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Abstract 

Photovoltaic energy sources are increasingly in demand due to concerns over the cost of 

petroleum fuels and carbon emissions. Silicon based photovoltaic production is relatively high. 

Silicon and germanium-based semiconductors with 1,1,2,3,4,5-Hexaphenyl-1H-silole (HPS) 

and 1,1,2,3,4,5-Hexaphenyl-1H-germole (HPG) 's to determine the appropriateness in terms of 

photovoltaic applications, electronic structure and charge transport properties density 

functional theory (DFT) and by Marcus theory have been investigated. Absorption spectra, 

reorganization energies (λe and λh), frontier orbitals, the ionization potentials (IPs) and the 

electron affinities (EAs), the effective transfer integrals (Ve and Vh), and the charge transfer 

rates (We and Wh) were determined. HPG can be said to have better photovoltaic properties 

with high electron transfer rate, narrow band gap and low excitation energy. In addition, we can 

say that HPS is a suitable candidate for hole injection layer with its high hole transfer properties. 

Accordingly, these molecules are potential candidates for the manufacture of photovoltaic solar 

cells and optoelectronic devices.  
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Introduction 

In recent years, due to the increasing energy requirement, solar cells have become a very 

popular energy source. This energy obtained by using photovoltaic technology is obtained by 

converting solar energy into electrical energy. They are accepted as a solution for increasing 

energy consumption thanks to their low cost and nature-friendly nature [1,2]. In the literature, 

there are studies on the reaction chemistry of many molecules containing silocon and germole 

[3-7]. Silicon-based solar cells, which are considered inorganic, are candidate materials used to 



increase the performance of heterojunction devices [8,9]. Despite its many disadvantages, the 

most used photovoltaic technology is silicon solar cells [10]. Similarly, some germanium-based 

compounds have been found to be suitable molecules for photovoltaic devices and plastic 

electronics with photophysical properties [11-15]. In a study conducted in 2007, the 

photoluminescence character of HPS and HPG was determined by various experimental 

measurements [7]. However, in our knowledge, there is no study in the literature regarding the 

charge transfer characteristics of HPS and HPG and their performance in photovoltaic solar 

cells. 

DFT (TD-DFT) calculations are extensively used in order to improve optoelectronic and 

materials photovoltaic properties of photovoltaic [16,17]. Such theoretical studies are important 

to save time and money and to optimize their experimental procedures.  

In this report, the photovoltaic, electronic and transporting properties for HPS and HPG 

semiconductor samples are explored by density functional theory (DFT) and Marcus theory 

calculations.  

2. METHODS 

All the calculations of the studied molecules were performed using the Gaussian 09 [18] 

and Amsterdam density functional (ADF2019) [19] programs. Electronic and photovoltaic 

calculations of optimized molecules using the B3LYP function with 6-311++G(d,p) basis set 

were also performed on the same basis set.  

ADF is a successful computational chemistry software for calculating molecules in 

terms of structure, electronics, optics and more. Firstly, the dimer structures of mentioned 

compounds were optimized in the ADF program. Next, the charge transfer integrals of HPS and 

HPG molecules optimized at the B3LYP/TZP level were calculated.  

Charge transfer rate (W) of HPS and HPG is found by following equation [20-23], known as 

the Marcus-Hush equation. 

𝑊 = 𝑉2ℏ ( 𝜋𝜆𝑘𝐵𝑇)1 2⁄ exp(− 𝜆4𝑘𝐵𝑇)                   (1) 

Where λ is the reorganization energy, T is the temperature, V is the effective charge transfer 

integral and ℏ and kB are the Planck and Boltzmann constants, respectively.  



Vij representing the electronic coupling between intermolecules; depending on the spatial 

overlap (Sij), charge transfer integrals (Jij) and site energies (ei(j)), respectively, 𝑉 = 𝐽𝑖𝑗−𝑆𝑖𝑗(𝑒𝑖+𝑒𝑗)/21−𝑆𝑖𝑗2                                                                                                      (2) 

The reorganization energy associated with the charge transport process in organic solids can be 

defined in two ways: The first of these is the normal mode analysis method, which is the method 

that divides the total relaxation energy by the contributions from each vibration mode. The 

second is the four-point approach, which is the method we use here, and in this approach, the λ 

can be shown as in equation 3. The total reorganization energy is the sum of the internal 

reorganization energies created by the intermolecular vibration and the external  reorganization 

energies created by the polarization of the surrounding environment. The external 

reorganization energy of a few tenths of an electron volt is a very small value [24,25]. Therefore, 

the internal reorganization energies created by an electron or a hole are taken into account in 

this paper. Electron (or hole) reorganization energies, λe (or λh) can be written as follows: 𝜆ℎ = 𝜆1 + 𝜆2 = [𝐸+(𝑔0) − 𝐸+(𝑔+)] + [𝐸0(𝑔+) − 𝐸0(𝑔0)]                         
      =[(𝐸+(𝑔0) − 𝐸0(𝑔0)] − [(𝐸+(𝑔+) − 𝐸0(𝑀+))]                                                   (3) 

and                                  𝜆𝑒 = 𝜆3 + 𝜆4     

      = [𝐸0(𝑔−) − 𝐸0(𝑔0)] + [𝐸−(𝑔0) − 𝐸−(𝑔−)]         
      =[𝐸0(𝑔−) − 𝐸−(𝑔−)] − [𝐸0(𝑔0) − 𝐸−(𝑔0)]                                                    (4)       

   E0(g0) is the energy of the neutral molecule in neutral geometry, E+/-(g +/-) is ion energy 

(cation/anion) in ionic geometry, E+/-(g0) is ion energy (cation/anion) in neutral geometry, and 

E0(g+/-) in ionic geometry, the energies of the neutral molecule are shown in equations 3 and 4.    

The injection processes of holes and electrons, which affect the performance of the devices, are 

highly dependent on their stability and energy barriers [26]. There are many studies in literature 

on the injection ability of molecules using HOMO, LUMO, ionization potentials (IPa/IPv) and 

electron affinities (EAa/Eav). 

There are many studies in literature about the injection ability of molecules depending 

on HOMOs, LUMOs, ionization potentials (IPa/IPv) and electron affinities (EAa/Eav) [27-30]. 



The vertical and adiabatic ionization potentials (IPv /IPa), the vertical and adiabatic electron 

affinities (Eav/EAa) of the studied structures were obtained as follows: 𝐼𝑃(𝑣) = 𝐸+(𝑔0) − 𝐸0(𝑔0)                                                                               (5) 𝐼𝑃(𝑎) = 𝐸+(𝑔+) − 𝐸0(𝑔0)                                                                               (6) 𝐸𝐴(𝑣) = 𝐸0(𝑔0) − 𝐸−(𝑔0)                                                                               (7) 𝐸𝐴(𝑎) = 𝐸0(𝑔0) − 𝐸−(𝑔−)                                                                               (8) 

RESULTS AND DISCUSSION 

3.1. Geometric structures and electronic properties 

Optimized monomer structures of HPS and HPG molecules using DFT method are 

portrayed in Figure 1. The energy of the HPS molecule was calculated as -1832.21106368 a.u 

and the energy of the HPG molecule as -3619.68363740  a.u. This result shows that the HPG 

molecule is more stable than HPS.  

The electron donating and receiving orbitals of a molecule, also called frontier 

molecular orbitals, the HOMO, LUMO orbitals, and the difference between these orbitals are 

important in terms of charge transfer. Figure 2 shows the contour plots of the HOMO and 

LUMO molecular orbitals of the studied molecules. The energy of donor HOMO orbitals were 

calculated as -9.20 eV for HPG and -8.83 eV for HPS. Therefore, HPS is a higher molecule in 

terms of hole-creating potential [31]. The energy of acceptor LUMO orbital (-6.18 eV) of HPS 

is higher than HPG (-6.62 eV). This indicates that HPS has a high ability to receive electrons. 

The electrochemical bandgap, which is the energy difference between HOMO and 

LUMO levels, and the optical band gap, which is the excitation energy for transitions between 

vertical bands, are different energies [32]. Here, the 2.58 eV and 2.65 eV energy values 

calculated using the TD-DFT method show the electrochemical bandgaps of HPG and HPS, 

respectively, and the energy values of 3.59 eV and 3.58 eV show the optical band gaps of HPG 

and HPS, respectively. The small energy difference between the electrochemical bandgap and 

the optical band gap means that the charge transfer rate is large [33]. The small energy 

difference between the electrochemical bandgap and the optical band gap means that the charge 

transfer rate is large. This difference is 0.91 eV for HPS and 1.01 eV for HGS. From this result, 

it can be said that HPG is a material with a higher charge transfer rate. In addition, since the 

electrochemical band gap of HPS is higher than that of HPG, it absorbs less sunlight. 



3.2. Reorganizational energy 

The calculated reorganization energies, adiabatic/vertical ionization potentials and 

adiabatic and vertical electron affinities of HPS and HPG molecules are tabulated in Table 1. 

These calculated values are factors affecting the performance of solar cells. For example, the 

mobility of electrons and holes is closely related to the reorganizational energy. 

 The greater the reorganization energy of an electron or hole, the smaller its transport 

rate. It can be seen from Table 1 that the λhole of both the HPS and the HPG molecule is smaller 

than the λelectron.  In other words, it is seen from the results in Table 1 that HPG can be used as 

electron transport material and HPS can be used as hole transport material in terms of its use in 

future solar cells. 

 The way to understand the charge transfer barrier using computational chemistry 

methods is to calculate ionization potentials (IPs) and electron affinities (EA's). Magnitudes 

such as electron affinity (EA) and ionization potential significantly affect the energy threshold 

available for the injection of holes and electrons in a molecule. The bigger EA and smaller IP 

means better electron and hole transport [34]. Table 1 shows all adiabatic/vertical EAa/v and 

IPa/v values of HPS and HPG molecules. The EAa/v and IPa/v values of HGS 2.231/1.986 eV and 

5.687/5.959, respectively. Similarly, the EAa/v and IPa/v values of HPS 0.816/0.544eV and 

6.639/6.884, respectively. Therefore, the HPG molecule can form suitable for the electron 

injection layer and the HPS molecule for the hole injection layer. 

3.3. Dipole moment  

Another factor that affects the performance of solar cells is the dipole moment.  Dipole 

moment plays an important role in the production of solar cells as it affects the solubility of a 

molecule in any solvent. A molecule with a dipole moment in chloroform, an organic solvent, 

is known to have high solubility. For this reason, dipole moments of the studied molecules were 

calculated by using B3LYP/6-311G (d, p) basis set in chloroform solvent. As can be seen from 

Table 1, it is seen that HPG has a larger dipole than HPS. Therefore, the HPG molecule can 

grow more by itself in the chloroform solvent, which makes it easier for charge transfer. As can 

be seen from Table 1, it is seen that HPG has a larger dipole than HPS. Therefore, the HPG 

molecule can self- assembly in the chloroform solvent and grow more, which indicates that the 

charge transfer is greater in HPS. 

3.4. Effective transfer integrals and charge transfer rates 



The effective transfer integrals V represent the strength of the electronic coupling 

between two neighboring molecules i and j and may vary depending on the geometry of the 

dimer. In addition, the charge transfer must be anisotropic. [22,23,35,36]. To create this 

anisotropic geometry at a reasonable level, the molecules that make up the dimer were thought 

in parallel. Because the interactions between π-conjugated coupling that facilitate charge 

transport between neighboring compounds are strong interactions. Optimized dimer structures 

obtained by using parallel dimer geometry for HPG and HPS are given in Figure 3 and transfer 

integrals belonging to these geometries are given in Table 2. It is known that the larger the 

transfer integral, the greater the charge transfer. It can be seen from Table 2 that HPG has higher 

electron transfer integral (absolute) than HPS.  Also, the hole transfer integral of HPS is much 

higher than HPG. Thus, it can be said that HPS is a good candidate as hole transfer material. 

 Charge transfer rates (Welectron and Whole) are calculated using equation 1 for HPS and 

HPG in parallel geometry at 298.15 K and are tabulated in Table 2. HPG molecule has a high 

electron transfer rate (530x109 s-1). On the other hand, the HPS molecule has a large hole 

transfer rate (140x109 s-1).  

3.5. Optical properties 

The maximum peak of absorption spectra, oscillation strength (f), excitation energy (ΔE) and 

major contributions of the studied molecules in chloroform solvent calculated at the level of 

TD-DFT/B3LYP/6-311G(d,p) are tabulated in Table 3.  The HPG molecule exhibits absorbance 

spectra in the range of 354-266 nm, and the HPS molecule exhibits absorption spectra in the 

range of 346-266 nm. From these results, HPG revealed the highest λmax (354 nm) with narrow 

energy gap (2.58 eV). This suggests that this molecule (HPG) is an excellent candidate for 

efficient solar cells with better optical and electronic properties. Also, the performance of solar 

cells is related to excitation energy. In general, it has been observed that a molecule with low 

excitation energy always has a high charge transfer [37,38]. In addition, it can be said that the 

lower excitation energy of a molecule has better photovoltaic properties. In this sense, it is seen 

from Table 3 that the HPG molecule has higher charge transfer and better photovoltaic 

properties than HPS with low excitation energy of 3.59 eV during the transition between 

HOMO-LUMO orbitals. 

Conclusion 

In the present study, advance quantum theoretical calculations have been used to examine the 

charge transfer properties, photovoltaic and electronic properties of HPS and HPG molecules. 



The reorganization energies and Marcus-Hush theory proved that HPG can be used as electron 

transport material and HPS can be used as hole transport material. In addition, it has been 

determined that HPG is a perfect candidate for a solar cell in terms of absorbance spectra, 

electrochemical, optical band gaps and photovoltaic properties. 
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Table 1. The calculated reorganization energies (in eV). 

Molecules λelectron λhole IPa IPv EAa EAv Dipol 

Moment 

(Debye) 

HPS 0.598 0.517 6.639 6.884 0.816 0.544 0.0184 

HPG 0.326 0.244 5.687 5.959 2.231 1.986 0.1909 

 



 

 

Table 2. The charge transfer integrals (in eV) and the charge transfer rates (in s-1). 

Molecules Velectron Vhole Welectron Whole 

HPS -0.00034 -0.00207 2.6x109 140x109 

HPG 0.00047 0.00002 530x109 5x109 

     

 

 

 

Table 3. The computed absorption wavelengths, excitation energies, absorbance and oscillator 

strengths. 

  
  
  
  
  
  
  
  
H

P
G

 

λ (nm) E (eV) f Transition 

354 3.59 0.2131 H→L 

281 4.40 0.1318 H-1→L, H-2→L, H-16→L 

266 4.65 0.1522 H-2→L, H-16→L 

H
P

S
 

346 3.58 0.2483 H→L 

284 4.36 0.0545 H-1→L, H-2→L, H-15→L 

266 4.66 0.2210 H-2→L, H-15→L, H→L+4 

    

 

 

 



 

Fig.1. Optimized molecular structures of a)HPS and b)HPG. 

a) 

b) 



 

a) 



 

Fig.2. Frontier orbital contour plot a)HPS and b)HPG. 

 

b) 



 

Fig. 3. Optimized structure of a) HPS dimer and b) HPG dimer. 

a) 

b) 



 

 



Figures

Figure 1

Optimized molecular structures of a)HPS and b)HPG.



Figure 2

Frontier orbital contour plot a)HPS and b)HPG.



Figure 3

Optimized structure of a) HPS dimer and b) HPG dimer.


