1.23. It is also noted 

that when energy increases, the absorption coefficient drops. 
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                                              Fig.7. Refractive index of Germanene 

 

. Fig.7 depicts the refractive index of germanene. The static refractive index 𝑛(𝜔) of germanene, is 1.27 which 

agrees well with experimental data [28]. The refractive index 𝑛(𝜔) describes how much electromagnetic 

radiation refracts after entering the substance. It's also worth noting that the refractive indices of these materials 

are larger at low energy levels and decrease with increasing energy [29] 

 The electron energy loss function [30-32] describes the energy loss of a fast-moving electron between the top of 

the valence band and the bottom of the conduction band.  
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                                         Fig.8. Loss function of Germanene 

Figure 8 depicts the electron energy loss functions of germanene. The EELS spectrum of these materials and 

heterostructures is scattered over a range of energies, with the greatest values being 2.4eV for germanene. 

Plasma energy ℏ𝜔𝐷 is the highest peak of EELS in these materials. [33-35]. 

Conclusion: 

In summary, the structural, electronic and optical properties of germanene, were calculated by using DFT. These 

materials exhibit excellent photodetection in a wide range of wavelengths. The computed band gap of 

germanene was 0 ev. The optical properties such as the real and imaginary components of the dielectric 

function, absorption coefficient, and optical conductivity of germanene, were also calculated using DFT and 

RPA method. The absorption coefficients of germanene have maximum values of 1.23. If we make 

hetrostructure of germmene with other 2D material such as Tranastion metal dichalconides (TMDs) then it can 

be used in different optoelectronic devices like photo-detectors, solar cells, and in optical communication. 
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