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Abstract: This article investigates hydrogen grabbing towards the formation of hetero-clusters of 

H@AlGaN, H@AlGaSiN, H@AlGaGeN, H@AlGaPdN, and H@AlGaPtN was carried out using DFT 

computations at the CAM–B3LYP–D3/6-311+G (d,p) level of theory. The notable decrease in signal 

intensity near the parallel edge of the nanocluster sample might be due to silicon or germanium binding, 

or to an induced non-spherical distribution of AlGaSiN or AlGaGeN heteroclusters. However, there is 

a significant deviation from using palladium or platinum as electron acceptors on the surfaces of 

AlGaPdN or AlGaPtN heteroclusters. The hypothesis of the energy-adsorption phenomenon was 

confirmed by the density distributions of CDD, DOS/PDOS, and ESP for AlGaN and its alloys. 

Therefore, it can be considered that palladium or platinum atoms in the functionalized AlGaPdN or 

AlGaPtN might have more impressive sensitivity for accepting the electrons in the process of hydrogen 

adsorption. Furthermore, AlGaPdN or AlGaPtN may be advantageous for certain high-frequency 

applications that require solar cells for energy storage. The advantages of platinum or palladium over 

aluminum gallium nitride include higher electron and hole mobilities, enabling platinum- or palladium-

doped devices to operate at higher frequencies than silicon- or germanium-doped devices. As a matter 

of fact, it can be observed that doped heteroclusters of AlGaPdN or AlGaPtN might ameliorate the 

capability of AlGaN in transistor cells for energy storage. In fact, the study of Si-/Ge-/Pd-/Pt-doped 

AlGaN hetero-cluster shows promise for a high-performance electronic device and hydrogen gas 

sensing applications. 
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germanium; palladium; platinum. 

© 2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited. The authors retain copyright of 

their work, and no permission is required from the authors or the publisher to reuse or distribute this article, as long as proper 

attribution is given to the original source. 

1. Introduction 

The surface and microstructure of the sensitive material play an important role in gas 

adsorption and detection. A binary III/V direct-bandgap semiconductor called Gallium nitride 

(GaN) is a very hard material with a wide bandgap and is applied in a variety of technologies, 

including optoelectronics, high-power electronics, and light-emitting diodes, partly due to its 

favorable thermal properties. 
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The nitrides of group III in the periodic table are relatively insensitive to ionizing 

radiation, making them suitable materials for solar cell arrays on satellites. Therefore, space 

applications could also benefit, as devices have shown stability in high-radiation environments 

[1–7].  

Ternary "AlGaN" alloys have been recognized as promising materials for realizing deep 

ultraviolet "DUV" optoelectronic devices with operating wavelengths down to 200 nm. For the 

development of high-performance AlGaN-based "DUV" devices, high-conductivity p-type Al-

rich AlxGa1-xN (x ≥ 0.4) is essential. Many studies have shown that enhancing the p-type 

conductivity has a significant effect on the improvement of both the electrical and optical 

properties of AlGaN DUV optoelectronics [8–15]. 

The influence of two different methods of silicon doping in "AlGaN" layer, that is, 

modulation-doping "MD" and delta-doping "DD", on the optical and electrical performance of 

deep ultraviolet light-emitting diodes "DUV-LEDs" has been investigated. Both the 

photoluminescence and electroluminescence intensities in the "Si-DD" structure are stronger 

than those obtained by the "Si-MD" method, while the forward voltage and reverse leakage 

current are slightly smaller in the "DD" structure than those in the "MD" structure. Compared 

with the "MD" structure, the "DD" structure shows higher capacitance-voltage characteristics. 

This study suggests that the "DD" method can improve the optical and electrical performance 

of "DUV-LEDs" [16–25]. 

This study explores the impact of Si doping on the material properties of high-

temperature annealed (HTA) Al0.71Ga0.29N layers, which are grown on AlN/sapphire templates 

[26,27].  

In this paper, we propose a feasible ternary semiconductor of aluminum gallium nitride, 

which is doped with silicon, germanium, palladium, or platinum. We carried out molecular 

modeling to examine the geometrical parameters of doping atoms on the surface of AlGaN, 

and we studied the absorption status and charge density of the solar cells. Moreover, the effect 

of a relative chemical shift between AlGaN and doped heteroclusters of the transistor cell was 

also investigated. 

2. Materials and Methods 

The Si-, Ge-, Pd-, or Pt-doped AlGaN nanocage was calculated within the framework 

of first-principles calculation based on density functional theory (DFT) [28–34] (Figure 1a–e, 

a′–e′). The rigid potential energy surface using density functional theory [35–42] was 

performed using the Gaussian 16 revision C.01 program package [43] and GaussView 6.1 [44]. 

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

EPR–3 basis sets.  

Figure 1 shows the process of energy storage on heteroclusters of AlGaN, AlGaSiN, 

AlGaGeN, AlGaPdN, or AlGaPtN, which are varied to maximize the absorption in the active 

region. Further, we optimized the structural parameters of the nanocluster of AlGaN, which is 

doped with silicon, germanium, palladium, and platinum, towards the formation of 

heteroclusters of AlGaSiN, AlGaGeN, AlGaPdN, and AlGaPtN for obtaining the highest short‐

circuit current density.  

This is a utility used to calculate ring area and perimeter, since ring area is sometimes 

involved in wavefunction analysis. In this function, it is needed to input the index of the atoms 

in the ring in a clockwise manner, including Al5, Si5, Ge5, Pd5, Pt5, N4, Ga15, N7, Ga6, N12 
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(Figure 1a–e, a′–e′). Then, the total ring area and total ring perimeter for a tailored ring are 

9.6981Å2 and 11.6921 Å2, respectively (Figure 1a–e, a′–e′). 

 
Figure 1. Characterization of hydrogenated nanohybrids of AlGaN, AlGaSiN, AlGaGeN, AlGaPdN, and 

AlGaPtN. 

Since the DFT method is used for computational chemistry, the hybrid functional Becke 

3-parameter Lee–Yang–Parr (B3LYP) [45] appears to offer the greatest contribution. A new 

hybrid exchange–correlation functional named the Coulomb-Attenuating Method with B3LYP 

(CAM–B3LYP) is proposed, which combines the hybrid qualities of B3LYP and the long-

range correction [46]. 

Additionally, in the DFT–D3 method of Grimme et al., the following expression for the 

van der Waals (vdW) dispersion energy-correction term is used [47]: 

𝐸disp =  −
1

2
 ∑ ∑ ∑ (𝑓𝑑,6 (𝑟𝑖𝑗,𝐿)

𝐶6𝑖𝑗

𝑟𝑖𝑗,𝐿
6 +  𝑓𝑑,8 (𝑟𝑖𝑗,𝐿)

𝐶8𝑖𝑗

𝑟𝑖𝑗,𝐿
8 )  𝐿  

𝑁𝛼𝑡
𝑗=1

𝑁𝛼𝑡
𝑖=1                    (1) 
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The dispersion coefficients 𝐶6𝑖𝑗 are geometry dependent, as they are adjusted based on 

the local geometry (coordination number) around atoms i and j. Additionally, Electron 

Paramagnetic Resonance (EPR) has been performed, which is a method for studying materials 

with unpaired electrons. The basic concepts of EPR are analogous to those of NMR, but the 

spins excited are those of the electrons instead of the atomic nuclei [48]. Therefore, in our 

research, the calculations have been performed based on a CAM–B3LYP–D3/EPR–3 level of 

theory. 

3. Results and Discussion 

Si, Ge, Pd, and Pt are highly sensitive and selective materials for detecting H2, and they 

have been widely used for H2 detection. H2 molecules can be adsorbed on the surface of Pd, 

and signals are transmitted through electron transfer on the surface. In this article, the data 

evaluate the efficiency of heteroclusters of AlGaN, AlGaSiN, AlGaGeN, AlGaPdN, and 

AlGaPtN for adsorption and storage energy in transistors. 

3.1. Analysis of CDD, DOS/PDOS, and ESP.  

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 (Figure 2a–e, a′–e′) [49,50].  

In Figure 2a, a′ the atoms of Al5, H18 accompanying nitrogen and gallium atoms from 

AlGaN and H@AlGaN, respectively, have shown the fluctuation around –9 to +3 Bohr. The 

atoms of Si5, H18 accompanying aluminum, gallium, and nitrogen from AlGaSiN / 

H@AlGaSiN, respectively, have indicated the fluctuation around –9 to + 3 Bohr (Figure 2b,b′). 

However, the atoms of Ge5, H18 accompanying aluminum, gallium, and nitrogen from 

AlGaGeN and H@AlGaGeN have indicated the fluctuation around –9 to + 5 Bohr and –9 to + 

7 Bohr, respectively (Figure 2c,c′). For two nanoclusters of AlGaPdN (Figure 2d,d′) and 

AlGaPtN (Figure 2e,e′), it was observed that the fluctuation around –9 to –1 Bohr for 

aluminum, gallium, and nitrogen and Pd5 or Pt5 and H18 before H-adsorption and between –

9 to +6 Bohr after H-adsorption. 
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Figure 2. CDD graphs for hetero-clusters through hydrogen adsorption, including (a) AlGaN; 

(a′) H@AlGaN; (b) AlGaSiN; (b′) H@AlGaSiN; (c) AlGaGeN; (c′) H@AlGaGeN; (d) AlGaPdN; (d′) 

H@AlGaPdN; (e) AlGaPtN; (e′) H@AlGaPtN. 
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Density of states (DOS) is an important concept of solid physics, which represents the 

number of states in a unit energy interval, since energy levels are contiguous, so that DOS can 

be plotted as a curve map. In an isolated system (such as a molecule), the energy levels are 

discrete, and the concept of DOS is questionable; some people argue that DOS is completely 

valueless in this situation. However, if the discrete energy levels are broadened artificially to 

curve artificially, the DOS graph can be used as a valuable tool for analyzing the nature of 

electron structure. In an isolated system, the energy levels are discrete; the concept of the 

density of states (DOS) is therefore completely valueless in this situation. In the negative part, 

the region between –5 to –12 a.u. has obviously larger state density than other regions for 

AlGaN/ H@AlGaN (Figure 3a,a′), (b) AlGaSiN/H@AlGaSiN(Figure 3b,b′), AlGaGeN/ 

H@AlGaGeN (Figure 3c,c′), AlGaPdN/ H@AlGaPdN (Figure 3d,d′), and (e) AlGaPtN/ 

H@AlGaPtN(Figure 3e,e′). It is remarkable that the excessive growth technique of doping 

silicon, germanium, palladium, and platinum into an aluminum gallium nitride alloy is a 

potential approach to designing high-efficiency hybrid semipolar derivatives in the long-

wavelength region.  
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Figure 3. DOS graphs of heteroclusters include (a) AlGaN; (a′) H@AlGaN; (b) AlGaSiN; (b′) 

H@AlGaSiN; (c) AlGaGeN; (c′) H@AlGaGeN; (d) AlGaPdN; (d′) H@AlGaPdN; (e) AlGaPtN; (e′) 

H@AlGaPtN. 

 

ESP or Molecular electrostatic potential was broadly exploited to predict the 

nucleophilic and electrophilic zones for a long time. It is also noteworthy for pursuing H-bonds, 

halogen bonds, molecular recognition, and intermolecular interactions involving aromatic 

structures. [51–54].  

𝑉𝑡𝑜𝑡(𝑟)= 𝑉𝑛𝑢𝑐(𝑟)+ 𝑉𝑒𝑙𝑒(𝑟)=∑
𝑍𝐴

|𝑟−𝑅𝐴|𝐴  – ∫
𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′                  (2) 

ZA is the nuclear charge; if a pseudopotential is used, then ZA is the number of explicitly 

expressed electrons.  

The compounds of H@AlGaN, H@AlGaSiN, H@AlGaGeN, H@AlGaPdN, and 

H@AlGaPtN can be defined by ESP graphs owing to exploring their delocalization/localization 

characterizations of electrons and chemical bonds (Figure 4a–e). 
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Figure 4. The graphs of ESP for hetero-clusters include (a) H@AlGaN; (b) H@AlGaSiN; (c) H@AlGaGeN; 

(d) H@AlGaPdN; (e) H@AlGaPtN. (Counter line map on the right and shaded surface map with projection on 

the left) 
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The counter map of ESP for H@AlGaN has shown the electron delocalization due to 

labeling atoms of N(4), Al (5), and H (18) (Figure 4a). Then, hydration of Si- and Ge-doped 

AlGaN indicates a larger isosurface map of electron delocalization due to labeling atoms of 

N(4), Si (5), H (18) of AlGaSiN –H (Figure 4b) and N(4), Ge (5), H (18) of H@AlGaGeN 

(Figure 4c). A vaster jointed area engaged by an isosurface map for Pd and Pt doping AlGaN 

towards formation of hetero-clusters of H@AlGaPdN (Figure 4d) and H@AlGaPtN (Figure 4e) 

after hydrogen adsorption due to labeling atoms of N(4), Pd/Pt(5), H (18), respectively.  A 

smaller connected area in an isosurface map indicates that electron delocalization is relatively 

difficult. However, the large counter map of ESP for H@AlGaPtN, H@AlGaPdN, 

H@AlGaSiN, and H@AlGaGeN can confirm that doping Pd, Pt, Si, and Ge nanoparticles on 

the surface increases the efficiency of the ternary transistor cell of AlGaN for energy storage. 

Besides, the changes of charge density analysis have illustrated that pure AlGaN has shown the 

Bader charge of –1.272 coulomb, and after doping with silicon, germanium, palladium, and 

platinum, it has indicated the Bader charge of –1.290, –1.285, –1.292, –1.309 coulomb for 

hybrid composites of AlGaSiN, AlGaGeN, AlGaPdN, AlGaPtN, respectively, that describes 

the tensity value of these hetero-clusters for energy storage.  

Moreover, the intermolecular orbital overlap integral is important in discussions of 

intermolecular charge transfer, which can calculate HOMO-HOMO and LUMO-LUMO 

overlap integrals between the hydrogen atom and hybrid hetero-clusters of AlGaN, AlGaSiN, 

AlGaGeN, AlGaPdN, and AlGaPtN. The wavefunction level we used is CAM–B3LYP–D3/6-

311+G(d, p) that corresponds to HOMO and LUMO, respectively (Table 1). 

Table1. LUMO/HOMO, energy gap (∆E), and overlap integral for H@AlGaN, H@AlGaSiN, H@AlGaGeN, 

H@AlGaPdN, H@AlGaPtN. 

Hetero-clusters ELUMO (a.u.) EHOMO (a.u.) ∆E=ELUMO –EHOMO (a.u.) < S2> 

H@AlGaN –0.1550 –0.1846 0.0296 1.7500 

H@AlGaSiN –0.1531 –0.1833 0.0302 2.0022 

H@AlGaGeN –0.1519 –0.1822 0.0303 2.6557 

H@AlGaPdN –0.1499 –0.1780 0.0281 2.6260 

H@AlGaPtN –0.1513 –0.1791 0.0278 2.6349 

For unrestricted wavefunctions, the orthonormalization condition does not hold in 

general between alpha and beta orbitals. This function computes the overlap matrix between 

alpha and beta orbitals: 

𝑆𝑖,𝑗
𝛼,𝛽

=  ∫ 𝜑𝑖
𝛼 (𝑟)𝜑𝑗

𝛽(𝑟)𝑑𝑟                                             (3) 

The diagonal elements are useful for evaluating the matching degree of corresponding 

spin orbital pairs; an evident deviation from 1 indicates that spin polarization is remarkable. 

Because the expectation of the S2 operator for a single determinant (SD) wavefunction can be 

easily derived from the matrix, Multiwfn [55–56] outputs this quantity together: 

< 𝑆2 >𝑆𝐷=< 𝑆2 >𝐸𝑥𝑎𝑐𝑡+ 𝑁𝛽 − ∑ ∑ |𝑆𝑖,𝑗
𝛼,𝛽

|
2

𝑁𝛽

𝑗
𝑁𝛼

𝑖         (4) 

where < 𝑆2 >𝐸𝑥𝑎𝑐𝑡 is the exact value of the square of the total spin angular momentum: 

< 𝑆2 >𝐸𝑥𝑎𝑐𝑡=
𝑁𝛼−𝑁𝛽

2
(

𝑁𝛼−𝑁𝛽

2
+ 1)                                (5) 

A strategy for increasing the square of an overlap integral (< S2>) of electrons in AlGaN 

is proposed by doping with Si, Ge, Pd, or Pt (Table 1). Therefore, ELUMO (a.u.), ELUMO (a.u.), 

and the local bandgap energies (∆E/a.u.) and immobile charges induced by polarization 

discontinuity are simultaneously controlled throughout the structures, and optimized band 

profiles are eventually achieved for H@AlGaN, H@AlGaSiN, H@AlGaGeN, H@AlGaPdN, 
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and H@AlGaPtN. <S2> has been ameliorated after doping the semiconductor atoms of silicon, 

germanium, and noble transition metals of palladium and platinum on the ternary AlGaN alloy, 

which might increase electron charge transfer in superconductor devices. 

3.2. Analysis of nuclear quadrupole resonance spectra. 

The NQR frequencies have been measured for AlGaSiN, AlGaGeN, AlGaPdN, and 

AlGaPtN towards estimating the hydrogenated nanoclusters of  H@AlGaSiN, H@AlGaGeN, 

H@AlGaPdN, and H@AlGaPtN (Table 2). The NQR method is related to the multipole 

expansion in Cartesian coordinates as in equation (6) [57–62]: 

𝑉(𝑟) =  𝑉(0) +  [(
𝜕𝑉

𝜕𝑥𝑖
) |

0
 . 𝑥𝑖)] +  

1

2
  [(

𝜕2𝑉

𝜕𝑥𝑖𝑥𝑗
) |

0
. 𝑥𝑖𝑥𝑗)]                 (6) 

𝑈 = − 
1

2
  ∫ 𝑑3 𝑟 𝜌𝑟𝒟

[(
𝜕2𝑉

𝜕𝑥𝑖
2) |

0
. 𝑥𝑖

2)] = − 
1

2
  ∫ 𝑑3 𝑟 𝜌𝑟𝒟

[(
𝜕𝐸𝑖

𝜕𝑥𝑖
) |

0
. 𝑥𝑖

2)] =

−
1

2
 (

𝜕𝐸𝑖

𝜕𝑥𝑖
)|

0
. ∫ 𝑑3 𝑟 [𝜌(𝑟). 𝑥𝑖

2]
𝒟

                                                                        (7) 

Table 2. Data of Bader charge (Q/Coulomb) and potential energy (Ep/a.u.) for AlGaSiN, H@AlGaSiN, 

AlGaGeN, H@AlGaGeN, AlGaPdN, H@AlGaPdN, AlGaPtN, and H@AlGaPtN hetero-clusters. 

AlGaSiN H@AlGaSiN AlGaGeN H@AlGaGeN 

Atom Q Ep Atom Q Ep Atom Q Ep Atom Q Ep 

Ga1 1.0145 –1.2293 Ga1 0.9919 –1.2418 Ga1 1.0106 –1.2310 Ga1 0.9784 -1.2470 

N2 –1.1427 –18.3948 N2 –1.1462 –18.4011 N2 –1.1420 –18.3962 N2 –1.1475 -18.4047 

Al3 1.2522 –1.2023 Al3 1.2832 –1.2007 Al3 1.2476 –1.2043 Al3 1.2976 -1.2024 

N4 –1.1045 –18.4112 N4 –1.0695 –18.3870 N4 –1.0930 –18.4185 N4 –1.0819 -18.3962 

Si5 0.7566 –1.8973 Si5 0.7501 –1.8495 Ge5 0.7604 –1.8300 Ge5 0.6899 -1.8020 

Ga6 0.9752 –1.2344 Ga6 0.9583 –1.2420 Ga6 0.9708 –1.2364 Ga6 0.9852 -1.2364 

N7 –1.1268 –18.3991 N7 –1.1213 –18.4082 N7 –1.1269 –18.4005 N7 –1.1483 -18.4017 

Al8 1.2902 –1.1990 Al8 1.2802 –1.2115 Al8 1.2854 –1.2007 Al8 1.2668 -1.2103 

N9 –1.1861 –18.4051 N9 –1.1838 –18.4157 N9 –1.1864 –18.4065 N9 –1.2073 -18.4157 

N10 –0.7902 –18.4041 N10 –0.7725 –18.4174 N10 –0.7894 –18.4050 N10 –0.7707 -18.4142 

Ga11 1.0153 –1.2386 Ga11 1.0639 –1.2317 Ga11 1.0092 –1.2406 Ga11 1.0702 -1.2337 

N12 –1.1390 –18.3958 N12 –1.1318 –18.3903 N12 –1.1251 –18.4022 N12 –1.1185 -18.3988 

Al13 1.1938 –1.2237 Al13 1.2028 –1.2280 Al13 1.1914 –1.2251 Al13 1.2308 -1.2200 

N14 –0.7775 –18.4005 N14 –0.8328 –18.4281 N14 –0.7773 –18.4014 N14 –0.7833 -18.4186 

Ga15 1.0280 –1.2408 Ga15 1.0092 –1.2441 Ga15 1.0223 –1.2428 Ga15 1.0407 -1.2385 

N16 –0.6448 –18.3454 N16 –0.6320 –18.3565 N16 –0.6448 –18.3467 N16 –0.6289 -18.3568 

N17 –0.6142 –18.3417 N17 –0.6327 –18.3549 N17 –0.6129 –18.3432 N17 –0.6330 -18.3548 

   H18 –0.0174 –1.0120    H18 –0.0401 -1.0384 

AlGaPdN H@AlGaPdN AlGaPtN H@AlGaPtN 

Atom Q Ep Atom Q Ep Atom Q Ep Atom Q Ep 

Ga1 1.0197 –1.2296 Ga1 1.0144 –1.2281 Ga1 1.0296 –1.2264 Ga1 1.0120 –1.2306 

N2 –1.1542 –18.3993 N2 –1.1640 –18.3900 N2 –1.1551 –18.3956 N2 –1.1543 –18.3964 

Al3 1.2464 –1.2103 Al3 1.2954 –1.1935 Al3 1.2607 –1.2042 Al3 1.2596 –1.2012 

N4 –0.8860 –18.3944 N4 –0.9111 –18.3861 N4 –0.9550 –18.3833 N4 –1.0208 –18.3769 

Pd5 0.3351 –16.3098 Pd5 0.1988 –16.2830 Pt5 0.4083 –14.8314 Pt5 0.2914 –14.8045 

Ga6 0.9649 –1.2440 Ga6 0.9996 –1.2295 Ga6 0.9764 –1.2381 Ga6 0.9953 –1.2327 

N7 –1.1344 –18.4034 N7 –1.1330 –18.3955 N7 –1.1356 –18.3993 N7 –1.1495 –18.396 

Al8 1.2922 –1.1996 Al8 1.3138 –1.1960 Al8 1.3086 –1.1963 Al8 1.2820 –1.1996 

N9 –1.1921 –18.4049 N9 –1.1890 –18.403 N9 –1.1911 –18.4030 N9 –1.2098 –18.4017 

N10 –0.8065 –18.4116 N10 –0.7750 –18.4130 N10 –0.8109 –18.4112 N10 –0.7700 –18.4067 

Ga11 1.0388 –1.2424 Ga11 1.0760 –1.2289 Ga11 1.0590 –1.2374 Ga11 1.0862 –1.2273 

N12 –0.9359 –18.3900 N12 –0.9211 –18.3801 N12 –1.0113 –18.3763 N12 –0.9789 –18.3696 

Al13 1.2001 –1.2232 Al13 1.2236 –1.2161 Al13 1.2068 –1.2217 Al13 1.2564 –1.2058 

N14 –0.7799 –18.4018 N14 –0.8321 –18.4186 N14 –0.7850 –18.401 N14 –0.7735 –18.4056 

Ga15 1.0385 –1.2439 Ga15 1.0614 –1.2349 Ga15 1.0583 –1.2388 Ga15 1.0974 –1.2264 

N16 –0.6380 –18.3426 N16 –0.6337 –18.3452 N16 –0.6441 –18.3438 N16 –0.6373 –18.3475 

N17 –0.6087 –18.3426 N17 –0.6319 –18.3448 N17 –0.6196 –18.3423 N17 –0.6264 –18.3476 

   H18 0.0080 –1.0864    H18 0.0402 –1.0880 

The interaction of a nuclear quadrupole moment with the local inhomogeneous electric 

field removes the degeneracy of the nuclear ground state. The transition frequencies between 
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nuclear quadrupole energy levels, typically in the MHz range, depend on the nuclear 

quadrupole moment and the electric field gradient tensor at the nucleus. The "electric potential" 

through carrying over the electric charge was measured for AlGaSiN/ H@ AlGaSiN, 

AlGaGeN/H@AlGaGeN, AlGaPdN/H@AlGaPdN, AlGaPtN/H@AlGaPtN complexes (Table 

2). Al, Ga, Si, Ge, Pd, Pt, N, and the hydrogen atom absorbed on AlGaN, AlGaSiN, AlGaGeN, 

AlGaPdN, and AlGaPtN have been calculated through the "Bader charge" and electronic 

potential properties. The elements of N2, N4, N7, N9, N10, N12, N14 of AlGaN, AlGaSiN, 

AlGaGeN, AlGaPdN, AlGaPtN have exhibited the most efficiency for admitting the electron 

from the "electron donor" of H18 adsorbed on AlGaN, AlGaSiN, AlGaGeN, AlGaPdN, 

AlGaPtN (Table 2). 

In Figure 5 (a–d), the electric potential versus Bader charge for Al, Ga, Si, Ge, Pd, Pt, 

N, and the hydrogen atom absorbed on AlGaSiN, AlGaGeN, AlGaPdN, and AlGaPtN.  

 
(a) 

 
(b) 

 
(c) 
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(d) 

Figure 5. The graph of potential energy (Ep) versus atomic charge (Q) for (a) AlGaSiN/ H@AlGaSiN; 

(b) AlGaGeN/ H@AlGaGeN; (c) AlGaPdN/ H@AlGaPdN; (d) AlGaPtN/H@AlGaPtN heteroclusters. 

It was observed that the similar behavior of hydrogen adsorption by AlGaSiN, 

AlGaGeN (Figure 5a,b), was characterized by high sensitivity based on the relation coefficient 

of R² = 0.997. Moreover, AlGaPdN and AlGaPtN have indicated similar behavior for hydrogen 

adsorption with a relation coefficient of about R² = 0.998 (Figure 5c,d). 

The fluctuating peaks in the electric potential have been observed around hydrogen 

adsorption on AlGaSiN, AlGaGeN, AlGaPdN, and AlGaPtN, demonstrating the electron-

accepting properties of hydrogen by Si, Ge, Pd, and Pt atoms (Figure 5a–d).  

3.3. Insight into infrared spectroscopy and thermochemistry.  

The infrared spectroscopy (IR) has been performed for the ternary nanocage of AlGaN 

(Figure 6a) and hybrid alloys of AlGaSiN (Figure 6b), AlGaGeN (Figure 6c), AlGaPdN (Figure 

6d), and AlGaPtN (Figure 6e) through hydrogen adsorption. 
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Figure 6. The wavenumber (cm-1) changes through the IR spectra for hetero-clusters of (a) H@AlGaN;  

(b) H@AlGaSiN; (c) H@AlGaGeN; (d) H@AlGaPdN; (e) H@AlGaPtN. 

 

The frequency values through the IR curves between 100–1000 cm-1 have been 

achieved for H@AlGaN with several sharp peaks around 396.73, 705.98,793.75, 941.91 cm-1 

(Figure 6a). Figure 6 (b) shows the frequency range between 100–800 cm-1 for AlGaSiN –H 

with sharp peaks around 388.35, 403.32, and 606.23 cm-1. Figure 6(c) indicates the fluctuation 

of frequency between 100–800 cm-1 for H@AlGaGeN with strong and sharp peaks around 

399.71, 444.26, and 696.52 cm-1. The graph of Figure 6(d) has been observed in the frequency 

range between 100–800 cm-1 for H@AlGaPdN with several sharp peaks around 391.43, 477.43, 

641.08, and 728.76cm-1. Furthermore, the graph of Figure 6(e) has been observed in the 

frequency range between 100–800 cm-1 for H@AlGaPtN with several sharp peaks around 

405.90, 433.01, 646.34, 674.46, and 722.73 cm-1. 

Energy storage with heteroclusters has been described, where the frame of the 

overcoming cluster is related to AlGaPtN or AlGaPdN at high frequency. This property makes 

AlGaPtN or AlGaPdN potentially advantageous for certain high-frequency applications 

requiring transistor cells for energy storage. The advantages of platinum or palladium over 

aluminum gallium nitride include higher electron and hole mobilities, enabling platinum- or 

palladium-doped devices to operate at higher frequencies than silicon- or germanium-doped 

devices. Table 3, based on thermodynamic considerations, concluded that heteroclusters of 

AlGaN, AlGaSiN, AlGaGeN, AlGaPdN, or AlGaPtN might be a more efficient structure for 

energy storage in transistor cells. 

Table 3. The thermodynamic characters of AlGaN/H@AlGaN, AlGaSiN/H@AlGaSiN, 

AlGaGeN/H@AlGaGeN, AlGaPdN/H@AlGaPdN, and AlGaPtN/H@AlGaPtN nanoclusters using CAM–

B3LYP–D3/6-311+G(d, p) calculation. 

Compound 
Dipole moment 

(Debye) 

∆Eo
ads × 10–3 

(kcal/mol) 

∆Ho
ads × 10–3 

(kcal/mol) 

∆Go
ads × 10–3 

(kcal/mol) 

Eo H@binding
 

(kcal/mol) 

AlGaN 4.6672 –319.178 –319.178 –319.219 - 

H@AlGaN 5.5817 –319.503 –319.502 –319.542 –325 

AlGaSiN 5.8081 –320.296 –320.295 –320.335 - 

H@AlGaSiN 5.0608 –320.656 –320.656 –320.697 –360 

AlGaGeN 5.6442 –320.240 –320.239 –320.279 - 

H@AlGaGeN 4.3890 –320.608 –320.607 –320.650 –368 

AlGaPdN 5.1550 –397.327 –397.327 –397.368 - 

H@AlGaPdN 6.2464 –397.686 –397.686 –397.729 –359 

AlGaPtN 5.5186 –392.573 –392.573 –392.614 - 

H@AlGaPtN 5.0840 –392.956 –392.956 –392.999 –383 
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Thermodynamic parameters of hetero-clusters of AlGaN/H@AlGaN, AlGaSiN/ 

H@AlGaSiN, AlGaGeN/H@AlGaGeN, AlGaPdN/H@AlGaPdN, and AlGaPtN/H@AlGaPtN 

have been assigned (Table 3). The changes of Gibbs free energy versus dipole moment could 

detect the maximum efficiency of H@AlGaPdN and H@AlGaPtN hetero-clusters for energy 

storage in the transistor cells through ∆Gads
o  (Table 3). 

The adsorption efficiency of H@AlGaN, H@AlGaSiN, H@AlGaGeN, H@AlGaPdN, 

and H@AlGaPtN based on dipole moment has been evaluated by the ∆Gads
o . The transistor 

cells formed by AlGaN, AlGaSiN, AlGaGeN, AlGaPdN, and AlGaPtN feature a hierarchical 

structure with the electron donor/acceptor layer sandwiched between the anode and cathode, 

which underscores the importance of controlling the molecular crystal orientation, domain size, 

and vertical distribution to facilitate charge collection at the electrodes. In this paper, we have 

demonstrated that the ternary semiconductor aluminum gallium nitride can lead to a significant 

absorption enhancement across a broad spectral range of incident light in the presence of 

silicon, germanium, palladium, or platinum. A comparison between transistor cells containing 

4d and 5d transition metals, Pd and Pt, respectively, doped AlGaN shows that cells containing 

these elements exhibit enhanced cell performance compared to cells containing only the bare 

AlGaN structure. This efficient doping strategy not only bridges the gaps in heteroatom-doped 

AlGaN-based semiconductor materials but also provides deep insights into controlling the 

electrical and optical properties of these hybrid nanocluster dopants. 

4. Conclusions 

In summary, hydrogen grabbing on the hetero-clusters of AlGaN, AlGaSiN, AlGaGeN, 

AlGaPdN, and AlGaPtN as transistor cells was investigated by first-principles calculations. We 

have provided a ternary aluminum gallium nitride solar cell doped with silicon, germanium, 

palladium, or platinum. The geometrical parameters of doping atoms on the surface of AlGaN 

were studied using the absorption status and current charge density of the transistor cells. 

Moreover, the effect of a relative chemical shift between AlGaN and doped heteroclusters of 

the transistor cell was also investigated. 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 heteroclusters has been described, where the frame of the overcoming 

cluster is related to AlGaPdN or AlGaPtN at high frequency. This property makes AlGaPdN 

or AlGaPtN potentially advantageous for certain high-frequency applications requiring 

transistor cells for energy storage due to hydrogen adsorption by formation of H@AlGaN, 

H@AlGaSiN, H@AlGaGeN, H@AlGaPdN, or H@AlGaPtN. The advantages of platinum or 

palladium over aluminum gallium nitride include higher electron and hole mobilities, enabling 

platinum- or palladium-doped devices to operate at higher frequencies than silicon- or 

germanium-doped devices. Thus, it should be explored for its unique properties, such as its 

ability to increase energy storage, which could lead to advancements in transistor cells. 
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