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In this work, defect engineering and doping are proposed to effectively functionalize a germanium sulfide
(GeS) mononolayer. With a buckled hexagonal structure, the good dynamical and thermal stability of the
GeS monolayer is confirmed. PBE(HSEO6)-based calculations assert the indirect gap semiconductor
nature of this two-dimensional (2D) material with a relatively large band gap of 2.48(3.28) eV. The
creation of a single Ge vacancy magnetizes the monolayer with a total magnetic moment of 1.99 ug,
creating a the feature-rich half-metallic nature. Vas vacancy, Vages divacancy, Sge and Ges antisites
preserve the non-magnetic nature; however, they induce considerable band gap reduction of the order
47.98%, 89.11%, 29.84%, and 62.5%, respectively. By doping with transition metals (TMs), large total
magnetic moments of 3.00, 4.00, and 5.00 ug are obtained with V, Cr—Fe, and Mn impurities,
respectively. The 3d orbital of TM dopants mainly regulates the electronic and magnetic properties,
which induces either the half-metallic or diluted magnetic semiconductor nature. It is found that the
doping site plays a determinant role in the case of doping with VA-group atoms (P and As). The GeS

monolayer can be metallized by doping the Ge sublattice, meanwhile both spin states exhibit
Received 20th November 2023 . duct h t ith st . larizati doning the S sublattice to obtai diluted
Accepted 15th December 2023 semiconductor character with strong spin polarization upon doping the S sublattice to obtain a dilute
magnetic semiconductor nature with a total magnetic moment of 1.00 ug. In these cases, the

DOI: 10.1039/d3ra07942b magnetism originates mainly from P and As impurities. The obtained results suggest an efficient
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1. Introduction

For many years, the number of transistors per chip in the
electronics industry followed Moore's law, that is, it doubled
every two years." Nowadays, Moore's law is gradually losing its
effects for conventional electronics based on electron charge,
due to the demand of new alternatives with low energy
consumption and high processing speed. In this regard,
different solutions have explored including nanoelectronics,**
molecular electronics,”® and spintronics.*” Between them,
spintronics or spin-based electronics emerges as a promising
solution rapidly replacing silicon-based electronics, in which
the electron is counted as an additional degree of freedom
(rather than its charge) for information storage and processing.

“Institute of Theoretical and Applied Research, Duy Tan University, Ha Noi 100000,
Vietnam. E-mail: dominhhoat@duytan.edu.vn

*Faculty of Pharmacy, Duy Tan University, Da Nang 550000, Vietnam

“Center for Forecasting Study, Institute of Southeast Vietnamese Studies, Thu Dau Mot
University, Binh Duong Province, Vietnam. E-mail: onvw@tdmu.edu.vn

Universidad Nacional Auténoma de Meéxico, Centro de Nanociencias y
Nanotecnologia, Apartado Postal 14, Ensenada, Baja California, Codigo Postal
22800, Mexico

Faculty of Natural Sciences, Duy Tan University, Da Nang 550000, Vietnam

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra07942b

© 2024 The Author(s). Published by the Royal Society of Chemistry

approach to functionalize the GeS monolayer for optoelectronic and spintronic applications.

The era of spintronics started with the discovery of the giant
magnetoresistive effects (GMR) in 1988 in a thin-film two-
layered material composed of one ferromagnetic layer and the
other non-magnetic, whose resistance can be controlled by
aligning the magnetic moments.*® Besides, the identification of
tunnel magnetoresistance (TMR) is also marked as an impor-
tant milestone for the development of spintronics, which occurs
in a magnetic tunnel junction composed of two ferromagnetic
layers separated by one semiconductor or insulator layer.
Herein, the resistance of the material exhibits significant
change due to the application of the external magnetic field.">**
So far, different devices based on spintronic phenomena have
been fabricated as spin photodiodes,">** spin field-effect tran-
sistors,'>"* and spin LED.'®" The development of spintronics
has been extended past Moore's law. One of the biggest chal-
lenges of this field is the generation of fully spin-polarized
carriers, therefore great effort in both scientific research and
industry has been made to develop new spintronic materials,
where half-metallic and diluted magnetic semiconductor
candidates have gained special attention.*®*®

It is well known that materials exhibit novel properties
different from their bulk counterparts, when thinned to their
physical limits. Since the discovery of graphene,* researchers
have exploited two-dimensional (2D) materials for a wide range
of applications as electronics and optoelectronics,*"*

RSC Adv, 2024, 14, 2481-2490 | 2481


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07942b&domain=pdf&date_stamp=2024-01-12
http://orcid.org/0000-0003-4835-4505
https://doi.org/10.1039/d3ra07942b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07942b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014004

Open Access Article. Published on 12 January 2024. Downloaded on 11/10/2025 12:04:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

catalysis,”?* energy storage,”>*° gas sensing,””*® biomedical and
environment,”?* and spintronics.***> To date, 2D materials
such as graphene,* silicene,* phosphorene,* and transition
metal dichalcogenides (TMDs),* provide excellent platforms for
spintronic nanodevices. However, these 2D candidates are
mostly non-magnetic, such that a spin injection process is
needed which may affect the polarization efficiency.*”** There-
fore, different solutions have been developed including
magnetic engineering,**** and seeking new magnetic 2D mate-
rials containing transition metals or earth rare metals.***> The
former approach has been widely investigated through defect
engineering and doping, which has lead to the emergence of
novel magnetism with feature-rich half-metallicity or diluted
magnetic semiconducting in non-magnetic 2D materials suit-
able for spintronic applications. Experimentally, high-energy
ion or atom bombardment is employed to create defects and
realize further doping.*>**

Stimulated by the increasingly fast growth of research on 2D
materials, group-IV monochalcogenides semiconductor mono-
layers have been investigated by various research groups***®
using first-principles calculations. Between them, the germa-
nium sulfide (GeS) monolayer is found to possess high carrier
mobility,"” giant piezoelectricity,”® and low thermal conduc-
tivity.* However, most investigations consider the black
phosphorene-like structure, while the buckled hexagonal
configuration has not been predicted despite its versatility for
a large variety of 2D materials. In this work, the buckled
hexagonal GeS monolayer with good structural stability is pre-
dicted. It is anticipated that this 2D material is a non-magnetic
indirect gap semiconductor with relatively large band gap,
therefore point defects and doping are proposed as efficient
functionalization approaches. Significant magnetism with
feature-rich half-metallic or diluted magnetic semiconductor
nature as well as band gap reduction, can be achieved to make
the GeS mononolayer more suitable for optoelectronic and
spintronic applications.

33 35

2. Computational details

First-principles calculations are performed using the Vienna ab
initio simulation package (VASP),>**' implementing density
functional theory (DFT).”> the electron exchange-correlation
potential is treated within the Generalized Gradient Approxi-
mation of the Perdew-Burke-Enzerhof (GGA-PBE),*® while the
projector augmented wave (PAW) method describes the elec-
tron-ion interactions. In order to get a proper description of 3d
electrons, the DFT + U approach® is adopted. Herein, effective
Hubbard parameter U, values of 3.25, 3.70, 3.90, and 5.40 eV
are employed for V, Cr, Mn, and Fe transition metals, respec-
tively, which have been used previously by various research
groups.”® The plane wave basis is truncated with a cutoff energy
of 500 eV. The self-consistency criterion for energy is set to
107° eV. For structural relaxation, the Hellmann-Feynman
forces are less than 0.01 eV A™'. A Monkhorst-Pack k-mesh®® of
20 x 20 x 1 is generated to sample the first Brillouin zone of the
unit cell, while that of a 4 x 4 x 1 supercell is integrated with
the k-grid of 4 x 4 x 1. The electronic band structures are
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calculated along the M-T"-K-M direction, which can be gener-
ated using the AFLOW code at https://aflowlib.org/aflow-online/
.7 The vacuum thickness larger than 14 A is inserted along the z
axis perpendicular to the monolayer plane, which is large
enough to avoid the interactions between adjacent layers.

Using the small displacement method as embedded in
PHONOPY code,®a 4 x 4 x 1 supercell is generated to calculate
the phonon dispersion curves of the GeS monolayer. In addi-
tion, Ab Initio Molecular Dynamic (AIMD) simulations are also
performed to verify its thermal stability using the canonical
ensemble NVT (Nose-Hoover thermostat).

The effects of point defects and doping are investigated
using a 4 x 4 x 1 supercell, which is large enough to minimize
the interactions between defects/impurities. A single vacancy is
modelled by removing a Ge or S atom, while the doping is
generated by filling the vacancy with a foreign atom. These
cases correspond to a defect/dopant concentration of 6.25%.
Details of all the relaxed structures are given in the ESI file.t The
formation energy of defects Ey as well as doping energy Eq are
calculated as follows:

Eyg = Ey — EGes + fra — Mia (1)

where E; and Eg.s are the total energy of the considered system
and pristine GeS monolayer, respectively; while chemical
potential of the removed atom (ra) and incorporated atoms (ia)
are denoted by u., and wui,, respectively. Then, cohesive energy
E. is also determined to examine the structural-chemical
stability of the considered systems using the following
expression:

E — > n,E,
a

E=
X

(2)

herein, n, is the number of atom “a” in the system and E, refers
to the energy of the isolated atom “a”.

3. Results and discussion

3.1 Stability and electronic properties of a pristine GeS
monolayer

As a starting point, the stability of a GeS monolayer in the
buckled honeycomb structure is examined. Fig. 1a shows a 4 x
4 x 1 supercell with 16 Ge atoms and 16 S atoms, each hexag-
onal ring is formed of three alternating Ge atoms and three S
atoms. A unit cell contains two inequivalent atoms (one Ge
atom and one S atom), which is described using the following
parameters obtained from the structural relaxation: (1) lattice
constant a = b = 3.49 A; (b) buckling height 4. s = 1.36 A; (3)
chemical bond length dg._s = 2.43 A; and (4) interatomic angles
£GeSGe = £SGeS = 91.69°. The GeS monolayer structural
wrinkle is confirmed by either significant buckling height or an
interatomic angle different to 120° (despite the constituent
atoms forming the honeycomb arrangement). With two atoms
in the primitive cell, phonon dispersion curves of the GeS
monolayer are composed of six modes (see Fig. 1b). Phonon
calculations yield no imaginary phonon frequency around the I'

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Atomic structure (Ge atom: violet ball; S atom: yellow ball),
(b) phonon dispersion curve, and (c) AIMD simulation at 300 K (inset:
atomic structure after 5 ps) for the GeS monolayer.

point, indicating that the GeS monolayer is dynamically stable.
To further verify its thermal stability, ab initio molecular
dynamic (AIMD) simulations are also performed at 300 K for 5
ps. From Fig. 1c, regular and small fluctuations of temperature
and energy can be noted during simulations, suggesting the
good thermal stability of the GeS monolayer. Moreover, the
visualization of the structure after 5 ps of simulation demon-
strates the preservation of the initial configuration without any
structural destruction.

Once the structural stability is verified, the GeS monolayer
electronic properties were investigated. Fig. 2 shows the calcu-
lated band structure, projected density of states (PDOS), and
charge density distribution. From panel (a), one can observe
a forbidden energy region formed by the valence band
maximum along the I'K direction and conduction band
minimum along the MI" direction. This feature indicates the
indirect gap semiconductor character of the GeS monolayer.
The standard PBE and hybrid HSE06 functional, yield an energy
gap of 2.48 and 3.28 eV, respectively. Because of the 25% frac-
tion of the exact Hartree exchange potential,™ HSE06 may
provide a more accurate electronic band gap of the GeS
monolayer, such that 3.28 eV is expected to be close to the
experimental value. The PDOS spectra in panel (b) indicate that
in the energy range —4 to 6 eV, Ge-4s, Ge-4p, and S-3p orbitals
are the main components of the band structure. The upper part
of the valence band is constructed mainly of Ge-s, Ge-p,., and S-
p: states. The lower part of the conduction band originates
mainly from the p,, py, and p, states of both constituent atoms.
The PDOS profile suggests significant electronic hybridization
between the Ge and S atoms, consequently their chemical bond
is predominantly covalent. This feature is further confirmed by
the charge density illustrated in panel (c), where a large charge
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Fig. 2 (a) Electronic band structure (the Fermi level is set to 0 eV), (b)
projected density of states, and (c) charge density distribution (iso-
surface value: 0.05 e A~3) of the GeS monolayer.

quantity is accumulated at the Ge-S bridge. However, the ionic
character should not be ignored due to the directionality of
charge distribution towards the S atom, due to its more elec-
tronegative nature. The Bader charge analysis asserts that
a charge quantity of 0.70e is transferred from the Ge atom to the
S atom, following the rule of electronegativity.

3.2 Effect of point defects

Herein, different point defects in the GeS monolayer are
investigated, which are denoted as follows: (1) Vage: single Ge
vacancy; (2) Vag: single S vacancy; (3) Vages: Ge + S divacancy; (4)
Sce: antisite defect formed by replacing one Ge atom by one S
atom; and (5) Geg: antisite defect formed by replacing one S
atom by one Ge atom. The calculated formation energies are
given in Table 1. Note that the formation of the Sg. defect is
energetically most favorable with an E¢ value of 1.92 eV, while
creating the Vag.s divacancy is most difficult, requiring the
supply of the largest additional energy of 3.13 eV. In addition,
negative cohesive energies between —3.70 and —3.66 eV per

Table 1 Formation energy E; (eV), cohesive energy E. (eV), electronic
band gap E4 (eV; spin-up/spin-down; M: metallic), and total magnetic
moment M (ug) of the GeS monolayer with defects

E; E, Eg M,
Vage 2.55 —3.67 2.27/M 1.99
Vag 2.23 —3.69 1.29/1.29 0.00
Vages 3.13 —3.66 0.27/0.27 0.00
Sge 1.92 —3.67 1.74/1.74 0.00
Ges 2.13 —3.70 0.93/0.93 0.00

RSC Adv, 2024, 14, 2481-2490 | 2483


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07942b

Open Access Article. Published on 12 January 2024. Downloaded on 11/10/2025 12:04:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

atom indicate that the systems with defects are structurally and
chemically stable. It is worth mentioning that these values are
slightly less negative than that of the pristine monolayer (—3.75
eV), suggesting a slight reduction of the structural-chemical
stability after creating point defects in the GeS monolayer.

Fig. 3 shows the calculated band structures of the GeS
monolayers with defects. From the figure, one can see the spin
polarization (mostly at the upper part of the valence band and
lower part of the conduction band) of the Vag. system, mean-
while the band structures are spin-symmetric (without spin
polarization) in the remaining cases. According to our simula-
tions, the half-metallic nature is induced by a single Ge vacancy
generated by a semiconductor spin-up state with an energy gap of
2.27 eV and metallic spin-down state. Despite preserving the non
magnetic nature of the GeS monolayer, the creation of other
defects effectively tunes the electronic band gap. Specifically, gap
values of 1.29, 0.27, 1.74, and 0.93 eV are obtained for Vag, Vages,
Sce, and Geg system, respectively. These values correspond to
a reduction of the order of 47.98%, 89.11%, 29.84% and 62.5%
from that of the perfect monolayer, respectively. Note that the
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Fig. 3 Spin-polarized band structure (the Fermi level is set to 0 eV;
black curve: spin-up state; red curve: spin-down state; green curve:
non spin polarization) of the GeS monolayer with point defect types:
(@) Vage, (b) Vas, (c) Vages, (d) Sce, and (e) Ges.
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band gap reduction is derived from the appearance of new
middle-gap states around the Fermi level.

The total and atom-decomposed density of states (DOS) of
the systems with defects are displayed in Fig. 4.

Undoubtedly, the electronic modification is derived from the
interactions of atoms around the defect sites:

1. The spin-down state metallization of the Vag. system is
attributed to S atoms.

2. The band gap of Vg and Geg systems is determined mainly
by the Ge atoms since their electronic states dominate the upper
part of the valence band and lower part of the conduction band
(new middle-gap states).

3. The upper part of the valence band and lower part of the
conduction band of the Vages system are formed by S and Ge
atoms, respectively.

4. The electronic properties of the Sge system are regulated
mainly by S atoms that form new middle-gap electronic states
around the Fermi level.

Spin-polarized band structure and DOS spectra give evidence
to the GeS monolayer magnetization induced by a single Ge
vacancy, which is confirmed by a total magnetic moment of 1.99
ug. Fig. 5 illustrates the spin density in the Vag, system. Note
that the spin surfaces are centered mainly at the S atoms around
the vacancy site, indicating the key role of these atoms in
magnetizing the GeS monolayer. Further calculations of pro-
jected density of states (PDOS) of the S atoms closest to the
defect site indicate that the magnetism originates mainly from
the S-p, state, which is also responsible for the spin-down state
metallization (see Fig. 6).

3.3 Effects of doping with transition metals

In this part, the effect of doping the GeS monolayer with tran-
sition metals (TMs =V, Cr, Mn, and Fe) is investigated. TMge
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Fig. 4 Total and atom-decomposed density of states of the GeS

monolayer with point defect types: (a) Vage, (b) Vas, (c) Vages, (d) Sge.
and (e) Ges.
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Fig. 5 Spin surface (iso-surface value: 0.01 e A=%) in GeS monolayer
with a single Ge vacancy.
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Fig. 6 Projected density of states of S atoms closest to the defect site
in the GeS monolayer with single Ge vacancy.

notation refers to the case of doping the Ge site with a TM. The
calculated doping energies are listed in Table 2. Negative Eq
values indicate the exothermic process of doping with V (—0.09
eV) and Cr (—0.51 eV), while doping with Mn and Fe are endo-
thermic processes as suggested by the positive doping energies
of 0.01 and 1.07 eV, respectively. Cr doping is energetically most
favorable due to a most negative doping energy, meanwhile Fe
doping requires the largest additional energy of 1.07 eV. The
calculated cohesive energies exhibit slight variation between
—3.75 and —3.67 eV, where its negative feature implies the good
structural-chemical stability of the GeS monolayer doped with
transition metals.

Fig. 7 shows the calculated spin-polarized band structures of
TMs-doped GeS monolayers. Note that all the TMs impurities

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Doping energy Eq4 (eV), cohesive energy E. (eV), electronic
band gap Eq (eV; spin-up/spin-down; M: metallic), charge transferred
from impurity AQ (e; charge loss and charge gain are denoted by "+"
and "—", respectively), and total magnetic moment M, (ug) of the atom-
doped GeS monolayer

Eq E, Ey AQ M,
Ve —0.09 —3.75 1.55/2.4 +1.10 3.00
Crge —0.51 —3.67 M/2.46 +0.96 4.00
Mnge 0.01 —3.69 2.01/2.39 +1.02 5.00
Fege 1.07 —3.72 2.26/M +0.85 4.00
Pge 1.61 —3.69 MIM +0.56 0.00
Ps 1.55 —3.71 1.94/0.85 —0.51 1.00
ASGe 1.52 —3.68 MIM +0.55 0.84
Ass 1.54 —3.70 1.91/0.74 —0.31 1.00

Energy (eV)

Energy (eV)

Fig. 7 Spin-polarized band structure (the Fermi level is set to 0 eV;
black curve: spin-up state; red curve: spin-down state) of (a) V-, (b) Cr-
, (¢) Mn-, and (d) Fe-doped GeS monolayer.

induce significant spin polarization with the appearance of new
middle-gap energy states around the Fermi level. It is found
that V and Mn doping lead to the emergence of the diluted
magnetic semiconductor nature with semiconductor behavior
in both spin channels. The spin-up/down energy gaps are 1.55/
2.40 and 2.01/2.39 eV, respectively. Meanwhile, one of the spin
states is metallized by doping with Cr and Fe, and the semi-
conductor character is preserved in the other one with a band
gap of 2.46 and 2.26 eV, respectively. The band structures profile
implies that Cr- and Fe-doped GeS monolayers are half-metallic
2D materials with perfect spin polarization of 100%. Results
suggest that TMs doping is an efficient way to induce feature-
rich diluted semiconductor and half-metallic nature in the
GeS monolayer, which are suitable for spintronic applica-
tions.®*®* Once incorporated in the GeS monolayer, transition

RSC Adv, 2024, 14, 2481-2490 | 2485
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metals may undergo charge loss, transferring charge to the host
monolayer (mostly to S atoms closest to the doping site). This
feature is confirmed by the Bader charge analysis, where results
assert the transfer of 1.10, 0.96, 1.02, and 0.85e from V, Cr, Mn,
and Fe impurities, respectively. The charge transfer may
generate an ionic chemical bond between transition metals and
their neighbor S atom, which is further investigated by the
electron localization function (see the illustrations in Fig. S1 of
the ESI filet). Results show a void in the region between TMs
impurities and their neighbor atoms. In other words, there is
a negligible electron localization in the region between TMs and
their neighbor, indicating that the TM-S chemical bonds are
predominantly ionic.

Highly spin-polarized band structures evidence the magne-
tization of the GeS monolayer induced by doping with transition
metals. According to our simulations, total magnetic moments
of 3.00, 4.00, and 5.00 are obtained in the V-, Cr(Fe)-, and Mn-
doped systems, respectively. Results indicate the emergence of
significant magnetism, whose origin is further investigated by
the illustration of spin density and the PDOS spectra of
magnetizing atoms in the systems as follows:

1. Fig. 8 illustrates the spin density in a TM-doped GeS
monolayer. Note that spin surfaces are centered mainly at TMs
sites, indicating that magnetic properties are produced mainly
by V, Cr, Mn, and Fe impurities.

2. The DOS spectra displayed in Fig. 9 show that TMs
impurities generate new middle-gap electronic states around
the Fermi level. Specifically, V-d»~d,,-d,- and Mn-d,,~d,- states
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Fig. 8 Spin surface (iso-surface value: 0.02 e A=) in (a) V-, (b) Cr-, (c)
Mn-, and (d) Fe-doped GeS monolayer.
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Fig. 9 Total and projected density of states of transition metal
impurities in (a) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped GeS monolayer.

are responsible for the spin-up band gap reduction in V- and
Mn-doped systems, respectively. In the remaining cases, the
spin-dependent metallization is induced by Cr-d,,~d,,-d,> and
Fe-d,,-d,> states. The spin polarization in PDOS spectra
evidence that magnetism is produced mainly by the TMs-3d
orbital, indicating its key role in regulating the TMs-doped
GeS monolayer electronic and magnetic properties.

3.4 Effects of doping with VA-group atoms

Next, GeS monolayers doped with VA-group or pnictogen atoms
(P and As) are investigated, where doping at both Ge and S
sublattices are considered for n- and p-doping, respectively. The
systems are denoted as follows: (1) Pg.: doping with P atom at
Ge site; (2) Ps: doping with P atom at S site; (3) Asge: doping with
As atom at Ge site; and (4) Ass: doping with As atom at S site.
From Table 2, one can see that doping with the P atom at the Ge
site requires slightly smaller energy than doping at the S site
(1.61 eV in comparison with 1.55 eV), meanwhile As doping
exhibits the opposite trend (1.52 eV compared to 1.54 eV). Once
formed, the doped systems may have good structural-chemical
stability as suggested by their negative cohesive energy between
—3.71 and —3.68 eV per atom.

Fig. 10 shows the calculated band structures of the GeS
monolayers doped with P and As atoms. Our calculations
evidence the emergence of new middle-gap flat energy branches
induced by doping with pnictogen atoms. The GeS monolayer is
metallized by doping with the P atom in the Ge sublattice,
where no spin polarization is obtained. In contrast, significant
spin polarization takes place in the remaining cases with the
emergence of new middle-gap energy states around the Fermi
level. The band structure profile indicates the diluted magnetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Spin-polarized band structure (the Fermi level is set to 0 eV;
black curve: spin-up state; red curve: spin-down state; green curve:
non spin polarization) of (a) P- (at the Ge site), (b) P- (at the S site), (c)
As- (at the Ge site), and (d) As-doping (at the S site) of the GeS
monolayer.

semiconductor nature of Ps and Ass systems, where spin-up/
down energy gaps of 1.94/0.85 and 1.91/0.74 eV are obtained,
respectively. Note that the spin-down values are considerably
smaller than the spin-up ones, which is a result of the new spin-
down energy state in the lower part of the conduction band
close to the valence band maximum. Meanwhile, the metalli-
zation is observed in both spin states of the Asg. system.
Undoubtedly the interactions between the VA-group impurities
and the host GeS monolayer play a key role in the ground state
properties of the doped systems. The Bader charge analysis
indicates the dopant role of the charge loss when doping at the
Ge sublattice, and of charge gain when doping at the S sub-
lattice. Specifically, P and As impurities transfer charge quan-
tities of 0.56 and 0.55e to the GeS monolayer when they are
incorporated at the Ge site, respectively. Meanwhile, they gain
charge of 0.51 and 0.31e, respectively, when replacing the S
atom in the GeS monolayer. The calculated electron localization
function indicates that P-S (in Pg. system) and As-S (in Asge
system) chemical bonds are predominantly ionic, where small
electron localization between P(As) and S atoms suggests
a small portion of covalent character (see Fig. S2+ of the ESI
filet). The covalent character becomes stronger in P-Ge (in the
Ps system) and As-Ge (in the Asg system) chemical bonds
considering the accumulation of electrons in the bridge
regions, such that they can be classified as covalent bonds.
The spin-symmetric band structure suggests no magnetism in
the Pge system, meanwhile the spin polarization may show
significant magnetization in the GeS monolayer by doping with
the P atom at the S sublattice and with the As atom at both

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 Spin surface (iso-surface value: 0.005 e A=) of (a) P- (at the S site),
(b) As- (at the Ge site), and (c) As-doped (at the S site) of the GeS monolayer.

sublattices. These features are confirmed by total magnetic
moments of 0.00, 1.00, 0.84, and 1.00 ug for Pge, Ps, Asge, and Asg
system, respectively. Further, the spin density is calculated to gain
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Fig.12 Total and projected density of states of VA-group impurities of
P- (at the Ge site), (b) P- (at the S site), (c) As- (at the Ge site), and (d) As-
doped (at the S site) of the GeS monolayer.
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insight into the origin of magnetism. The results illustrated in
Fig. 11 assert that magnetic properties are produced mainly by P
and As impurities considering large spin surfaces centered at their
sites, where the contribution of their neighbor is quite small.

To analyze in more detail, the contribution of P and As
impurities, their PDOS spectra are given in Fig. 12. It can be
seen that they make a significant contribution to both the
valence band and conduction band of the doped systems. Most
importantly, they produce new middle-gap energy states to
regulate the ground state electronic and magnetic properties of
the doped systems. Note that the s and p, states of impurities
are responsible for the metallic nature in the Pg. and Asge
systems. Meanwhile, the spin-dependent electronic band gaps
of the Pg and Asg systems are determined by the P-p, state that
generates both flat energy branches at the vicinity of the Fermi
level. From the figures, it can also be concluded that magnetic
properties are produced by P-p, and As-p, states in all cases,
where a small contribution to the Asg. system magnetism
comes also from the As-s state.

4. Conclusions

In summary, the electronic and magnetic properties of pristine,
defect, and doped buckled honeycomb germanium sulfide
monolayer have been systematically investigated using first-
principles calculations. The good dynamical and thermal
stability of the GeS single layer is confirmed by the calculated
phonon dispersion curves and AIMD simulations, respectively.
The Vag. defect induces half-metallicity with a total magnetic
moment of 1.99 ug, where magnetic properties are produced
mainly by the p, state of the S atoms closest to the vacancy site.
Meanwhile, other defects including Vas, Vages, Sge, and Geg
preserve the non-magnetic nature of the GeS monolayer.
However, they make new electronic states at the vicinity of the
Fermi level as a result of the interactions between atoms around
the defect sites. Consequently, the electronic band gap is
considerably reduced, which may favor the harvesting of light in
a wider regime. Either half-metallic or diluted magnetic semi-
conductor natures are achieved by doping with transition
metals (V, Cr, Mn, and Fe), where magnetism originates mainly
from the 3d orbital of the impurities. Moreover, n- and p-doping
are also considered by doping P/As atoms at the Ge and S
sublattice, respectively. Acting as a charge donor, P and As
impurities metallize the GeS monolayer. Meanwhile, the diluted
magnetic nature is obtained by p-doping, where the dopants are
charge acceptors. The Ps-Ass and Asge systems have total
magnetic moments of 1.00 and 0.84 ug, respectively, whose
electronic and magnetic properties are regulated mainly by the s
and p, states of pnictogen impurities. The results presented
herein may introduce defect and doped systems as promising
2D candidates for nano-optoelectronics and nano-spintronics,
where defects engineering and doping are proposed to effi-
ciently functionalize the GeS monolayer.
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