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Abstract—The nitrogen-polar AlGaN structure is expected to have higher carrier density when it is doped
with semiconductor atoms of silicon (Si) or germanium (Ge) and noble metals of palladium (Pd) or platinum
(Pt). So, the metal-polar AlGaN electronic devices offer various advantages, such as high breakdown voltage
and high-temperature operation. A comprehensive investigation on hydrogen grabbing towards formation of
hetero-clusters of AlGaN–H, Si–AlGaN–H, Ge–AlGaN–H, Pd–AlGaN–H, Pt–AlGaN–H was carried
out using DFT computations at the CAM–B3LYP–D3/6-311+G(d, p) level of theory. The notable fragile
signal intensity close to the parallel edge of the nanocluster sample might be owing to silicon or germanium
binding induced non-spherical distribution of Si–AlGaN or Ge–AlGaN hetero-clusters. However, a consid-
erable deviation exists from doping atoms of palladium or platinum as electron acceptors on the surface of
Pd–AlGaN or Pt–AlGaN hetero-clusters. The doped Si, Ge, Pd, Pt atoms with their nearby N4, N7, N12
atoms in hybrid materials of Si–AlGaN, Ge–AlGaN, Pd–AlGaN, Pt–AlGaN, then N atoms are spin polar-
ized and couple with Si, Ge, Pd, Pt atoms, which result in magnetism. Based on TDOS, the excessive growth
technique on doping silicon, germanium, palladium or platinum is a potential approach to designing high
efficiency hybrid semipolar gallium nitride devices in a long wavelength zone. The advantages of platinum or
palladium over aluminum gallium nitride include its higher electron and hole mobility, allowing platinum or
palladium doping devices to operate at higher frequencies than silicon or germanium doping devices. 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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1. INTRODUCTION
A binary III/V direct bandgap semiconductor

called Gallium nitride (GaN) is a very hard material
with wide bandgap applied in a variety of technologies,
including optoelectronic, high-power electronics and
light-emitting diodes, partly due to its favorable ther-
mal properties [1, 2]. The nitrides of group III in peri-
odic table have low sensitivity to ionizing radiation
which make them appropriate materials for solar cell
arrays for satellites. Therefore, space applications
could also benefit as devices have shown stability in
high radiation environments. Ternary AlGaN alloys
have been recognized as promising materials for real-
izing deep ultraviolet (DUV) optoelectronic devices
with operating wavelengths down to 200 nm [1–3].
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 elec-
trical and optical properties of AlGaN DUV optoelec-
tronics [4–8].

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-emit-
ting 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 for-
ward voltage and reverse leakage current are slightly
smaller in the DD structure than that in the MD
structure. Compared with the MD structure, the DD
structure shows higher capacitance-voltage character-
istics. This study suggests that the DD method can
improve the optical and electrical performance of
DUV-LEDs [9].
236
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The researchers have reported the effect of germa-
nium as n-type dopant on the electrical and optical
properties of AlxGa1−xN layers grown by plasma-
assisted molecular-beam epitaxy. The Al content has
been varied from x=0 to 0.66, confirmed by Ruther-
ford backscattering spectrometry, and the Ge concen-
tration was increased up to [Ge]=1×1021 cm−3. Even at
these high doping levels (>1% atomic fraction) Ge does
not induce any structural degradation in AlxGa1–xN lay-
ers with x<0.15. However, for higher Al compositions,
clustering of Ge forming crystallites was observed.
Hall effect measurements show a gradual decrease of
the carrier concentration when increasing the Al mole
fraction, which is already noticeable in samples with
x = 0.24. Samples with x  = 0.64–0.66 remain con-
ductive (σ  = 0.8–0.3 Ω−1 cm−1), but the donor activa-
tion rate drops to around 0.1% (carrier concentration
around 1×1018 cm−3 for [Ge]≈1×1021 cm−3). From
the optical point of view, the low temperature photo-
luminescence is dominated by the band-to-band
emission, which shows only the spectral shift and
broadening associated to the Burstein–Moss effect.
The evolution of the photoluminescence peak posi-
tion with temperature shows that the free carriers due
to Ge doping can efficiently screen the potential f luc-
tuations induced by alloy disorder [10].

Energy-saving photodetectors are the key compo-
nents in future photonic systems. Particularly, self-
powered photoelectrochemical-type photodetectors
(PEC–PDs), which depart completely from the clas-
sical solid-state junction device, have lately intrigued
intensive interest to meet next-generation power-
independent and environment-sensitive photodetec-
tion. Herein, we construct, for the first time, solar-
blind PEC PDs based on self-assembled AlGaN
nanostructures on silicon. Importantly, with the
proper surface platinum (Pt) decoration, a significant
boost of photon responsivity by more than an order of
magnitude was achieved in the newly built Pt/AlGaN
nanoarchitectures, demonstrating strikingly high
responsivity of 45 mA/W and record fast
response/recovery time of 47/20 ms without external
power source. Such high solar-blind photodetection
originates from the unparalleled material quality, fast
interfacial kinetics, as well as high carrier separation
efficiency which suggests that embracement of defect-
free wide-bandgap semiconductor nanostructures
with appropriate surface decoration offers an unprec-
edented opportunity for designing future energy-effi-
cient and large-scale optoelectronic systems on a sili-
con platform [11, 12].

Moreover, it was demonstrated that a Pd gated high
electron mobility transistor (HEMT) based on the
AlGaN/GaN multilayers structure. A critical Pd
thickness as small as 2 nm was utilized to shorten the
H atoms diffusion distance so that its performances in
low concentrations could be improved [13–19].
Recently, the researchers have calculated using DFT
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method [20–28] the alloy-disorder-limited electron
mobility of AlxGa1–xN from first principles as a tech-
nologically important ultra-wide-bandgap alloy with
promise in light emitting diodes and high-power tran-
sistors [29–32].

In our previous works, the investigation of energy
storage in fuel cells through hydrogen adsorption has
been accomplished using DFT calculations through
different nanomaterials consisting of silicon/germa-
nium/tin/lead nano-carbides [33], magnesium -alu-
minum alloy [34] and aluminum/carbon/silicon dop-
ing boron nitride nanocage [35]. Nanomaterials with
remarkable specific structures indicate promising
applications in the field of energy storage, electroca-
talysis, and fuel cells [36–43]. In this paper, we pro-
pose a feasible ternary semiconductor of aluminum
gallium nitride which is doped with silicon, germa-
nium, palladium or platinum. We carried out molecu-
lar modelling considering the geometrical parameters
of doping atoms on the surface of AlGaN through the
absorption status and current charge density of the
transistors was studied. Moreover, the effect of a rela-
tive chemical shift between AlGaN and doped hetero
clusters of the transistor cell was also investigated. In
fact, this article presents the ternary hybrid material of
AlGaN as electron carrier after implantation with
metalloids (Si, Ge) and metals (Pd, Pt) which intro-
duce deep states into the band gap and high-electron-
mobility for application in the transistors.

2. THEORY, MATERIALS AND COMPUTATION
The Si-, Ge-, Pd- or Pt-doped AlGaN nanocage

were calculated within the framework of first-princi-
ple calculation based on density functional theory
(DFT) (Fig. 1) for obtaining the highest short-circuit
current density. In Fig. 1, a characteristic special qua-
sirandom supercell structure for AlGaN and (Si, Ge,
Pd, Pt)-doped AlGaN containing 17 atoms has been
modeled for hydrogen adsorption and formation of
hybrid nanomaterials including H–AlGaN and H–
(Si, Ge, Pd, Pt)-doped AlGaN with 18 atoms towards
energy storage in the transistors [44–49].

The rigid potential energy surface using density
functional theory [50–58] was performed due to
Gaussian 16 revision C.01 program package [59] and
GaussView 6.1 [60]. The coordination input for energy
storage on the transistors has applied 6-311+G(d, p)
and EPR–3 basis sets. Three factors have been ana-
lyzed by means of long-range correction using the
Coulomb-attenuating method (CAM), A new hybrid
exchange–correlation functional named CAM-
B3LYP (Becke–Lee–Yang–Parr) is proposed. The
CAM-B3LYP functional comprises of 0.19 Hartree–
Fock (HF) plus 0.81 Becke 1988 (B88) exchange inter-
action at short-range, and 0.65 HF plus 0.35 B88 at
long-range [61]. Moreover, Grimme’s popular DFT-
D3 approach for the treatment of London-dispersion
interactions has been used with computational effi-
l. 19  No. 1  2025
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Fig. 1. Application of hetero-clusters of AlGaN, Si–AlGaN, Ge–AlGaN, Pd–AlGaN, and Pt–AlGaN for hydrogen storage in
transistors using CAM–B3LYP–D3/6-311+G (d, p) calculation.
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ciency and robustness across the periodic table, which
makes this approach particularly valuable for the treat-
ment of large systems [62].

Figure 1 shows the process of energy storage on
hetero-clusters of AlGaN, Si–AlGaN, Ge–AlGaN,
Pd–AlGaN or Pt–AlGaN which are varied to maxi-
mize the hydrogen absorption in the active region.
Furthermore, we optimized the hydrated nanoclusters
including AlGaN–H with multiplicity = 1 and con-
vergence = 0.20, and Si–AlGaN–H, Ge–AlGaN–H,
Pd–AlGaN–H, Pt–AlGaN–H with multiplicity = 2
and convergence = 0.98, 0.38, 0.85, 0.88, respectively,
through Gaussian 16 revision C.01 program package
[59] (Fig. 2). Moreover, overlap integral (S2) after
annihilation for theses hybrid doped materials have
been achieved as:

In isolated system (such as molecule), the energy
levels are discrete, the concept of density of state
(DOS) is supposed completely valueless in this situa-
tion. Therefore, the original total DOS (TDOS) of
isolated system can be written as [63]:

(1)
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pseudo-Voigt function, we get broadened TDOS. The
normalized Gaussian function is defined as:

(2)

Full width at half maximum (FWHM) is an adjust-
able parameter in Multiwfn. The larger FWHM the
TDOS graph looks smoother, and analysis is easier to
perform, but more fine-structure is masked. Further-
more, a type of scalar fields called electron localiza-
tion function (ELF) may demonstrate a broad span of
bonding samples. Nevertheless, the distinction
between deduced/raised electron delocaliza-
tion/localization into cyclic π-conjugated sets stays
encouraging for ELF [64]. The grosser the electron
localization is in an area, the more likely the electron
movement is restricted within it. Therefore, they
might be discerned from the ones away if electrons are
totally centralized. As Bader investigated, the zones
with large electron localization possess extensive mag-
nitudes of Fermi hole integration. But, with having a
six-dimension function for the Fermi hole, it seems
hard to be studied directly. Then, Becke and Edge-
combe remarked that spherically averaged like spin
conditional pair probability possesses a direct correla-
tion with the Fermi hole and proposed the parameter
of electron localization function (ELF) in Multiwfn
program [63] and popularized for spin-polarized pro-
cedure [65]:
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Fig. 2. Characterization of optimized hydrated nanohybrids of (a) AlGaN–H, (b) Si–AlGaN, (c) Ge–AlGaN, (d) Pd–AlGaN,
and (e) Pt–AlGaN using Gaussian program Gaussian 16 revision C.01 program package [59].
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(4)

and
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For close-shell system, since , D
and D0 terms can be simplified as:

(6)

and

(7)

Regarding kinetic energy, ELF was rechecked to be
more punctual for both Kohn–Sham DFT and post-
HF wavefunctions [66]. In fact, 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 brough for-
ward the ELF as origin, what the ELF shows is an
affiliate localization.

3. RESULTS AND DISCUSSION
3.1. Analysis of CDD, TDOS and ELF

The amounts of charge density differences “CDD”
is measured by considering isolated atoms or noninter-
acting ones. The mentioned approximation can be the
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lightest to use because the superposition value may be
received from the primary status of the self-consis-
tency cycle in the code that carries out the density
functional theory (Figs. 3a–3e) [67]. In Fig. 3a, the
atoms of Al5, H18 accompanying nitrogen and gal-
lium atoms from AlGaN and AlGaN–H, respectively
have shown the f luctuation around –9 to +3 Bohr.
The atoms of Si5, H18 accompanying aluminum, gal-
lium and nitrogen from Si–AlGaN/Si–AlGaN–H,
respectively have indicated the f luctuation around –9
to +3 Bohr (Fig. 3b). However, the atoms of Ge5, H18
accompanying aluminum, gallium and nitrogen from
Ge–AlGaN and Ge–AlGaN–H have indicated the
fluctuation around –9 to + 5 Bohr and –9 to +7 Bohr,
respectively (Fig. 3c). For two nanoclusters of Pd–
AlGaN (Fig. 3d) and Pt–AlGaN (Fig. 3e), it was
observer the f luctuation 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. To better understand the different
adsorption characteristics of AlGaN–H, Si–AlGaN–
H, Ge–AlGaN–H, Pd–AlGaN–H, and Pt–
AlGaN–H, total density of states (TDOS) using Mul-
tiwfn program [63] has been measured. This parame-
ter can indicate the existence of important chemical
interactions often on the convex side (Figs. 4a–4e).

In the TDOS map, each discrete vertical line cor-
responds to a molecular orbital (MO), the dashed line
highlights the position of HOMO. The curve is the
TDOS simulated based on the distribution of MO
energy levels. In the negative part, the region around
‒0.30 a.u. has obviously larger state density than other
regions for AlGaN–H, Si–AlGaN–H, Ge–AlGaN–
H, Pd–AlGaN–H, and Pt–AlGaN–H (Figs. 4a–4e).
l. 19  No. 1  2025
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Fig. 3. CDD graphs for hetero-clusters through hydrogen adsorption including (a) AlGaN/AlGaN–H, (b) Si–AlGaN/Si–
AlGaN–H, (c) Ge–AlGaN/Ge–AlGaN–H, (d) Pd–AlGaN/Pd–AlGaN–H, and (e) Pt–AlGaN/Pt–AlGaN–H.
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However, Pd–AlGaN–H (Fig. 4e) and Pt–AlGaN–
H (Fig. 4d) have shown larger state density than Si–
AlGaN–H (Fig. 4b), Ge–AlGaN–H (Fig. 4c) and
RUSSIAN JOURNAL O
AlGaN–H (Fig. 4a). It is remarkable that the exces-
sive growth technique on doping palladium or plati-
num as noble transition metals is a potential approach
F PHYSICAL CHEMISTRY B  Vol. 19  No. 1  2025
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to designing high efficiency hybrid semipolar gallium
nitride devices on palladium or platinum layers in a
long wavelength zone [68].

The compounds of AlGaN–H, Si–AlGaN–H,
Ge–AlGaN–H, Pd–AlGaN–H, and Pt–AlGaN–H
can be defined by ELF graphs owing to exploring their
delocalization/localization characterizations of elec-
trons and chemical bonds (Figs. 5a–5e).The counter
map of ELF for AlGaN–H has shown the electron
delocalization due to labeling atoms of N4, Al5, H18
(Fig. 5a). Then, hydration of Si- and Ge-doped
AlGaN indicates a larger isosurface map of electron
delocalization due to labeling atoms of N4, Si5, H18 of
Si–AlGaN–H (Fig. 5b) and N4, Ge5, H18 of Ge–
AlGaN–H (Fig. 5c). A vaster jointed area engaged by
an isosurface map for Pd and Pt doping AlGaN
towards formation of hetero-clusters of Pd–AlGaN–
H (Fig. 5d) and Pt–AlGaN–H (Fig. 5e) after hydro-
gen adsorption due to labeling atoms of N4, Pd/Pt5,
H18, respectively. A narrower connected area occu-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
pied by an isosurface map means that electron delo-
calization is relatively difficult. However, the large
counter map of ELF for Pt–AlGaN, Pd–AlGaN–H,
Si–AlGaN, Ge–AlGaN can confirm that doping Pd,
Pt, Si, Ge nanoparticles on the surface, increases the
efficiency of ternary transistor cell of AlGaN for
energy storage. Besides, the changes of charge density
analysis have illustrated that AlGaN has shown the
Bader charge of –1.272 coulomb, and after doping
with silicon, germanium, palladium, platinum has
indicated the Bader charge of –1.290, –1.285, –1.292,
–1.309 coulomb for Si–AlGaN, Ge–AlGaN, Pd–
AlGaN, Pt–AlGaN, respectively, that describes the
tensity value of these hetero-clusters for energy storage
(Table 1).

3.2. Analysis of Nuclear Magnetic Resonance Spectra

Based on the resulted amounts, nuclear magnetic
resonance (NMR) spectra of Si–AlGaN, Ge–
Fig. 3. (Contd.)
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Fig. 4. TDOS graphs of hetero-clusters include (a) AlGaN–H, (b) Si–AlGaN–H, (c) Ge–AlGaN–H, (d) Pd–AlGaN–H, and
(e) Pt–AlGaN–H.

0

16.00

18.00

20.00

14.00

12.00

10.00

8.00

6.00

4.00

2.00

–0.8 –0.1–0.2–0.3–0.4–0.5–0.6–0.7 0 0.20.1

Density of states

TDOS

(a)

Energy, a.u.

0

16.00

18.00

20.00

22.00

14.00

12.00

10.00

8.00

6.00

4.00

2.00

–0.8 –0.1–0.2–0.3–0.4–0.5–0.6–0.7 0 0.20.1

Density of states

TDOS

(b)

Energy, a.u.

0

16.00

18.00

20.00

14.00

12.00

10.00

8.00

6.00

4.00

2.00

–0.8 –0.1–0.2–0.3–0.4–0.5–0.6–0.7 0 0.20.1

Density of states

TDOS

(c)

Energy, a.u.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 19  No. 1  2025



DOPING EFFECTS IN TERNARY ALUMINUM GALLIUM NITRIDE HETERO-CLUSTER 243
Fig. 4. (Contd.)
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AlGaN, Pd–AlGaN, Pt–AlGaN hetero-clusters as
the potential molecules for energy storage can unravel
the efficiency of these complexes in transistors. From
the DFT calculations, it has been attained the chemi-
cal shielding (CS) tensors in the principal axes system
to estimate the isotropic chemical-shielding (CSI) and
anisotropic chemical-shielding (CSA) [69]:

(8)

(9)

The NMR data of isotropic (σiso) and anisotropic
shielding tensors (σaniso) for ternary alloy of AlGaN
and doped hetero-clusters of Si–AlGaN, Ge–
AlGaN, Pd–AlGaN, Pt–AlGaN through hydrogen
adsorption have been computed by Gaussian 16 revi-
sion C.01 program package [59] and been shown in

( )iso 11 22 33  /3,σ = σ + σ + σ

( )aniso 33 22 11  /2. σ = σ − σ + σ
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Table 2. The notable fragile signal intensity close to the
parallel edge of the nanocluster sample might be
owing to silicon or germanium binding induced non-
spherical distribution of Si–AlGaN (Fig. 6a) or Ge–
AlGaN (Fig. 6b) hetero-clusters. Figures 6c, 6d)
exhibited the same tendency of shielding for palladium
or platinum; however, a considerable deviation exists
from doping atoms of palladium or platinum as elec-
tron acceptors on the surface of Pd–AlGaN or Pt–
AlGaN hetero-clusters.

The observed increase in the chemical shift anisot-
ropy spans for nanocages of Si–AlGaN/Si–AlGaN–
H (Fig. 6a) and Ge–AlGaN/Ge–AlGaN–H (Fig. 6b) is
near N10, N14, N17. The yield of electromagnetic
shifting can be directed by the mentioned active nitro-
gen atoms extracted from ternary hybrid hereto-clus-
ters. It has shown that the intensity for energy storage
l. 19  No. 1  2025
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can be enhanced in Pd–AlGaN (Fig. 6c) and Pt–
AlGaN (Fig. 6d) through hydration and formation of
Pd–AlGaN–H and Pt–AlGaN–H due to oscillating
of chemical shielding in N10, N14, N16, N17 atoms.
So, it can be observed that doped hetero-clusters of
Si–AlGaN, Ge–AlGaN, Pd–AlGaN, Pt–AlGaN
might ameliorate the capability of AlGaN in transis-
tors for energy storage.

The local magnetic moment of NiN4 makes the
primary contribution. The doped Si, Ge, Pd, Pt atoms
with their nearby N4, N7, N12 atoms (Fig. 2) in hybrid
materials of Si–AlGaN, Ge–AlGaN, Pd–AlGaN,
Pt–AlGaN, then N atoms are spin polarized and cou-
RUSSIAN JOURNAL O
ple with Si, Ge, Pd, Pt atoms, which result in magne-
tism. Therefore, the p-d exchange mechanism is
responsible for magnetism in (Si, Ge, Pd, Pt)-doped
AlGaN which can make it possible to the applications
for the spin electric devices (Figs. 6a–6d).

3.3. Insight of Infrared Spectroscopy 
and Thermochemistry

The infrared spectroscopy (IR) has been per-
formed for ternary nanocage of AlGaN (Fig. 7a) and
hybrid alloys of Si–AlGaN (Fig. 7b), Ge–AlGaN
(Fig. 7c), Pd–AlGaN (Fig. 7d), Pt–AlGaN (Fig. 7e)
Fig. 5. The graphs of ELF for hetero-clusters include (a) AlGaN–H, (b) Si–AlGaN–H, (c) Ge–AlGaN–H, (d) Pd–AlGaN–
H, and (e) Pt–AlGaN–H. (Counter line map in the right and shaded surface map with projection in the left).
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Fig. 5. (Contd.)
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through hydrogen adsorption. The frequency values
through the IR curves between 100–1000 cm–1 have
been achieved for AlGaN–H with several peaks with
the highest intensity around 396.73, 705.98,793.75,
941.91 cm–1 (Fig. 7a). Figure 7b shows the frequency
range between 100–800 cm–1 for Si–AlGaN–H with
peaks with the highest intensity around 388.35, 403.32
and 606.23 cm–1. Figure 7c has indicated the f luctua-
tion of frequency between 100–800 cm–1 for Ge–
AlGaN–H with strong and peaks with the highest
intensity around 399.71, 444.26, and 696.52 cm–1. The
graph of Fig. 7d has been observed in the frequency
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
range between 100–800 cm–1 for Pd–AlGaN–H with
several peaks with the highest intensity around 391.43,
477.43, 641.08 and 728.76 cm–1. Furthermore, the
graph of Fig. 7e has been observed in the frequency
range between 100–800 cm–1 for Pt–AlGaN–H with
several peaks with the highest intensity around 405.90,
433.01, 646.34, 674.46, and 722.73 cm–1.

Energy storage with hetero-clusters has described
that the frame of the overcoming cluster is related to
Pt–AlGaN or Pd–AlGaN in the high amounts of fre-
quency. This property makes Pt–AlGaN or Pd–
AlGaN potentially advantageous for certain high-fre-
l. 19  No. 1  2025
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Fig. 5. (Contd.)
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Fig. 6. The NMR spectra for hetero-clusters of (a) Si–AlGaN/Si–AlGaN–H, (b) Ge–AlGaN/Ge–AlGaN–H, (c) Pd–
AlGaN/Pd–AlGaN–H, (d) Pt–AlGaN/Pt–AlGaN–H.
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quency applications requiring transistor cells for
energy storage. The advantages of platinum or palla-
dium over aluminum gallium nitride include its higher
electron and hole mobility, allowing platinum or pal-
ladium doping devices to operate at higher frequencies
than silicon or germanium doping devices. Table 3
through the thermodynamic specifications concluded
that hetero-clusters of AlGaN, Si–AlGaN, Ge–
AlGaN, Pd–AlGaN, or Pt–AlGaN might be more
efficient structure for energy storage in the transistor
cells. Figure 7 has taught that the doping atom on the
AlGaN induces a broadening of the frequency and
intensity as well as the stability energy in the alloy.
Also, considering d-orbitals in Ge, Pd, Pt against p-
orbitals in Al and Si, it is observed a widening of the
absorption peak in Figs. 7a, 7b) and Figs. 7c–7e),
respectively.

Thermodynamic parameters of hetero-clusters of
AlGaN/AlGaN–H, Si–AlGaN/Si–AlGaN–H,
Ge–AlGaN/Ge–AlGaN–H, Pd–AlGaN/Pd–
AlGaN–H, and Pt–AlGaN/Pt–AlGaN–H have
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
been assigned (Table 3). The changes of Gibbs free

energy versus dipole moment could detect the maxi-

mum efficiency of Pd–AlGaN–H and Pt–AlGaN–H

hetero-clusters for energy storage in the transistor cells

through . The adsorption efficiency of AlGaN–

H, Si–AlGaN–H, Ge–AlGaN–H, Pd–AlGaN–H,

and Pt–AlGaN–H based on dipole moment has been

evaluated by the . The transistor cells formed by

AlGaN, Si–AlGaN, Ge–AlGaN, Pd–AlGaN, and

Pt–AlGaN feature a hierarchical structure with the

electron donor/acceptor layer sandwiched by anode

and cathode, which raises the importance of con-

trolling the molecular crystal orientation, domain

size, and vertical distribution to facilitate the charge

collection at electrodes [70–78]. The doping obvi-

ously reduces aluminum atoms composition, the

aggregation of Al–Al and induces the deep energy

level. This greatly decreases the defects and improves

the valence band potential of AlGaN nanorods. We con-

cluded that the thermochemical properties in 298 K are

o

adsGΔ

o

adsGΔ
Fig. 6. (Contd.)
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Table 1. Data of Bader charge (Q/Coulomb) for selected atoms of Si–AlGaN, Si–AlGaN–H, Ge–AlGaN, Ge–AlGaN–H,
Pd–AlGaN, Pd–AlGaN–H, Pt–AlGaN, Pt–AlGaN–H hetero-clusters

Si–AlGaN Si–AlGaN–H Ge–AlGaN Ge–AlGaN–H

atom Q atom Q atom Q atom Q

Ga1 1.0145 Ga1 0.9919 Ga1 1.0106 Ga1 0.9784
N2 –1.1427 N2 –1.1462 N2 –1.1420 N2 –1.1475
Al3 1.2522 Al3 1.2832 Al3 1.2476 Al3 1.2976
N4 –1.1045 N4 –1.0695 N4 –1.0930 N4 –1.0819
Si5 0.7566 Si5 0.7501 Ge5 0.7604 Ge5 0.6899
Ga6 0.9752 Ga6 0.9583 Ga6 0.9708 Ga6 0.9852
N7 –1.1268 N7 –1.1213 N7 –1.1269 N7 –1.1483
Al8 1.2902 Al8 1.2802 Al8 1.2854 Al8 1.2668
N9 –1.1861 N9 –1.1838 N9 –1.1864 N9 –1.2073
N10 –0.7902 N10 –0.7725 N10 –0.7894 N10 –0.7707
Ga11 1.0153 Ga11 1.0639 Ga11 1.0092 Ga11 1.0702
N12 –1.1390 N12 –1.1318 N12 –1.1251 N12 –1.1185
Al13 1.1938 Al13 1.2028 Al13 1.1914 Al13 1.2308
N14 –0.7775 N14 –0.8328 N14 –0.7773 N14 –0.7833
Ga15 1.0280 Ga15 1.0092 Ga15 1.0223 Ga15 1.0407
N16 –0.6448 N16 –0.6320 N16 –0.6448 N16 –0.6289
N17 –0.6142 N17 –0.6327 N17 –0.6129 N17 –0.6330

H18 –0.0174 H18 –0.0401

Pd–AlGaN Pd–AlGaN–H Pt–AlGaN Pt–AlGaN–H

atom Q atom Q atom Q atom Q

Ga1 1.0197 Ga1 1.0144 Ga1 1.0296 Ga1 1.0120
N2 –1.1542 N2 –1.1640 N2 –1.1551 N2 –1.1543
Al3 1.2464 Al3 1.2954 Al3 1.2607 Al3 1.2596
N4 –0.8860 N4 –0.9111 N4 –0.9550 N4 –1.0208
Pd5 0.3351 Pd5 0.1988 Pt5 0.4083 Pt5 0.2914
Ga6 0.9649 Ga6 0.9996 Ga6 0.9764 Ga6 0.9953
N7 –1.1344 N7 –1.1330 N7 –1.1356 N7 –1.1495
Al8 1.2922 Al8 1.3138 Al8 1.3086 Al8 1.2820
N9 –1.1921 N9 –1.1890 N9 –1.1911 N9 –1.2098
N10 –0.8065 N10 –0.7750 N10 –0.8109 N10 –0.7700
Ga11 1.0388 Ga11 1.0760 Ga11 1.0590 Ga11 1.0862
N12 –0.9359 N12 –0.9211 N12 –1.0113 N12 –0.9789
Al13 1.2001 Al13 1.2236 Al13 1.2068 Al13 1.2564
N14 –0.7799 N14 –0.8321 N14 –0.7850 N14 –0.7735
Ga15 1.0385 Ga15 1.0614 Ga15 1.0583 Ga15 1.0974
N16 –0.6380 N16 –0.6337 N16 –0.6441 N16 –0.6373
N17 –0.6087 N17 –0.6319 N17 –0.6196 N17 –0.6264

H18 0.0080 H18 0.0402
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Fig. 7. The Frequency (cm-1) changes through the IR spectra for hetero-clusters of (a) AlGaN–H, (b) Si–AlGaN–H, (c) Ge–
AlGaN–H, (d) Pd–AlGaN–H, and (e) Pt–AlGaN–H. [Note: ε (M−1 cm−1) is the absorbance unit and D (10−4 esu2 cm2) is
the dipole strength via the esu or electrostatic unit, which is a unit of charge in the cgs (centimeter-gram-second system)].
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Fig. 7. (Contd.)
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Table 3. The thermodynamic characters of AlGaN/AlGaN–H, Si–AlGaN/Si–AlGaN–H, Ge–AlGaN/Ge–AlGaN–
H, Pd–AlGaN/Pd–AlGaN–H, and Pt–AlGaN/Pt–AlGaN–H nanoclusters using CAM–B3LYP–D3/6-311+G(d, p)
calculation

Compound Dipole moment, 
D

 × 10–3, 
kcal/mol

 × 10–3, 

kcal/mol
 × 10–3, 

kcal/mol
, 

kcal/mol

AlGaN 4.6672 –319.178 –319.178 –319.219 –
AlGaN–H 5.5817 –319.503 –319.502 –319.542 –325
Si–AlGaN 5.8081 –320.296 –320.295 –320.335 –
Si–AlGaN–H 5.0608 –320.656 –320.656 –320.697 –360
Ge–AlGaN 5.6442 –320.240 –320.239 –320.279 –
Ge–AlGaN–H 4.3890 –320.608 –320.607 –320.650 –368
Pd–AlGaN 5.1550 –397.327 –397.327 –397.368 –
Pd–AlGaN–H 6.2464 –397.686 –397.686 –397.729 –359
Pt–AlGaN 5.5186 –392.573 –392.573 –392.614 –
Pt–AlGaN–H 5.0840 –392.956 –392.956 –392.999 –383

o
adsEΔ o

adsHΔ o
adsGΔ o

H bindingE −
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related to the average micropore size and total pore
volume, respectively. These parameters evaluate the
enthalpy of adsorption which can be used to assess the
best doping atoms for hydrogen storage [79–81].

In this paper, we have demonstrated that the ter-
nary semiconductor of aluminum gallium nitride
structure can lead to a significant absorption enhance-
ment in a broad spectral range of incident light in the
presence of silicon, germanium, palladium or plati-
num. A comparison between transistor cells contain-
ing 4d and 5d transition metals of Pd and Pt, respec-
tively, doped AlGaN shows that a transistor contain-
ing these elements show a more enhanced cell
performance than the cells containing only the bare
AlGaN structure. This efficient doping strategy not
only bridges the gaps of heteroatom doped AlGaN
based semiconductor materials, but also can provide
deep insights into controlling the electrical and optical
properties of these doping hybrid nanoclusters.

CONCLUSIONS

We have provided a ternary semiconductor of alu-
minum gallium nitride transistors which is doped with
silicon, germanium, palladium or platinum. Then,
hydrogen grabbing on the hetero-clusters of AlGaN,
Si–AlGaN, Ge–AlGaN, Pd–AlGaN, and Pt–
AlGaN as transistor cells was investigated by DFT
method. The geometrical parameters of doping atoms
on the surface of AlGaN through the absorption status
and current charge density of the transistor cells was
studied. Moreover, the effect of a relative chemical
shift between AlGaN and doped hetero clusters 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 mole-
cules. Energy storage with hetero-clusters has
described that the frame of the overcoming cluster is
related to Pd–AlGaN or Pt–AlGaN in the high
amounts of frequency. This property makes Pd–
AlGaN or Pt–AlGaN potentially advantageous for
certain high-frequency applications requiring transis-
tor cells for energy storage due to hydrogen adsorption
by formation of AlGaN–H, Si–AlGaN–H, Ge–
AlGaN–H, Pd–AlGaN–H or Pt–AlGaN–H. The
advantages of platinum or palladium over aluminum
gallium nitride include its higher electron and hole
mobility, allowing platinum or palladium doping
devices to operate at higher frequencies than silicon or
germanium doping devices. Thus, it should be
explored its unique properties, such as its ability to
increase energy storage which could lead to advance-
ments transistors.
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