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A comprehensive investigation on hydrogen grabbing by heteroclusters of
Mn-doped GaN, AlGaN, InGaN is 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 manganese binding-induced non-spherical distribution of
Mn@GaN, Mn@AlGaN or Mn@InGaN heteroclusters. The hypothesis of
the energy-adsorption phenomenon is confirmed by density distributions
of CDD, TDOS/PDOS/OPDOS, and electron-localization function (ELF) for
GaN and its alloys. Based on TDOS, the excessive growth technique on
doping manganese is a potential approach to designing high-efficiency hy-
brid semi-polar gallium nitride-based devices in a long-wavelength zone. A
vaster jointed area engages by an isosurface map for Mn-doping GaN, Al-
GaN, and InGaN towards formation of nanocomposites of Mn@GaN-H,
Mn@AlGaN-H, and Mn@InGaN-H after hydrogen adsorption due to la-
belling atoms of N,, Mn;, H,s, respectively. Therefore, it can be consid-
ered that manganese in the functionalized Mn@GaN, Mn@AlGaN or
Mn@InGaN might have more impressive sensitivity for accepting the elec-
trons in the process of hydrogen adsorption. Furthermore, Mn@GaN,
Mn@AIlGaN or Mn@InGaN are potentially advantageous for certain high-
frequency applications requiring solar cells for energy storage. The ad-
vantages of manganese over GaN, AlGaN, or InGaN include its higher
electron and hole mobility, allowing manganese-doping devices to operate
at higher frequencies than non-doping devices.

KoMIuieKcHe AOCIimKeHHs 3axXOIlIeHHA [igporeHy rerepokjacTepaMu JIero-
Bamoro Mn GaN, AlGaN, InGaN 6yao mnpoBemeHo 3a mgomomoroio T®II-
obumcaenb Ha piBHiI Teopii CAM-B3LYP-D3/6—-311+G(d,p). IlomiTHa inTe-
HCHUBHICTh HETPMBKOI'O CHUI'HAJy IMOOJH3Yy IMapajelbHOr0 Kpai 3pasKa HaHO-
KJIacTepa MOKe OyTHM HACHIZKOM iHAYKOBAHOI'O 3B’ A3YBAJbHUM MAHI'AHOM
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Hec()epUUHOTO pO3MOALTY rerepoksacrepis Mn@GaN, Mn@AlGaN a6o
Mn@InGaN. TimoTesy mpo sBuille afcopOIiii eHeprii 6yio miATBepm:xeHO
posuogisamu ryctuau CDD, TDOS/PDOS/OPDOS rta ¢yHKIii Jorasmizamii
eneKTpoHiB ana GaN Ta iioro cromiB. 3acHoBanuii Ha TDOS, meron Hagmip-
HOTO POCTY 3a JieTyBaHHS MAHTAHOM € HMOTEHI[IHHUM IIiIXO0IOM III0JI0 PO3PO-
OKM BHUCOKOe(EKTUBHUX TiOPHUAHMX HANiBHOJSPHUX NIPUCTPOIB HA OCHOBI
HiTpHUIY Tamiio B ZOBTOXBUIBOBiH 30Hi. BimbIm IMIUPOKY 3’eqHAHy 00JIaCTh
3a7isTHO KapToio izomoBepxHi muaa jgeryBanua Mn GaN, AlGaN, InGaN saz-
JIsT yTBOPeHHA HaHokoMmmosuTie Mn@GaN-H, Mn@AIGaN-H, Mn@InGaN—
H micna agcopbuii I'ixporeny BHacaimox miuenns atomiB N,, Mn,, Hg Bin-
noBigHo. TakuM umHOM, MOKHA BBasKaTH, IO MaHraH y (PYHKIIioHaJIizoBa-
Hux Mn@GaN, Mn@AIGaN a6o Mn@InGaN wMoxke MaTu GiIbIII BUPasHY
YYTJIUBICTH O TPUHOMY eJeKTPOHiB y mporeci agcopbiii I'izporeny. Kpim
roro, Mn@GaN, Mn@AIGaN a6o Mn@InGaN € moTeHIi#HO BUTiAHUMHU IJId
TMeBHUX BUCOKOYACTOTHUX B3aCTOCYBaHb, AKi BMMATalOTh COHAYHUX €JIEeMEeH-
TiB nna s0epiranHa eHeprii. IlepeBarm mamrany nepen GaN, AlGaN a6o
InGaN BKJHOUAIOTH HOTO BUIY PYXJUBICTH €JIEKTPOHIB i AipOK, IO YMOMK-
JINBJIIOE JIETOBAHUM MAHI'aHOM IIPHCTPOSAM IIPAIIOBATHA HA BHUIIUX YACTOTaX,
aHi)K HeJIeTOBAHUM IIPHCTPOSIM.

Key words: solar cells, hydrogen adsorption, energy storage, aluminium-—
gallium nitride, indium gallium nitride, first-principles study.
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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 varie-
ty of technologies, including optoelectronic, high-power electronics
and light-emitting diodes, partly due to its favourable thermal
properties [1, 2].

The nitrides of group III in periodic table have low sensitivity to
ionizing radiation that makes them appropriate materials for solar
cell arrays for satellites. Therefore, space applications could also
benefit as devices have shown stability in high radiation environ-
ments.

Ternary ‘AlGaN’ alloys have been recognized as promising mate-
rials for realizing deep ultraviolet ‘DUV’ optoelectronic devices
with operating wavelengths down to 200 nm [1-3]. For the devel-
opment of high performance AlGaN-based ‘DUV’ devices, high-
conductivity p-type Al-rich Al,Ga, N (x>0.4) is essential. Many
studies have shown that enhancing the p-type conductivity has a
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significant effect on the improvement of both the electrical and op-
tical properties of AlGaN DUV optoelectronics [4—8]. In an investi-
gation, the scientists have shown the Al,;Ga,,N/GaN heterojunc-
tion solar cells with a Mn-doped active layer. Under a 1-sun AM1.5G
illumination condition, the devices exhibited improved conversion
efficiency by a magnitude of 5 compared to the cells without Mn
doping in the active layer. This dramatic increase in conversion ef-
ficiency is attributed to the fact that the Mn-related energy states
cause sub-band gap photon absorption and thereby contribute an ex-
tra photocurrent [9]. The investigations conducted on Mn-doped
GaN have shown that the Mn impurity band could form approxi-
mately at the middle of the GaN band gap [10] (Fig. 1).

The researchers have estimated the suitability of Mn doped
In, ,Ga,N as an IB material. They predicted that the In, ,Ga,/N-
based solar cells with a Mn-doped absorption layer could achieve
maximum efficiency [11].

The ternary semiconductor of Indium gallium nitride (InGaN) as
solar cells is remarkable owing to the adjustable direct band gap en-
ergy of InGaN veiling the total solar spectrum arraying from 0.7 to
3.4 eV [12, 13], as well as preferable photovoltaic specifics of
InGaN consisting of vast absorption coefficients [14] and high car-
rier dynamism. Furthermore, great fixity and excellent radiation
persistence of InGaN alloys permit function of InGaN-based instru-
ments in uttermost situations such as space and geocentric usages

GaN —» Mn@GaN —» Mn@GaN-H
= o Mn@AIGaN—H
1 8 50zl |

[ H Lkiping Mn@InGaN-H

3 g Hi, @@&g‘ﬁ
=

Fig. 1. Application of Mn-doped hetero-clusters of GaN, AlGaN, InGaN for
hydrogen storage in transistors using CAM-B3LYP-D3/6-311+G(d,p) cal-
culation (@ denotes doping).
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[12, 15]. The solar cells of InGaN were constructed with low indium
amounts of the InGaN alloy compounds [16—18] that conduces to an
enhancement in the band gap energy of InGaN and then eventuates
in the absorption of shorter wavelengths of solar radiation. There-
fore, to find out InGaN solar cells with high yield, the In amount in
the InGaN active layer of these solar cells should be enhanced to
compensate a large part of the solar spectrum. Recently, it has been
suggested the application of dual nanogratings of Si and other or-
ganic solar cells, which are mostly in direct contact with the active
area of the solar cells [19-25].

Moreover, the researchers fabricated transition metal zinc doped
InGaN nanorods arrays by radio-frequency plasma-assisted molecu-
lar beam epitaxy. Doping obviously reduces indium atoms composi-
tion, the aggregation of In—In and induces the deep energy level.
This greatly decreases the defects and improves the valence band
potential of InGaN nanorods [26].

Recently, researchers have proposed an InGaN/GaN p—i—n thin-
film solar cell, which includes a dual nanograting compound: silver
nanogratings 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 pho-
tonic styles, so enhancing the absorption of the solar cell in a wide
spectral span. It is perceived that the solar cells possessing the dou-
ble nanograting structures have a considerable increment in light
absorption compared with cells either having no nanogratings or
having only the front nanogratings or only the back nanogratings
[27].

In this paper, we propose the feasible semiconductors of GaN,
AlGaN, InGaN, which are doped with manganese (Fig. 1). We car-
ried out molecular modelling considering the geometrical parame-
ters of doping atoms on the surface of Mn@GaN, Mn@AIlGaN, and
Mn@InGaN through hydrogen absorption status and current charge
density of the solar cells was studied. Moreover, the effect of a rel-
ative chemical shift between GaN, AlGaN, InGaN and doped hetero-
clusters of the solar cell was also investigated.

2. MATERIALS AND METHODS

The Mn-doped GaN, AlGaN, InGaN nanocomposites were calculated
within the framework of first-principles calculation based on densi-
ty functional theory (DFT) (Fig. 2). The rigid potential energy sur-
face using density functional theory [28—41] was performed due to
Gaussian 16 revision C.01 program package [42] and GaussView 6.1
[43]. 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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Fig. 2. Characterization of heteroclusters includes (a) Mn@GaN,/Mn@GaN—
H; (b) Mn@AlGaN/Mn@AlGaN-H; (¢) Mn@InGaN/Mn@InGaN—H through
a labelled ring in clockwise manner including Mn,, N,, Ga;5, N;, Gag, Ny,
towards H-adsorption.

First, we optimized the structural parameters of nanoclusters of
GaN, AlGaN, InGaN which are doped with manganese towards for-
mation of heteroclusters of Mn@GaN, Mn@AlGaN, Mn@InGaN for
obtaining the highest short-circuit current density. Then, Figure 1
shows the process of hydrogen adsorption on heteroclusters of
Mn@GaN, Mn@AlGaN, Mn@InGaN, which are varied to maximize
the absorption in the active region. This is a utility used to calcu-
late ring area and perimeter, since ring area is sometimes involved
in wave-function analysis. In this function, it is needed to input the
index of the atoms in the ring in clockwise manner including Mn;,
N,, Ga;;, N;, Gag, N, (Fig. 2, a, b, ¢). Then, it has be calculated to-
tal ring area and total ring perimeter for a tailored ring as 9.6981
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A? and 11.6921 A?, respectively (Fig. 2, a, b, c).

3. RESULTS AND DISCUSSION

In this article, the data has evaluated the efficiency of metal-doped
hybrid nanoalloys of Mn@GaN, Mn@AlGaN, Mn@InGaN and their
hydrated complexes of Mn@GaN-H, Mn@AGaN-H, Mn@InGaN-H
energy saving in batteries, transistors and solar cells.

3.1. Analysis of CDD, TDOS/PDOS/OPDOS and ELF

The amounts of charge density differences ‘CDD’ is 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 (Fig. 3, a, b, c) [44].

Figure 2, a indicates the atom of Mn, from Mn@GaN and Mn;,
H,; from Mn@GaN-H accompanying gallium and nitrogen atoms
fluctuating around -9 to +3 Bohr. In Figure 2, b, the atom of Mn,
from Mn@AIGaN and Mn;, H,; from Mn@AlGaN-H accompanying
aluminium, gallium and nitrogen atoms have shown the fluctuation
around -9 to +3 Bohr and —8 to +4 Bohr, respectively. Moreover,
the atom of Mn; from Mn@InGaN and Mn;, H,;; from Mn@InGaN-
H accompanying indium, gallium and nitrogen atoms have shown
the fluctuation around -9 to +3 Bohr (Fig. 3, ¢).

To understand better the different adsorption characteristics of
Mn@GaN, Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN,
Mn@InGaN-H, total density of states (TDOS) using Multiwfn pro-
gram [45] has been measured. This parameter can indicate the ex-
istence of important chemical interactions often on the convex side
(Fig. 4, a, a', b, b', ¢, ¢'). In isolated system (such as molecule), the
energy levels are discrete, the concept of density of state (DOS) is
supposed completely valueless in this situation. Therefore, the orig-
inal total DOS (TDOS) of isolated system can be written as [45]:

TDOS(E) = Y 8(E-¢,), (1)

i
2

eiﬁ, where ¢ = FWHM

1
e 2n 24/2In x )
Moreover, the curve map of broadened partial DOS (PDOS) and

overlap DOS (OPDOS) are valuable for visualizing orbital composi-
tion analysis, PDOS function of fragment A is defined as

G(x) = (2)
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PDOS,(E) =) E, ,F(E-¢),

(3)
where E; , is the composition of fragment A in orbital i. The OPDOS
between fragment A and B is defined as:

Mn©GaN-H

S}

S

Z- axis, BOhr

Mn@InGaN,/Mn@InGaN—-H.

Fig. 3. CDD graphs for heteroclusters through hydrogen adsorption includ-
ing (a) Mn@GaN/Mn@GaN-H, (b) Mn@AlGaN/Mn@AlGaN-H, and (c)



44 Fatemeh MOLLAAMIN

OPDOS,, ,(E) = > X, ;F(E-¢,), (4)

where X, , is the composition of total cross term between fragment
A and B in orbital i.

In the TDOS map, each discrete vertical line corresponds to a mo-
lecular 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 —0.40
a.u. has obviously larger state density than other regions for
Mn@GaN, Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN,
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Fig. 4. TDOS/PDOS/OPDOS graphs of heteroclusters include (a) Mn@GaN,
(a') Mn@GaN-H, (b) Mn@AIGaN, (b') Mn@AlGaN-H, (¢) Mn@InGaN, (c)
Mn@InGaN-H.
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Mn@InGaN-H (Fig. 4, a, a’, b, V', c, c').

However, Mn@InGaN—-H (Fig. 4, ¢') has shown larger state densi-
ty through pointed peaks than Mn@GaN-H (Fig. 4, a’) and
Mn@AlGaN-H (Fig. 4, b'). It is remarkable that the excessive
growth technique on doping manganese as noble transition metal is
a potential approach to designing high efficiency hybrid semi-polar
gallium nitride alloys devices on aluminium or indium layers in a
long wavelength zone.

Fragment 1 has been defined for N,, X; (X =Ga, Al, In), N,, Mn,,
Ga;;, Ny, N;; for Mn@GaN (Fig. 4, a), Mn@AIGaN (Fig. 4, b),
Mn@InGaN (Fig. 4, ¢) and H,3 for Mn@GaN (Fig. 4, a'), Mn@AlGaN
(Fig. 4, '), Mn@InGaN (Fig. 4, c¢'). Moreover, Fragment 2 has indi-
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cated the fluctuation of N,, Mn;, Gag, Ny, Nis, Y5 (Y =Ga, Al, In),
Ga;;, N;; for Mn@GaN (Fig. 4, a), Mn@AlGaN (Fig. 4, b),
Mn@InGaN (Fig. 4, c¢) and H,; for Mn@GaN (Fig. 4, a'), Mn@AlGaN
(Fig. 4, '), Mn@InGaN (Fig. 4, ¢'). Finally, it was considered the
fluctuation of Ga,, N;, Zgz (Z=Ga, Al, In), Ny, Y3 (Y =Ga, Al, In),
N.,, Nis, N;; for Mn@GaN (Fig. 4, a), Mn@AIGaN (Fig. 4, b),
Mn@InGaN (Fig. 4, c¢) and H,; for Mn@GaN (Fig. 4, a'), Mn@AlGaN
(Fig. 4, '), Mn@InGaN (Fig. 4, ¢') through Fragment 3.
Furthermore, a type of scalar fields called electron localization
function (ELF) may demonstrate a broad span of bonding samples.
Nevertheless, the distinction between deduced/raised electron delo-
calization/localization into cyclic n-conjugated sets stays encourag-
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ing for ELF [46]. 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 magnitudes of Fermi hole in-
tegration. However, with having a six-dimension function for the
Fermi hole, it seems hard to be studied directly. Then, Becke and
Edgecombe remarked that spherically averaged as if spin condition-
al pair probability possesses a direct correlation with the Fermi hole
and proposed the parameter of electron localization function (ELF)
in Multiwfn program [29] and popularized for spin-polarized proce-
dure [47]:

1
ELF(r) = T 50 Do (5)
where
_1 » 1| Vp,(F V([
Dir) =5 Xn [ Vo P —g| =e S o (6)
and
D,(r) = 5 67 [p, (1) 4 py (). (@)

For close-shell system, since p,=pg=(1/2)p, D and D, terms can
be simplified as:

_1 2_1|VP(7')|2
D(r) = 3 >0 Ve, (r) | 5 o) (8)
and
_ i 212/3 5/3
Dy(r) = 15 B7*p(r)”*. (9)

Regarding kinetic energy, ELF was rechecked to be more punctu-
al for both Kohn—Sham DFT and post-HF wave-functions [48]. In
fact, the excess kinetic-energy density caused by Pauli repulsion
was unfolded by D(r) and Dy(r) and may be inspected as Thomas—
Fermi kinetic-energy density. Because Dy(r) is brought forward the
ELF as origin, what the ELF shows is affiliate localization. The
compounds of Mn@GaN, Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H,
Mn@InGaN, and Mn@InGaN—-H can be defined by ELF graphs ow-
ing to exploring their delocalization/localization characterizations
of electrons and chemical bonds (Fig. 5, a, a', b, b', ¢, ¢').
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The counter map of ELF for Mn@GaN, Mn@GaN-H (Fig. 5, a, a'),
Mn@AIlGaN, Mn@AlGaN-H (Fig. 5, b, '), Mn@InGaN, Mn@InGaN—
H (Fig. 5, ¢, ¢') has shown the electron delocalization through a la-
belled ring in clockwise manner including Mn,, N,, Ga;;, N;, Gas,
N,;, and H,; towards H-adsorption (Fig. 2, a, b, ¢). Then, hydration
of Mn-doped GaN, AlGaN, InGaN indicates a larger isosurface map
of electron delocalization due to labelling atoms of N,, Mn,, H;5 in
Mn@GaN-H (Fig. 5, a’), Mn@AlGaN-H (Fig. 5, b'), Mn@InGaN-H
(Fig. 5, ¢').
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Fig. 5. The graphs of ELF for heteroclusters include (a) Mn@GaN/Mn@GaN—
H, (b) Mn@AlGaN/Mn@AIGaN-H, and (¢) Mn@InGaN,/Mn@InGaN—-H.
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A narrower connected area occupied by an isosurface map means
that electron delocalization is relatively difficult. However, the
large counter map of ELF for Mn@GaN, Mn@AIlGaN, and
Mn@InGaN can confirm that doping Mn nanoparticles on the sur-
face increases the efficiency of solar cells of GaN, AlGaN, and
InGaN for energy storage (Table 1).

Besides, the changes of charge-density analysis have illustrated
that GaN, AlGaN, InGaN have shown the Bader charge of —1.092,
-1.272, -1.131 coulomb before Mn-doping and -1.048, -1.252,
—1.098 coulomb after Mn-doping, respectively, that describes the
tensity value of these heteroclusters for energy storage (Table 1).

3.2. Analysis of Nuclear Magnetic Resonance Spectra

Based on the resulted amounts, nuclear magnetic resonance (NMR)
spectra of Mn@GaN, Mn@AIGaN, Mn@InGaN heteroclusters as the
potential molecules for energy storage can unravel the efficiency of
these complexes in solar cells through hydrogen adsorption. From the
DFT calculations, it has been attained the chemical shielding (CS)
tensors in the principal axes system to estimate the isotropic chemi-
cal-shielding (CSI) and anisotropic chemical-shielding (CSA) [49]:

Giso = (011 1 Gy + 033) /3, (10)
Ganiso = Osz — (022 - 011) /2. (11)
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TABLE 1. Data of Bader charge (/Coulomb) for selected atoms of Mn@GaN,
Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN, Mn@InGaN-H
heteroclusters.

Mn@GaN |Mn@GaN-H|Mn@AlGaN Mn@AlGaN-H| Mn@InGaN [Mn@InGaN—-H

Q Q Q Q Q Q

Atom
Atom
Atom
Atom
Atom
Atom

0.9511
-1.0594
1.0827
-1.0219
0.7195
0.9420
-1.0627
1.0981

1.3172
-1.4501
1.4791
-1.3388
0.8126
1.2959
-1.4452
1.5085

Ga, 0.9961
N, -1.0483
Ga, 0.9744
N, -1.0171
Mn, 0.7522
Ga, 0.9743
N, -1.0482

Ga, 1.0084
N, -1.0386
Ga, 0.9936
N, -0.9210
Mn, 0.4224
Ga, 0.9933
N, -1.0489
1.0123

Ga, 0.9852
N, -1.1478
Al, 1.2520
N, -1.0561
Mn; 0.7651
Ga, 0.9729
N, -1.1444

Ga,
N,
Al

0.9960 Ga,
~1.1288 N,
1.2506 In,
-0.9446 N,
0.3908 Mn,
0.9814 Ga,
~1.1129 N,

Ga,
N,
Ing

Gay 0.9958
~1.0455 N,
-0.6809 N,
1.0012 Ga,,
-0.9800 N,
0.9259 Ga,,
-0.6808 N,,
1.0012 Ga,,
-0.5692 N,
-0.5512 N,

Ny
Nio
Ga,;
N12
Ga;
N14
Ga,;
Nig
N17

Gag

Al, 1.2493
~1.0148 N, -1.2162
~0.6763 N,, —0.7651
1.0242 Ga,, 0.9972
~0.9025 N,, -1.0750
0.9193 Al,; 1.2071
~0.6916 N, —0.7669
1.0272 Ga,; 1.0015
~0.5456 N,; —0.6368
~0.5327 N,, —0.6220
~0.0285

1.2696 In,
~1.1616 N,
-0.7700 N,,
1.0024 Ga,,
-0.9475 N,,
1.1771 Iny,
-0.7570 N,,
1.0088 Ga,;
-0.6195 N,
-0.6003 N,
-0.0345

-1.0715
-0.7066
0.9750
-0.9944
1.0188
-0.7110
0.9812
-0.5787
-0.5623

-1.4269
—0.8648
1.4177
-1.3611
1.3032
-0.9195
1.4087
—0.8417
-0.8212
-0.0735

H18

The NMR data of isotropic (o,,) and anisotropic shielding tensors
(Caniso) for Mn-doped GaN, AlGaN and InGaN and their hydrated de-
rivatives of Mn@GaN-H, Mn@AlGaN-H, Mn@InGaN—H have been
computed by Gaussian 16 revision C.01 program package [26] and
been shown in Table 2. The notable fragile signal intensity close to
the parallel edge of the nanocluster sample might be owing to man-
ganese binding induced non-spherical distribution of GaN (Fig. 6, a)
and Mn@AlGaN (Fig. 6, b) heteroclusters. Figure 6, ¢ exhibited the
same tendency of shielding; however, a considerable deviation exists
from doping atoms of manganese as electron acceptors on the sur-
face of Mn@InGaN heterocluster.

The observed increase in the chemical shift anisotropy spans for nanocag-
es of Mn@GaN/Mn@GaN-H (Fig. 6,a) and Mn@InGaN,/Mn@InGaN—-H
(Fig. 6, ¢) is near N;, and N,,, and for Mn@AIGaN/Mn@AlGaN-H
is close to N4y, N4, and N, (Fig. 6, b).
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Fig. 6. The NMR spectra for heteroclusters of (a) Mn@GaN/Mn@GaN-H,
(b) Mn@A1GaN/Mn@AlGaN-H, and (¢) Mn@InGaN/Mn@InGaN-H.

The yield of electromagnetic shifting can be directed by the men-
tioned active nitrogen atoms extracted from hybrid nanomaterials.
Therefore, it can be observed that doped heteroclusters of
Mn@GaN, Mn@AlGaN, or Mn@InGaN might ameliorate the capa-
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bility of GaN-based nanocomposites in solar cells for energy stor-
age.

3.3. Insight of Infrared Spectroscopy and Thermochemistry

The infrared spectroscopy (IR) has been performed for nanocomposites
of Mn@GaN/Mn@GaN-H (Fig. 7, a, a’), Mn@AlGaN/Mn@AlGaN-H
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Fig. 7. The frequency (cm™') changes through the IR spectra for hetero-
clusters of (a) Mn@GaN,/Mn@GaN-H, (b) Mn@AlGaN/Mn@AlGaN—-H, and
(¢) Mn@InGaN/Mn@InGaN—H.
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(Fig. 7, b, b'), and Mn@InGaN/Mn@InGaN-H (Fig. 7, ¢, ¢') through
hydrogen adsorption.

The frequency value through the IR curves between 200-1000
cm ! for Mn@GaN with one sharp peak around 414.78 cm™* (Fig. 7, a)
has been shifted to two pointed peaks around 863.78 and 921.24
cm ' of Mn@GaN-H (Fig. 7, a'). However, Figure 7, b shows two
sharp peaks around 389.02 and 713.88 cm™* for Mn@AlGaN that
have been shifted to one sharp peak around 952.45 cm™ for
Mn@AIlGaN-H (Fig. 7, b'). Furthermore, Figure 7, ¢ indicates one
sharp peak around 366.88 cm™ for Mn@InGaN that have been
shifted to several sharp peaks around 640.30, 767.66, 783.92, and
1311.73 cm ! for Mn@InGaN-H (Fig. 7, ¢').

Energy storage with heteroclusters has described that the frame
of the overcoming cluster is related to Mn@GaN-H, Mn@AlGaN-
H, and Mn@InGaN-H in the high amounts of frequency. This prop-
erty makes these hybrid nanomaterials potentially advantageous for
certain high-frequency applications requiring solar cells for energy
storage. The advantages of manganese over GaN, AlGaN, or InGaN
include its higher electron and hole mobility, allowing manganese
doping devices to operate at higher frequencies than non-doping de-
vices.

Table 3 through the thermodynamic specifications concluded that
heteroclusters of Mn@GaN, Mn@GaN—-H, Mn@AlGaN, Mn@AlGaN—
H, Mn@InGaN, and Mn@InGaN—-H might be more efficient struc-
ture for energy storage in the solar cells.

Thermodynamic parameters of heteroclusters of Mn@GaN/Mn@GaN—
H, Mn@AIlGaN/Mn@AlGaN-H, and Mn@InGaN/Mn@InGaN-H have
been assigned (Table 3). The changes of Gibbs free energy versus
for all nanocomposites could detect the maximum efficiency of
Mn@AlGaN-H > Mn@GaN-H > Mn@InGaN-H for energy storage in
the solar cells through AG}? (Fig. 8).

The adsorption efficiency of Mn@GaN—H, Mn@A1GaN—H, Mn@InGaN—
H based on dipole moment has been evaluated by the AG)? . The solar
cells formed by Mn@GaN, Mn@AlGaN, Mn@InGaN feature a hier-
archical structure with the electron donor/acceptor layer sand-
wiched 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. In this
paper, we have demonstrated that the nanocomposite semiconductor
of gallium nitride-based structure can lead to a significant absorp-
tion enhancement in a broad spectral range of incident light in the
presence of aluminium, indium and manganese. A comparison be-
tween solar cells containing 3d transition metal of Mn-doped GaN,
AlGaN, InGaN shows that a solar cell containing these elements
shows a more enhanced cell performance than the cells containing
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TABLE 3. The thermodynamic characters of Mn@GaN, Mn@GaN-H,
Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN, Mn@InGaN—H nanoclusters us-
ing CAM-B3LYP-D3/6-311+G(d,p) calculation.

Compound Dipole moment, [AE®,;-107%,| AH®,,107%, | AG®4107%, | E®y1iqines
P Debye kcal/mole| kcal/mole | kcal/mole |kcal/mole
Mn@GaN 4.8247 -383.439 -383.439 -383.483 —
Mn@GaN-H 7.3741 -383.596 -383.595 -383.636 -157
Mn@AlGaN 4.7914 -383.095 -383.094 -383.136 —
Mn@AlGaN-H 7.3741 -383.596 -383.595 -383.636 -501
Mn@InGaN 7.3629 -383.035 -383.035 -383.082 —
Mn@InGaN-H 4.3037 -383.472 -383.472 -383.513 —437
45y Mn@GaN Mn@AlGaN Mn@InGaN Compounds
Mn@GaN-H Mn@AlGaN-H Mn@InGaN-H
—383.1+
—383.2 1
—383.31
—383.44
—383.51
—383.61
—383.7

" AGY, keal/mol

Fig. 8. Gibbs free energy, AG;, for heteroclusters of Mn@GaN, Mn@GaN-H,
Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN, Mn@InGaN-H.

only the bare gallium nitride-based structure. This efficient doping
strategy not only bridges the gaps of heteroatom doped GaN-based
semiconductor materials, but also can provide deep insights into
controlling the electrical and optical properties of these doping hy-
brid nanoclusters.

4. CONCLUSION

In summary, hydrogen grabbing on the heteroclusters of Mn-doped
GaN, AlGaN, and InGaN as solar cells was investigated by first-
principles calculations. We have provided gallium nitride-based
semiconductors, which are doped with manganese. The geometrical
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parameters of doping manganese on the surface of GaN, AlGaN,
InGaN through the absorption status and current charge density of
the solar cells were studied. Thermodynamic parameters have con-
structed 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. En-
ergy storage with heteroclusters has described that the frame of the
overcoming cluster is related to Mn@GaN, Mn@AlGaN or
Mn@InGaN in the high amounts of frequency. This property makes
Mn@GaN, Mn@AlGaN or Mn@InGaN potentially advantageous for
certain high-frequency applications requiring solar cells for energy
storage due to hydrogen adsorption by formation of Mn@GaN-H,
Mn@AlGaN-H or Mn@InGaN-H. The advantages of manganese
over GaN, AlGaN, or InGaN include its higher electron and hole
mobility, allowing manganese doping devices to operate at higher
frequencies than non-doping devices. Thus, it should be explored its
unique properties, such as its ability to increase energy storage
which could lead to advancements solar cells.
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