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tigations of the electronic and
optical properties of a GaGeTe monolayer

Nguyen Thi Han, *a Vo Khuong Dien, a Tay-Rong Chang*abc and Ming-Fa Lin ad

Our study focused on exploring the electronic and optical characteristics of the GaGeTe monolayer using

first-principles calculations. Our findings showed that this material has remarkable physical and chemical

properties attributed to its unique band structure, van Hove singularities in the density of states (DOS),

charge density distributions, and charge density differences. We also observed excitonic effects, multiple

optical excitation peaks, and strong plasmon modes in the energy loss functions, absorption coefficients,

and reflectance spectra, which contribute to its enriched optical response. Moreover, we were able to

establish a close relationship between the orbital hybridizations of the initial and final states with each

optical excitation peak. Our results suggest that GaGeTe monolayers hold great potential for various

semiconductor applications, especially those involving optics. Furthermore, the theoretical framework

we used can be applied to study the electronic and optical properties of other graphene-like

semiconductor materials.
1. Introduction

In 2004, Geim and colleagues achieved the rst known extrac-
tion and discovery of single-layer graphene through the back-
ward exfoliation of graphite.1 Graphene is a fantastic material
for transparent and conductive composites, electrodes, and
nanotechnology applications.2,3 However, graphene lacks
a band gap, which is required for some electronic devices, such
as transistors.4 As a consequence, signicant effort has been
expended to investigate functional two-dimensional (2D)
semiconductors with high carrier mobility, large tunable band
gap, and high stability.5,6 In recent years, 2D materials7–9 are
known to exhibit rich electronic, magnetic, and optical prop-
erties, such as superconductivity, ferromagnetism, semi-
conductivity, and so on. For instance, a large number of 2D
materials, such as MoX2, WX2, GaX, and InX (X = S, Se, Te) have
been researched in both theoretical simulations and experi-
mental measurements.10–13

Searching for 2D stable germanene-based lms14,15 with
intrinsic semiconducting character, instead of obtaining this
characteristic by tuning via different means, is desired and
perhaps is a suitable way to realize its practical applications.
Among them, the GaGeTe monolayer is derived from a 3D bulk
one that has been synthesized successfully by using the
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Bridgman technique.16 Several experimental techniques can be
used to investigate the properties of monolayer GaGeTe. For
instance, high-resolution tunneling electron microscopy
(HRTEM)16,17 has been used to obtain a side view of thematerial,
while angle-resolved photoemission spectroscopy (ARPES)18,19

has been utilized to reveal its occupied states in calculated
electronic properties. High-resolution scanning tunneling
spectroscopy (STS)20,21 can examine the entire occupied and
unoccupied states of van Hove singularities in the density of
states (DOS). Unfortunately, these techniques have not been
applied to study monolayer GaGeTe, and further experimental
research is needed to investigate its electronic properties. In
addition, the optical and transport properties of the GaGeTe
single crystals have been previously reported using a modied
Bridgman technique in 2013, showing an optical band gap Eg =

1.12 eV.22

Despite obtaining some outcomes through rst-principles
simulations, the results concerning the GaGeTe monolayer are
still limited. For instance, Jin Zhang and his partner23 have re-
ported that the GaGeTe monolayer possessed an indirect gap
semiconductor of 0.65 eV by using density functional theory
(DFT level). In addition, Congming Ke24 has studied the elec-
tronic properties of GaGeTe monolayer, indicating indirect gap
semiconductor nature of 0.54 eV and 1.15 eV by using the DFT
level and Heyd–Scuseria–Ernzerhof (HSE) standard. Also, Lili
Xu et al.25 have reported the electronic properties of the GaGeTe
monolayer by using the DFT level, showing an indirect gap
semiconductor of 0.72 eV. In short, the considerations of the
GaGeTe monolayer on electronic properties and optical
responses with/without excitonic effect are still limited.
Understanding the chemical bonding in the GaGeTe monolayer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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is crucial for further exploring its physical and chemical prop-
erties. As of yet, there have been no examinations conducted to
elucidate the specic chemical and physical traits associated
with orbital hybridization in chemical bonds. Therefore, further
theoretical research is needed to explore the nature of the
chemical bonding in the GaGeTemonolayer and provide a more
comprehensive understanding of its physical and chemical
properties.

Our utilized rst-principles calculations to explore the ideal
geometric structure, electrical and wave functions, and optical
properties of monolayer GaGeTe. Our results revealed rich and
distinctive characteristics, such as an optimized geometric
structure with position-dependent chemical bonding, band
structure, and the atom-dominated energy spectrum at various
energy ranges. We also calculated the charge density distribu-
tion and charge density difference due to different orbitals, and
the atom-and orbital-projected density of states connected to
the mixed orbitals. Additionally, we explored the dielectric
function, absorption spectrum, reectivity, and energy loss
function of the optical characteristics, which provided insights
into the material's optical response. We also established a close
relationship between electronic properties, optical excitations,
and orbital hybridizations. Our ndings can facilitate a better
understanding of various phenomena and multiple applica-
tions of monolayer GaGeTe, using the developed theoretical
framework which was successfully published in previous
studies.26–30

2. Calculation methods

The density functional theory31 via Vienna Ab initio Simulation
Package (VASP)32 is utilized to investigate the optimal geometric
structure and electronic and optical properties of the GaGeTe
monolayer. The Perdew–Burke–Ernzerhof generalized gradient
approximation was used for the exchange–correlation
functions.33–36 The projector-augmented wave method37 was
utilized for the characterization of the ion and valence electron
interactions. The cutoff energy for the expansion of the plane
wave basis was set to 450 eV. The Brillouin zone was integrated
with a special k-point mesh of 35 × 35 × 1 in the G-centered
sampling technique for the structural optimization.38 The
convergence condition of the ground state is set to be 10−8 eV
between two consecutive simulation steps, and all atoms could
fully relax during the geometric optimization until the Hell-
mann–Feynman force acting on each atom was smaller than
0.01 eV. The HSE06 method39 is added to get more band gaps.
To evaluate the dynamic stability of the GaGeTe monolayer, the
phonon energy dispersions were calculated within the
harmonic approximations by using density functional pertur-
bation theory as implemented in the PHONOPY code.40 In these
calculations, neighboring interactions (corresponding to 5 × 5
× 1 supercell) have been taken into account to get a reliable
phonon band structure.

On the top of DFT wave functions, the quasi-particle energies
are obtained within approximation for the self-energy, the
cutoff energy for the response function was set to 120 eV, and 12
× 12 × 1 G-centered points sampling was used to represent
© 2023 The Author(s). Published by the Royal Society of Chemistry
reciprocal space. The Wannier interpolation procedure per-
formed in the WANNIER90 code41 was used to plot the accurate
GW structure. The single particle excitation spectra, which are
related to the imaginary part of the dielectric functions 32(u),
could be described by the following Fermi's golden role:42

32ðuÞ ¼ 8p2e2

u2

X

vck

jehvkjvjckij2dðu� ðEck � EvkÞÞðf ðEvðkÞÞ

� f ðEcðkÞÞÞ (1)

in which, the rst term jehvkjvjckij2 is the square of the electric
moment, which is responsible for the strength of the excitation
peaks, the second-term d(u − (Eck − Evk)) is the joined of the
density of states, which corresponds to the available excitation
transition channels, and the nal term (f(Ev(k)) − f(Ec(k))) is
responsible for the excitations and de-excitations of
electrons.

In addition to the single-particle excitations, the presence of
stable exciton may strongly affect the optical properties. To
evaluate this bound state of the electron–hole pair, we solve the
standard Bethe–Salpeter equation (BSE).43

32ðuÞ ¼ 8p2e2

u2

X

vck

jeh0jvjSij2dðu� USÞ (2)

Noted that the k-point sampling, energy cutoff, and the
number of bands, were set to the same values as in the GW level.
The close connection of the initial and the nal orbital
hybridizations with the prominence of optical excitations, and
the effects of the electron–hole couplings on the optical prop-
erties are the main study focus of the current work. Other
optical properties, such as the energy loss functions,44 absorp-
tion coefficient,45 and reectivity46 can be obtained from the
dielectric function by following equations:

LðuÞ ¼ 32ðuÞ
312ðuÞ þ 322ðuÞ (3)

RðuÞ ¼
����

~s=2

1þ ~s=2

����
2

(4)

AðuÞ ¼ Re ~s

j1 þ ~s=2j2 (5)

where, ~s(u) = s2D(u)/30c is the normalized conductivity.
3. Results and discussions
3.1 Electronic and optical excitations

Trigonal R�3m space group is the crystallization space for
GaGeTe bulks (3D)47 (Fig. 1(a)) which include three GaGeTe
sheets. The GaGeTe monolayer, a single hextuple-layer in the
Te–Ga–Ge–Ge–Ga–Te sequence, exfoliates from 3D one to
construct a monolayer (2D) made up of strongly bound ger-
manene sandwiched between two-atom thick GaTe fragments
(Fig. 1(b) and (c)). The lattice parameters, a= 4.13 and c= 36.66
are shown via structural optimization to be in good agreement
with the previous results.23 Here, Ga3+ forms GaGeTe3
RSC Adv., 2023, 13, 19464–19476 | 19465

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03160h


Fig. 1 (a) Geometric structure of GaGeTe bulk, (b and c) geometric structure of GaGeTe monolayer, respectively at top view, and side view;
noted that the unit cell is black, the Ga, Ge, Te atoms are green, blue, red balls.
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tetrahedra that share corners with three equivalent GeGaGe3
tetrahedra and corners with six equivalent GaGeTe3 tetrahedra.
The Ga–Ge and Ge–Ge bonds have a length of 2.47 Å and 2.51 Å,
Fig. 2 (a) The phonon dispersions of the GaGeTe monolayer, (b) the vib

19466 | RSC Adv., 2023, 13, 19464–19476
respectively. The average Ga–Te bond lengths are 2.69 Å. As
a result, the predictions of pure and impure sp3–sp3 hybrid-
izations in all Ga–Ge, Ge–Ge, and Ga–Te chemical bonds are
rational density of states of GaGeTe monolayer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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responsible for featured properties, and strong optical excita-
tions. The side- and top-view nanoscale geometries can be
tested by tunneling electron microscopy (TEM) and scanning
tunneling microscopy (STM), respectively for GaGeTe
monolayer.16

Fundamentally, the lattice dynamics or lattice vibration is
directly related to the thermodynamic properties of a solid-state
material. The phonon dispersion spectrum may offer vital
information about the stability of the crystal. In the rst Bril-
louin zone, we calculate the phonon spectra along high
symmetric points. Only real modes are present in the phonon
dispersion curves of the GaGeTe monolayer, as shown in
Fig. 2(a), which indicates strong kinetic stability. There are six
atoms in the unit cell, showing three acoustic branches and 15
optic modes. For out-of-plane vibrations, the acoustic phonons
have a exural branch (ZA), while for in-plane vibrations, they
Fig. 3 (a) Band structure of GaGeTe monolayer, showing indirect nat
structure, respectively green, blue, and red circles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
have two linear branches (transverse (TA) and longitudinal
(LA)). The quadratic energy dispersion of the ZA branch is
comparable to that of other two-dimensional materials.48

As observed in Fig. 2(b), the corresponding phonon density
of states reveals that Te atoms are the principal contributors to
the low-frequency phonon modes in the region from 0.00 cm−1

to 160 cm−1 (0.0 THz to 4.0 THz) and the high-frequency
photonic modes between 5.2 THz and 8.5 THz (210 cm−1 and
320 cm−1) above the gap. The contributions from the hybrid-
izations between the Te and Ga atoms become dominant in the
middle-frequency range between 4.0 THz and 5.2 THz (between
175 cm−1 and 210 cm−1). As a result, the remarkable chemical
tunability and orbital interactions of Te atoms will drastically
alter phonon characteristics and have the potential to greatly
reduce lattice thermal conductivity. In addition to investigating
the vibration of atoms at low temperatures, prior studies
ure, (b–d) the Ga, Ge, Te atoms of contributions in the whole band

RSC Adv., 2023, 13, 19464–19476 | 19467
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Fig. 4 (a) Charge density distributions of single atoms, (b) charge density distributions of chemical bonds, (c) charge density differences of
GaGeTe monolayer of chemical bonds. Noted: Ga, Ge, and Te atoms correspond to green, blue, and red balls.
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employing molecular dynamics (MD) calculations23 have also
conrmed the stability of this material even under high-
temperature conditions. Consequently, the GaGeTe monolayer
is suitable for functioning reliably at room temperature.

In addition to the special and stable structures, the GaGeTe
monolayer is expected to exhibit remarkable electronic prop-
erties. Here, the monolayer GaGeTe displays unique electronic
properties along the high-symmetry points in the energy range
from −14.0 eV to 4.0 eV as can show in the Fig. 3(a)–(d). Both
19468 | RSC Adv., 2023, 13, 19464–19476
main features and critical mechanisms are examined in detail
from the quasiparticle viewpoints, being closely related to the
other essential properties in this study. A thorough comparison
with those of graphene-related systems can present certain
important differences and thus deduce the signicant roles of
pure/impure chemical bonds.

Both the valence band and conduction ones of the GaGeTe
monolayer showed many sub-bands with parabolic/oscillatory/
sombrero shapes. In particular, the Dirac cone shape appears
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Van Hove singularities in the density of states of GaGeTe monolayer, coming to (a) Ga, Ge, Te atoms (green, blue, red curves), (b and c)
Ga-/Ge-4s, 4px, 4py, 4pz orbitals (red, green, blue, and cyan curves), and (d) Te-5s, 5px, 5py, 5pz orbitals (red, green, blue, and cyan curves).
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at a deeper band structure (−10.0 eV to−6.0 eV). The hole states
at valence bands and electron ones at conduction bands are
highly asymmetrical to each other about the Fermi level EF = 0.
In most cases, the band-edge states with vanishing group
velocities are provided the unusual structures and can create
van Hove singularities in the density of states. Moreover, it is
difficult to observe s, p sub-bands in these systems to compare
graphene because of buckling geometric with four sub-lattices.
Most importantly, the band structure of the GaGeTe monolayer
belongs to the indirect gap semiconductor because of the lowest
unoccupied at the G point and highest occupied states in
between the G–M point directions. Our results indicate that the
band gap of the GaGeTemonolayer using DFT, and HSE levels is
0.68 eV, and 0.67 eV, respectively. Regarding spin-orbital
couplings (SOC), the DFT + SOC calculation reveals that
GaGeTe exhibits an indirect band gap of 0.59 eV. The correc-
tions are found to be negligible, leading us to ignore relativistic
effects in our calculations to reduce computational costs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Considering that the electronic band gap of semiconductors is
oen underestimated when using the DFT framework, we have
employed the high-precision GW calculation method to obtain
an accurate band structure, showing an indirect band gap of
2.10 eV for the GaGeTe monolayer. The observed increase in the
electronic band gap can be attributed to the electron–electron
self-energy effects, as extensively discussed in numerous prior
publications.26,27,30,49–51

The electronic wave functions for the hole and electronic
states can offer some insight into the chemical bonding in
addition to the main characteristics of the band structure. Each
band state can be viewed as a linear superposition of various
orbitals. As a result, it can be divided into distinct atomic
contributions. The various atom dominances, which are
proportional to the spheric radius, can help to explain the
critical roles that chemical bonds take part in electronic prop-
erties. The contributions from Ga, Ge, and Te are represented by
the green, purple, and red balls, respectively. In general, the
RSC Adv., 2023, 13, 19464–19476 | 19469
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Fig. 6 (a) The real and imaginary part of dielectric functions with prominent peaks, namely P1–P5 (cyan arrows), (b) vertical excitations from
occupied states to unoccupied states (DFT standard) by using cyan arrows, corresponding to (c) transitions orbitals from occupied states to
unoccupied states in van Hove singularities in the density of states.
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effective valence and conduction states, which are closely
related to the orbital hybridizations of Ga–Te, Ga–Ge, and Ge–
Ge bonds (discussed later in Fig. 5), lie in the energy range of
−14.0 eV, Ec,v, 4.0 eV. All three atoms have signicant contri-
butions to the whole band structure. The Ga, Ge, and Te atoms
contributed to the entire band structure by showing green, blue,
and red balls (Fig. 3(b)–(d)), linking well van Hove singularities
in the density of states in Fig. 5(a)–(d). The Te atoms are located
mainly in valence states since their ionization energy is larger
than Ga, and Ge atoms. Especially, the Te-5p states contributed
mainly to valence bands, and the Ga-4s states contributed
mainly to conduction bands (Fig. 6(b)).

To better comprehend the potential applications of the
GaGeTe monolayer, we calculated the effective masses (m*) of
the conduction band and valence ones along G–M directions
according to m* = ħ2(v2E/vK2)−1. The obtained results of elec-
tron ðm*

eÞ and hole ðm*
hÞ effective masses are equal to 0.057 and

0.318, respectively, suggesting that the carrier mobility of
19470 | RSC Adv., 2023, 13, 19464–19476
electrons states is faster than that of holes, and thus, is useful
for selectively injecting or emitting holes or electrons in nano-
electronic devices. Impressively, the mobility of electrons23

reaches up to 7.83× 104 cm2 V−1 s−1. This remarkably high level
of carrier mobility demonstrates the immense potential of the
GaGeTe monolayer for various applications, including high-
efficiency solar cells and high-speed electronic devices.

To explain the nature and specic orbital hybridizations in
chemical bonds of GaGeTe monolayer, Fig. 4(a) and (c) showed
its charge density distributions (r) and charge density differ-
ence (Dr). The latter could be achieved by the subtraction of the
GaGeTe charge density with that of insolated Ga, Ge, and Te
atoms. In general, the chemical bonding between Ge–Ge, Ga–
Ge, and Ga–Te is characterized by a covalent nature, as the
charge density is primarily distributed between the adjacent
atoms. Specically, the germanium sheet is situated between
the upper and lower GaTe layers, exhibiting strong hybridiza-
tion and forming sp3 bonding congurations. In terms of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a–c) Energy loss functions, absorbance, and reflectance spectra, respectively for GaGeTemonolayer with x-/y- (black curves) and z- (red
curves) directions.
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specic orbital hybridizations, it is predicted that the s, px, py,
and pz orbitals of Ga, Ge, and Te atoms actively participate in
the chemical interaction. This is evidenced by the signicant
deformation of the spherical distributions surrounding the Ga,
Ge, and Te atoms (Fig. 4(b)) compared to their isolated states
(Fig. 4(a)). The verication of this phenomenon is further sup-
ported by the observation of inhomogeneous redistribution of
charge density, as depicted in the charge density difference
(Fig. 4(c)). In short, the GaGeTe monolayer provides highly non-
uniform chemical environments and is responsive to their
diverse properties. These behaviors can connect well with
complex band structures and van Hove singularities in the
density of states (discuss later).

Fig. 5(a)–(d) illustrates the atom-dominated and orbital-
projected density of states (DOS) of the GaGeTe monolayer,
revealing a plethora of van-Hove singularities, including
shoulder structures, logarithmic peaks, and asymmetric peaks.
These features in the DOS originate from the parabolic, saddle-
point, and constant-energy-loop energy dispersions in the band
structure. The contributions of Ga, Ge, and Te atoms dominate
© 2023 The Author(s). Published by the Royal Society of Chemistry
over a wide energy range of −12.0 eV to 4.0 eV (Fig. 3(a)), con-
rming the presence of complex orbital hybridizations. Notably,
due to differences in ionization energy, the van Hove singular-
ities of Te orbitals mainly contribute to occupied states, while
the opposite is true for Ga orbitals in unoccupied states. In
terms of the orbital-projected density of states (DOS), the van
Hove singularities of the Ga-/Ge-(4s, 4px, 4py, and 4pz), Te-(5s,
5px, 5py, and 5pz) orbitals exhibit signicant mixing, leading to
sp3–sp3 orbital hybridizations in Ge–Ge/Ga–Ge/Ga–Te chemical
bonds. The disappearance of about 0.68 eV of DOS around the
Fermi level (according to DFT theory) reects the narrow indi-
rect gap semiconductor nature of the GaGeTe monolayer
(Fig. 3(a)). The interesting properties of DOS are expected to
govern the optical excitations of GaGeTe monolayer, such as the
threshold frequency and prominent absorption structures
which are closely related to the specic orbital hybridizations.

To fully understand the featured properties of the GaGeTe
monolayer, we also discussed its optical properties which
ignore both electron–electron and electron–hole interactions.
Fig. 6(a) depicts the real part 31(u), the imaginary part 32(u) of
RSC Adv., 2023, 13, 19464–19476 | 19471
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Fig. 8 (a) The imaginary part of dielectric functions, the green lines are the oscillator strength of the optical transitions. The E1 and E2 are exciton
peaks, (b) the real part of dielectric functions, as well as, (c) energy loss functions with and without excitonic effects (consider in-of-plane as an
example). Noted: the red (black) curves are with (without) excitonic effects.
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the dielectric functions of the GaGeTe monolayer, revealed by
dash red and solid black curves, respectively. The optical
properties of the GaGeTe monolayer are reported in the energy
range of up to 10 eV. The optical gap should be larger than the
band gap energy of 0.70 eV because of the conservation of
momentum. In addition to the optical gap, many prominent
peaks are predicted, namely P1–P5 (represented by cyan arrows).
These prominence peaks are related to the vertical excitation of
electrons from occupied states to unoccupied ones as can
observe in Fig. 6(b). The close relationship between optical
excitations and orbital hybridizations in the van Hove singu-
larities is designated in Fig. 6(c).

The energy loss function (ELF) as can see in Fig. 7(a) is an
important parameter to predict the collective excitation of
19472 | RSC Adv., 2023, 13, 19464–19476
charges, and thus connect with plasma resonance. The theo-
retical prediction indicated that the exhibit of only one promi-
nence plasmon mode at up = 8.0 eV for the polarization of EM
along the in-plane direction. The purely p plasmon is similar to
that of graphene is disappeared due to the signicance of sp3–
sp3 hybridizations.

In addition, Fig. 7(b) and (c) investigated the absorption
a(u), reectance spectra R(u) of the GaGeTe monolayer,
respectively. In general, the reectance spectra are relatively
small in the solar radiation energy interval, while the average
absorption coefficient value a(u) is rather large for the GaTe
monolayer,52 and thus, the GaGeTe 2D crystal is predicted to
exhibit a strong absorption and weak reectance ability in the
visible spectrum.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) The absorbance (×104 cm−1), and (b) reflectance spectra of the GaGeTemonolayer with and without excitonic effects by showing red,
and black curves, respectively.
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3.2 Excitonic effects

Excitonic effects refer to the behavior of bound electron–hole
pairs (excitons) through Coulomb interactions, which are
fundamental concepts in solid-state physics. The presence of
exciton states will play signicant roles in the optical absor-
bance spectra, such as inducing a redshi of the optical gap,
modulating the absorbance spectra, and increasing optical
excitation probabilities. The optical properties of the GaGeTe
monolayer systems with and without excitonic effects will be
investigated in this session. Here, we used G0W0 plus BSE
technique to yield a more accurate result by computing the
physical effects of the electron–electron and electron–hole
interactions.

The imaginary part of the dielectric functions (red and black
line) and the oscillator strength of the optical transitions (green
bars) of the GaGeTe monolayer, imply the weakly bound nature
of exciton as depicted in Fig. 8(a). In the case of the absence of
excitonic effect (without electron–hole interactions), shown in
the black curves, the optical gap or threshold frequency is equal
to 2.30 eV which is larger than the band gap energy of 2.10 eV
(GW method) due to the conservation of momentum. In addi-
tion to the optical gap, many prominent peaks appear in the
imaginary part of dielectric functions. Across various levels of
analysis, it was observed that the general shape of the spectra
remained consistent. For comparison DFT level, the optical gap
of the imaginary part of the dielectric function without excitonic
effect (G0W0 level) produced a signicant blue shi. In addition,
© 2023 The Author(s). Published by the Royal Society of Chemistry
the most important physical effect in the presence of excitonic
effect was the appearance of some bound excitons below the
band gap of GW level. In the case of the presence of excitonic
effect (hole–electron interactions), showing red curves, we have
two excitonic states with a very strong oscillator strength,
namely E1, and E2. The two peaks appear at 1.70 eV, and 2.30 eV
in the optical spectrum of the GaGeTe monolayer (see Fig. 8(a)),
originating primarily from the optical transitions at the high
symmetry points. Moreover, the calculated optical gap value
rather matches the experimental optical gap of 1.12 eV.53

The Kramers–Kronig relation provides a close connection
between the real and imaginary components of the dielectric
function, resulting in the simultaneous appearance of the pair
of prominent peaks in both the real and imaginary parts. It is
well known that the polarizability of a material can be estimated
by the real part of the dielectric function. The static values
(dashed green circles) of the real part of the complex dielectric
function at u = 0 are depicted in Fig. 8(b) are 4.0 (with excitonic
effect), and 3.50 (without excitonic effect) to compare the DFT
level of 4.8 (Fig. 6(a)). From the real part of the dielectric func-
tion with excitonic effect, negative values appear at z3.0 eV.
This shows the metallic nature of the GaGeTe monolayer in the
ultraviolet (UV) part of the electromagnetic spectrum. Moreover,
the obtained zero-points of dielectric functions are equal to
8.60 eV (with excitonic effects). As previously indicated, one way
to explain the coherent behavior of the free electrons is via the
zero points in the real and imaginary parts of the dielectric
functions (Fig. 8(a) and (b)). The strongest peak in ELF, as
RSC Adv., 2023, 13, 19464–19476 | 19473
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illustrated in Fig. 8(c), is about up = 8.60 due to almost
complete un-damping of the Plasmon resonances. The Ga-/Ge-
(4s, 4px, 4py, and 4pz) and Te-(5s, 5px, 5py, and 5pz) signicant
orbitals are responsible for this strongest peak.

Herein, we also showed the absorbance and reectance
spectra with/without excitonic effects of the GaGeTe monolayer
as plotted in Fig. 9(a) and (b). Indeed, the absorption coefficient
and the reectance of solid-state materials are two general
optical phenomena and reect the principal characteristics of
single and coherent excitations. As evident in Fig. 9(a), when
photon energy is smaller than the onset frequency, the
absorption coefficient a(u) vanishes due to lacking electronic
excitation, while the reectance R(u) is weakly dependent on the
frequency with the reective index is equal 0.11. However, both
R(u) and a(u) are altering dramatically and sensitively to the
excitation events above the threshold frequency. Regarding the
absorption coefficient, these curves quickly increased as a result
of the numerous inter-band transitions, with the Plasmon
frequencies showing the most noticeable change as a result of
the participation of the collective excitations. The inverse values
of the absorption coefficient are between 50 Å and 100 Å for the
lack and presence of the excitonic effect, respectively, showing
that the abundant electronic excitations readily absorb the EM
waves as they travel through the medium. On the other hand,
the reectance increases noticeably and exhibits signicant
variability. In the case of the presence of excitonic effect as an
example, the reectance has a 55% variation at the resonance
frequency, leading to the prominence associated with the
plasmon mode (up).

4. Conclusions

In this study, according to the delicate density functional theory
simulations and analyses under the atom- and orbital-
decomposed quasi-particle framework, the GaGeTe monolayer
exposed interesting electronic and optical properties. The
GaGeTe monolayer achieved many rich-physical and chemical
pictures. The diversied properties and potential application of
other semiconductor materials could fully comprehend.
Indeed, the GaGeTe monolayer exhibited sp3 bonds/
hybridizations, a highly non-uniform/anisotropic chemical
environment, the atom-dominated energy spectra within the
specic energy ranges, the orbital-related charge density
deformations, and the merged van Hove singularities across the
Fermi level. On the other hand, the GaGeTe monolayer has
buckling symmetry, characterized by the different heights of the
Te–Ga–Ge–Ge–Ga–Te sequence in a unit cell. The GaGeTe
monolayer possesses an indirect band gap semiconductor for
0.68 eV, 0.59 eV, 0.67 eV, and 2.16 eV of DFT, DFT + SOC, HSE,
and GW levels, respectively. More importantly, the obtained
results in electronic properties are associated with the optical
response by orbital hybridizations in chemical bonds, including
the dielectric function, energy loss function, low reectance,
and a strong absorption coefficient.

In summary, the study concludes that the GaGeTe mono-
layer examined has wide gap semiconductor/strong excitonic
effects, and low effective mass/high carrier mobility, which
19474 | RSC Adv., 2023, 13, 19464–19476
makes them strong candidates for the use of electronic, and
optoelectronic applications. Furthermore, the examination
conducted in this study can be useful for studying other
graphene-like semiconductor materials and emerging
materials.26,30,54–56 We encourage experimental research to verify
our theoretical ndings.
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G. Géranton, M. Gibertini, D. Gresch, C. Johnson and
T. Koretsune, Wannier90 as a community code: new
features and applications, J. Phys.: Condens. Matter, 2020,
32(16), 165902.
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