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Abstract: A comprehensive investigation on energy grabbing by Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–

In3Ga4N9, Ag–In3Ga4N9 was carried out, including using DFT computations at the CAM–B3LYP–D3/6-

311+G (d,p) level of theory. The hypothesis of the energy adsorption phenomenon was confirmed by density 

distributions of CDD, TDOS, and ELF for Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9, Ag–

In3Ga4N9 hetero-clusters. Therefore, it can be considered that zinc and silver atoms in the functionalized 

Zn–In3Ga4N9 and Ag–In3Ga4N9 may have more effective sensitivity for admitting the electrons in the 

status of energy adsorption mechanism. Furthermore, Ag–In3Ga4N9 is potentially advantageous for 

certain high-frequency applications requiring solar cells for energy saving.  
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1. Introduction 

The nitrides of group III in the periodic table have low sensitivity to ionizing radiation, 

which makes them appropriate materials for solar cell arrays for satellites. Therefore, space 

applications could benefit as devices have shown stability in high radiation environments. 

Because GaN transistors can operate at much higher temperatures and work at much higher 

voltages than gallium arsenide (GaAs) transistors, they make ideal power amplifiers at 

microwave frequencies. In addition, GaN offers promising characteristics for THz devices. Due 

to high power density and voltage breakdown limits, GaN is also emerging as a promising 

candidate for 5G cellular base station applications [1–3].  

GaN with a high crystalline quality can be obtained by depositing a buffer layer at low 

temperatures [4]. Such high-quality GaN led to the discovery of p-type GaN [5], p–n junction 

blue/UV-LEDs [5], and room-temperature stimulated emission [6]. This has led to the 

commercialization of high-performance blue LEDs and long-lifetime violet laser diodes and 

the development of nitride-based devices such as UV detectors and high-speed field-effect 

transistors [7]. 

GaN-based metal–oxide semiconductor field-effect transistor (MOSFET) and metal-

semiconductor field-effect transistor (MESFET) transistors also offer advantages, including a 

lower loss in high-power electronics, especially in automotive and electric car applications [8].  

https://materials.international/
https://materials.international/
https://doi.org/10.33263/Materials71.003
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6896-336X


https://doi.org/10.33263/Materials71.003  

https://materials.international/ 2 of 13 

 

The U.S. Army Research Laboratory (ARL) first measured the high field electron 

velocity in GaN in 1999 [9]. Scientists at ARL experimentally obtained a peak steady-state 

velocity of 1.9×107 cm/s, with a transit time of 2.5 picoseconds, attained at an electric field of 

225 kV/cm. With this information, the electron mobility was calculated, thus providing data 

for the design of GaN devices. 

The ternary semiconductor of Indium gallium nitride (InGaN) as solar cells is 

remarkable owing to the adjustable direct band gap energy of InGaN, veiling the total solar 

spectrum arraying from 0.7 to 3.4 eV [10,11], as well as preferable photovoltaic specifics of 

InGaN consisting of vast absorption coefficients [12] and high carrier dynamism. Furthermore, 

InGaN alloys' great fixity and excellent radiation persistence permit the function of InGaN-

based instruments in uttermost situations such as space and geocentric usages [10,13]. The 

solar cells of InGaN were constructed with low indium amounts of the InGaN alloy compounds 

[14–16], which conduces to an enhancement in the band gap energy of InGaN and then 

eventuates in the absorption of shorter wavelengths of solar radiation. Therefore, to find out 

InGaN solar cells with high yield, the amount in the InGaN active layer of these solar cells 

should be enhanced to compensate for a large part of the solar spectrum. Recently, it has been 

suggested that dual nano gratings of Si and other organic solar cells be applied, which are 

mostly in direct contact with the active area of the solar cells [17–23]. 

Moreover, the researchers fabricated transition metal zinc doped InGaN nanorods 

arrays by radio-frequency plasma-assisted molecular beam epitaxy. Doping reduces the 

composition of indium atoms and the aggregation of In–In and induces deep energy levels. 

This greatly decreases the defects and improves the valence band potential of InGaN nanorods 

[24]. 

Recently, researchers have proposed an InGaN/GaN p-i-n thin-film solar cell, which 

includes a dual nanograting compound: silver nano gratings on the back of the solar cell and 

GaN-NGs on the front. FDTD simulation parameters have exhibited that the dual NG 

compound connects the eventual sunlight to the plasmonic and photonic styles, enhancing the 

solar cell's absorption in a wide spectral span. It is perceived that the solar cells possessing the 

double nanograting structures have a considerable increment in light absorption compared with 

cells having either no nanogratings or only the front nanogratings or the back nanogratings 

[25].  

In this paper, we propose a feasible ternary semiconductor of an Indium Gallium Nitride 

solar cell doped with silicon, zinc, or silver. We carried out molecular modeling considering 

the geometrical parameters of doping atoms on the surface of In4Ga4N9 through the solar cells' 

absorption status and current charge density. Moreover, the effect of a relative chemical shift 

between In4Ga4N9 and doped hetero-clusters of the solar cell was also studied. 

2. Materials and Methods 

In this work, the Si-, Zn-, or Ag-doped In4Ga4N9 solar cells were calculated within the 

framework of first-principle calculation based on density functional theory (DFT) (Figure 1). 

The rigid potential energy surface using density functional theory [26– 39] was performed due 

to the Gaussian 16 revision C.01 program package [40] and GaussView 6.1 [41]. The 

coordination input for energy storage on the solar cells has applied 6-311+G (d,p) and EPR–3 

basis sets.  
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Figure 1. Application of hetero-clusters of Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9 and Ag–

In3Ga4N9 for energy storage in solar cells using CAM–B3LYP–D3/6-311+G (d,p) calculation. 

Figure 1 has shown the process of energy storage on hetero-clusters of Ga8N9, In8N9, 

In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9, and Ag–In3Ga4N9, which is modified to enlarge the 

absorption in the active zone. Further, we optimized the structural parameters of nanocages of 

Ga8N9, In8N9, a ternary semiconductor of In4Ga4N9solar cell which is doped with silicon, zinc 

or silver towards formation of hetero-clusters of Si–In3Ga4N9, Zn–In3Ga4N9, Ag–In3Ga4N9 for 

obtaining the greatest short current aggregate in these solar cell structures. 

3. Results and Discussion 

3.1. CDD, TDOS, and ELF analysis. 

The amounts of charge density differences "CDD" are measured by considering isolated 

atoms or noninteracting ones. The mentioned approximation can be the lightest to use because 

the superposition value may be received from the primary status of the self-consistency cycle 

in the code that carries out the density functional theory (Figures 2a–f) [42].  
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Figure2. CDD graphs for hetero-clusters of (a) Ga8N9; (b) In8N9; (c) In4Ga4N9; (d) Si–In3Ga4N9; (e) Zn–

In3Ga4N9; (f) Ag–In3Ga4N9. 

 

  

  

  
Figure 3. TDOS graphs of hetero-clusters include (a) Ga8N9; (b) In8N9; (c) In4Ga4N9; (d) Si–In3Ga4N9; (e) 

Zn–In3Ga4N9; (f) Ag–In3Ga4N9. 
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In Figure 2a, the atoms of N(10), N(12), N(14), N(16), N(17) from Ga8N9 have shown 

a fluctuation around –9 to +4.5 Bohr. The atoms of N(10), N(14), N(16), N(17) from In8N9 

have indicated the fluctuation around –9 to + 5 Bohr (Figure 2b). In Figure 2c, N(10) and N(14) 

atoms extracted from the ternary hereto-cluster of  In4Ga4N9 have exhibited a fluctuation 

around –9 to + 5.5 Bohr. Then, the two doped hereto-clusters of Si–In3Ga4N9 (Figure 2d) and 

Zn–In3Ga4N9 (Figure 2e) with active atoms of N(10), N(14), N(16), N(17) have been oscillated 

around –9 to + 2.5 Bohr. However, in the doped hereto-cluster of Ag–In3Ga4N9, except for 

atoms of N(10), N(14), N(16), and N(17), the Ag (5) has been considered as a fluctuated atom 

around –9 to + 3 Bohr (Figure 2f). 

Squirming the molecular orbital data owing to Gaussian graphs of unit altitude and 

entire width at half maximum (FWHM) of 0.3 eV by GaussSum 3.0.2 [43] have computed the 

total density of states (TDOS). To further realize the different adsorption specifications by 

Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9, Ag–In3Ga4N9, TDOS has been measured. 

This parameter can indicate the existence of important chemical interactions often on the 

convex side (Figures 3a–f).  

The maximum energy of TDOS for Ga8N9 (Figure 3a) and In8N9 (Figure 3b) has a sharp 

peak of around –0.3 a.u. Figure 3c shows the ternary semiconductor of In4Ga4N9 with a sharp 

peak around –0.3 a.u. and a weak peak around –0.4 a.u. After doping Si on In4Ga4N9 hetero-

cluster, the peak around –0.4 a.u. has been more clarified (Figure 3d). It is remarkable that the 

excessive growth technique on doping silicon is a potential approach to designing high-

efficiency semipolar gallium nitride devices on silicon layers in a long wavelength zone. 

Moreover, similar amounts of TDOS were found for Zn–In3Ga4N9, with a sharper peak of 

around –0.4 a.u. than Si–In3Ga4N9 makes In4Ga4N9 a more effective solar cell for adsorption 

energy (Figure 3e). However, Ag–In3Ga4N9 has shown three notable peaks around –0.28, –0.4, 

and –0.8 a.u. can be more efficient than In4Ga4N9 (Figure 3f). 

Furthermore, a type of scalar field called electron localization function “ELF” may 

demonstrate a broad span of bonding samples. Nevertheless, the distinction between 

deduced/raised electron delocalization/localization into cyclic π-conjugated sets stays 

encouraging for “ELF” [44]. The grosser the electron localization is in an area, the more likely 

the electron movement is restricted. Therefore, they might be discerned from the ones away if 

electrons are centralized. As Bader investigated, the zones with large electron localization 

possess extensive magnitudes of Fermi hole integration. However, with a six-dimensional 

function for the Fermi hole, it seems hard to study directly. Then, Becke and Edgecombe 

remarked that spherically averaged spin conditional pair probability possesses a direct 

correlation with the Fermi hole and proposed the parameter of electron localization function 

(ELF) in the Multiwfn program [45] and popularized for the spin-polarized procedure [46]: 

ELF(r) =
1

1+[𝐷(r) 𝐷0(r)⁄ ]
                                                   (1) 

Where 

𝐷(r) =
1

2
 ∑ 𝜂𝑖𝑖 |∇𝜑𝑖 (r)|2 −  

1

8
[

|∇𝜌𝛼 (r)|2

𝜌𝛼 (r)
+  

|∇𝜌𝛽 (r)|
2

𝜌𝛽 (r)
]    (2) 

and  

𝐷0(r) =
3

10
(6𝜋2)2 3⁄ [𝜌𝛼 (r)5 3⁄ +  𝜌𝛽 (r)5 3⁄ ]                              (3) 

For close-shell system, since 𝜌𝛼 = 𝜌𝛽 = (1 2⁄ )𝜌, D, and D0 terms can be simplified 

as: 
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𝐷(r) =
1

2
 ∑ 𝜂𝑖𝑖 |∇𝜑𝑖 (r)|2 −  

1

8
 
|∇𝜌 (r)|2

𝜌 (r)
                      (4) 

And 

𝐷0(r) = (3 10⁄ )(3𝜋2)2 3 ⁄ 𝜌 (r)5 3⁄                                (5) 

Regarding kinetic energy, “ELF” was rechecked to be more punctual for both Kohn-

Sham DFT and post-HF wavefunctions [47]. The excess kinetic energy density caused by Pauli 

repulsion was unfolded by D(r), and D0(r) may be inspected as Thomas-Fermi kinetic energy 

density. Because D0(r) is brought forward, the ELF is the origin, and the ELF shows an affiliate 

localization. The compounds of Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9, and Ag–

In3Ga4N9 can be defined by ELF graphs owing to exploring their delocalization/localization 

characterizations of electrons and chemical bonds (Figure 4a–f). 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. The graphs of ELF for hetero-clusters include (a) Ga8N9; (b) In8N9; (c) In4Ga4N9; (d) Si–In3Ga4N9; 

(e) Zn–In3Ga4N9; (f) Ag–In3Ga4N9. (Counter line map on the right and shaded surface map with projection on 

the left). 

 

The counter map of ELF for Ga8N9 and In8N9 has shown the electron delocalization of 

these two hetero-clusters based on labeling atoms of N(4), Ga (5), Ga (15) for Ga8N9 (Figure 

4a) and N(4), In (5), In (15) for In8N9 (Figure 4b), respectively. Then, the formation of a ternary 
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alloy of In4Ga4N9 indicates an isosurface map of electron delocalization due to labeling atoms 

of N(4), In (5), Ga (15) (Figure 4c). A vaster jointed area engaged by an isosurface map for Si, 

Zn, Ag doping In4Ga4N9 towards the formation of hetero-clusters of Si–In3Ga4N9(Figure 4d), 

Zn–In3Ga4N9 (Figure 4e) and Ag–In3Ga4N9 (Figure 4f) due to labeling atoms of N(4), Si/Zn/Ag 

(5), Ga (15), respectively. A narrower connected area occupied by an isosurface map means 

that electron delocalization is relatively difficult. However, the large counter map of ELF for 

Ag–In3Ga4N9, Zn–In3Ga4N9, and Si–In3Ga4N9 hetero-clusters can confirm that doping Ag, Zn, 

and Si nanoparticles on the surface, respectively, increases the efficiency of the ternary solar 

cell of In3Ga4N9 for energy storage.  

Besides, the changes of charge density analysis have illustrated that In3Ga4N9 has 

shown the Bader charge of –1.131 coulomb, and after doping with silicon, zinc and silver has 

indicated the Bader charge of –1.172, –1.171 and –1.159 coulomb for Si–In3Ga4N9, Zn–

In3Ga4N9, Ag–In3Ga4N9, respectively, that describes the tensity value of these hetero-clusters 

for energy storage.  

3.2. Insight of infrared spectroscopy and thermochemistry. 

Infrared spectroscopy (IR) has been performed for Ga8N9, In8N9 nanocages, ternary 

alloy of In3Ga4N9, and doped hetero-clusters of Si–In3Ga4N9, Zn–In3Ga4N9, Ag–In3Ga4N9 

(Figure 5a–f). Therefore, it has been simulated the several clusters containing Ga8N9 (Figure 

5a), In8N9 (Figure 5b), In3Ga4N9 (Figure 5c), Si–In3Ga4N9 (Figure 5d), Zn–In3Ga4N9 (Figure 

5e), and Ag–In3Ga4N9 (Figure 5f). 
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Figure 5. The frequency (cm-1) changes through the IR spectra for hetero-clusters of (a) Ga8N9; (b) In8N9; (c) 

In4Ga4N9; (d) Si–In3Ga4N9; (e) Zn–In3Ga4N9; (f) Ag–In3Ga4N9. 

The frequency values through the IR curves between 100–1200 cm-1 have been 

achieved for Ga8N9 with several sharp peaks around 391.27, 420.84, 451.72, 581.93, 624.62, 

686.54 and 692.45 cm-1 (Figure 5a). Figure 5 (b) shows the frequency range between 100–1200 

cm-1 for In8N9 with sharp peaks around 356.43, 385.93, 409.88, 416.57, 493.70, and 749.78 

cm-1. Figure 5 (c) indicates the frequency fluctuation between 100–1200 cm-1 for In4Ga4N9 

with sharp peaks around 386.14, 388.65, 450.05, 464.72 and 844.38 cm-1. The graph of Figure 

5 (d) has been observed in the frequency range between 200–1100 cm-1 for Si–In3Ga4N9 with 

several sharp peaks around 372.66, 377.37, 425.97, 643.15, 658.78, 814.28 and 1001.62 cm-1. 

https://doi.org/10.33263/Materials71.003
https://materials.international/


https://doi.org/10.33263/Materials71.003  

https://materials.international/ 9 of 13 

 

Figure 5 (e) shows the frequency range between 100–1100 cm-1 for Zn–In3Ga4N9 with sharp 

peaks around 344.39, 363.95, 374.21, 391.72, 443.55, 660.86, 689.18, 808.93 and 953.51 cm-

1. Furthermore, the graph of Figure 5(f) has been observed in the frequency range between 

100–1200 cm-1 for Ag–In3Ga4N9 with several sharp peaks around 364.05, 392.08, 421.72, 

720.67, 749.85 and 841.15 cm-1. 

Energy storage with hetero-clusters has described that the frame of the overcoming 

cluster is related to Ag–In3Ga4N9 in the high amounts of frequency. This property makes Ag–

In3Ga4N9 potentially advantageous for certain high-frequency applications requiring solar cells 

for energy storage. The advantages of silver over indium gallium nitride include its higher 

electron and hole mobility, allowing silver doping devices to operate at higher frequencies than 

silicon and zinc doping devices.  

Table 1, through the thermodynamic specifications, concluded that hetero-clusters of 

Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9 and Ag–In3Ga4N9 might be a more 

efficient structure for energy storage in the solar cells. 

Table1. The thermodynamic characters of hetero-clusters of Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–

In3Ga4N9 and Ag–In3Ga4N9 using CAM–B3LYP–D3/6-311+G (d,p) calculation. 

Compound 
∆Eo

ads×10-3 

(kcal/mol) 

∆Ho
ads×10-3 

(kcal/mol) 

∆Go
ads×10-3 

(kcal/mol) 

So
ads

 

(cal/K.mol) 

Dipole 

moment 

(Debye) 

Ga8N9 -319.300 -319.299 -319.344 149.170 4.7174 

In8N9 -318.223 -318.222 -318.266 147.236 6.3277 

In4Ga4N9 -318.743 -318.743 -318.788 151.994 4.6709 

Si–In3Ga4N9 -319.979 -319.978 -320.023 150.570 6.2553 

Zn–In3Ga4N9 -358.610 -358.609 -358.655 151.603 5.9528 

Ag–In3Ga4N9 -408.962 -408.962 -409.008 154.357 2.9453 

Thermodynamic parameters of hetero-clusters of Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, 

Zn–In3Ga4N9, and Ag–In3Ga4N9 have been assigned through doping of ternary, nanocluster of 

In4Ga4N9 with Si, Zn and Ag towards formation hetero-clusters (Table 1). The changes of Gibbs 

free energy versus dipole moment could detect the maximum efficiency of Ag–In3Ga4N9 

hetero-cluster for energy storage in the solar cells through ∆Gads
o  (Figure 6). 

 
Figure 6. Gibbs free energy ( ∆Gf

o ) for hetero-clusters of Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9 

and Ag–In3Ga4N9. 
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The adsorption efficiency of Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9 and 

Ag–In3Ga4N9 based on dipole moment has been evaluated by the ∆Gf
o. The solar cells formed 

by Ga8N9, In8N9, In4Ga4N9, Si–In3Ga4N9, Zn–In3Ga4N9 and Ag–In3Ga4N9 feature a hierarchical 

structure with the electron donor/acceptor layer sandwiched by anode and cathode, which raises 

the importance of controlling the molecular crystal orientation, domain size, and vertical 

distribution to facilitate the charge collection at electrodes. Doping reduces the composition of 

indium atoms and the aggregation of In–In and induces deep energy levels. This greatly 

decreases the defects and improves the valence band potential of In3Ga4N9 nanorods. In this 

paper, we have demonstrated that the ternary semiconductor of Indium Gallium Nitride 

structure can significantly enhance absorption in a broad spectral range of incident light in the 

presence of zinc and silver. A comparison between solar cells containing Si-, Zn- or Ag-doped 

In3Ga4N9 shows that the solar cells containing Zn or Ag structures show a more enhanced solar 

cell performance than the solar cells containing only the single In3Ga4N9 structure. This 

efficient doping strategy bridges the gaps of heteroatom-doped In3Ga4N9-based 

photoelectrodes and can provide deep insights into controlling the electronic structure for 

enhanced solar converting yield. 

4. Conclusions 

In summary, energy grabbing on the hetero-clusters of Ga8N9, In8N9, In4Ga4N9, Si–

In3Ga4N9, Zn–In3Ga4N9, Ag–In3Ga4N9 as solar cells was investigated by first-principle 

calculations. We have provided a ternary semiconductor of Indium Gallium Nitride solar cells 

doped with silicon, zinc, or silver. The geometrical parameters of doping atoms on the surface 

of In4Ga4N9 through the absorption status and current charge density of the solar cells were 

studied. Thermodynamic parameters have constructed a detailed molecular model for atom-

atom interactions and a distribution of point charges, which can be utilized to reproduce the 

polarity of the solid material and the adsorbing molecules. Energy storage with hetero-clusters 

has described that the frame of the overcoming cluster is related to Ag–In3Ga4N9 in the high 

amounts of frequency. This property makes Ag–In3Ga4N9 potentially advantageous for certain 

high-frequency applications requiring solar cells for energy storage. The advantages of silver 

over indium gallium nitride include its higher electron and hole mobility, allowing silver 

doping devices to operate at higher frequencies than silicon and zinc doping devices. Thus, it 

should explore its unique properties, such as its ability to increase energy storage, which could 

lead to advancements in solar cell systems. 
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