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Band structure and magnetism engineering of InSe
monolayers through doping with IVA- and VA-
group atoms: role of impurities

Nguyen Thi Han,? J. Guerrero-Sanchez® and D. M. Hoat & *<¢

In this work, we investigate the electronic and magnetic properties of the InSe monolayer enriched by
doping with IVA-group (Si and Ge) and VA-group (P and As) atoms. Both In and Se sublattices are
considered as doping sites to realize n- and p-type doping (X,@InSe and Xsc@InSe systems, X = Si, Ge,
P, and As), respectively. The pristine InSe monolayer is an indirect gap semiconductor with a band gap of
1.41 eV. n-Doping processes preserve the monolayer's nonmagnetic nature. IVA-group impurities lead to
monolayer metallization, while a considerable band gap reduction is induced by doping with VA-group
atoms. The band gap also decreases considerably when realizing p-type doping with IVA-group atoms.
In contrast, monolayer magnetization is achieved by p-type doping when replacing Se atoms with P and
As atoms, leading to the formation of new 2D magnetic semiconductors. In these cases, VA-group
impurities mainly produce the system’'s magnetism. Furthermore, our calculations also provide evidence
for the emergence of magnetism in the InSe monolayer through doping with pair impurities (pX@lnSe
systems), where Si2/Ge2 (incorporated at the Se sublattice) and P1/Asl (incorporated at the In sublattice)
dopant atoms play a key role in determining the electronic and magnetic properties of respective pair-
atom-doped systems. Herein, the magnetic semiconductor nature of pSi@lnSe and pGe@InSe systems is
confirmed, while pAs@InSe is found to be a half-metallic system. Our results suggest the usefulness of
doping with IVA- and VA-group atoms that can serve as an effective strategy to functionalize the InSe
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1. Introduction

In recent years, two-dimensional (2D) materials have attracted
enormous attention because of their unique capabilities and
properties. These materials form an important family that holds
promise for diverse applications including electronics and opto-
electronics,”” photonics,>* catalysis,>® gas sensing,”® biomedi-
cine,”'® energy storage,'*” and environmental treatment,'>'
among others. Undoubtedly, the most popular 2D material is
graphene, an atom-thick hexagonal structure of carbon atoms
arranged in a honeycomb configuration, which was obtained
experimentally for the first time by Novoselov et al.*> Remarkable
properties have been found for graphene, such as strong
mechanical and thermal stability, high thermal and electrical
conductivity, chemical inertness, and high area surface,'*"”
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monolayer, providing insights into the role of impuirities.

among others. However, as a consequence of its zero band gap,
the applications of graphene are considerably limited. Therefore,
band gap opening is an important step that has been achieved by
edge cutting’® or surface functionalization.” Beyond graphene
and its derivatives, many experimental and theoretical investiga-
tions have been performed in order to discover new 2D materials.
In this regard, a wide variety of 2D materials have been presented,
such as transition metal dichalcogenides — TMDs,**** transition
metal nitrides/carbides — also known as MXenes,**** IVA-group
and VA-group monoelementals and compounds,**” III-V group
compounds,*?* III-VI group compounds,**** and so on.
Recently, increasing research attention has been devoted to
2D semiconductor IIIA-monochalcogenides both experimen-
tally and theoretically. By using first-principles calculations,
researchers have demonstrated the semiconductor nature of
this 2D family, where the layer number is a determining factor
for the band gap.***” In their bulk counterparts, these materials
crystallize in a layered structure, in which the layers are coupled
to each other by weak van der Waals forces. Therefore, top-
down methods can be wused to thin down IIIA-
monochalcogenides in order to form 2D crystals. For instance,
Mudd et al* carried out the successful exfoliation of InSe
nanosheets with thickness down to a few manometers, which
exhibit strong quantum confinement. Single and few-layered
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InSe flakes have also been prepared by Petroni et al.** using the
liquid-phase exfoliation. Characterization studies demonstrate
the potential of the as-prepared materials for catalyzing the
hydrogen evolution reaction. Moreover, 2D InSe layers have also
been grown using bottom-up methods. Chang et al.*® synthe-
sized large-area InSe monolayers by chemical vapor deposition
(CVD), which were further employed to fabricate n-type field-
effect transistors with charge mobility up to ~30 cm®> V' s "
and an on/off ratio > r1,;; 10* at room temperature. Alternatively,
Zhou et al.** grew InSe monolayers with promising optoelec-
tronic and photosensitive performance using physical vapor
deposition (PVD).

Theoretically, several groups have investigated the effects of
defects, doping, and atom adsorption on the InSe
monolayer.*”~** However, doping with IVA-group and VA-group
atoms in InSe monolayers has not been investigated well, so
far. Moreover, the role of impurities is also an important issue
that should be clarified to provide deep insights into the effects
of doping. In this work, our main aim is to propose effective
methods to engineer the band structure and magnetism of InSe
monolayers through doping with IVA-group (Si and Ge) and VA-
group (P and As) atoms. It is found that the electronic and
magnetic properties depend strongly on the doping site that
presents either n-type doping (doping at the In sublattice) or p-
type doping (doping at the Se sublattice).

2. Computational details

On the basis of density functional theory (DFT)* implemented
in the Vienna ab initio Simulation Package (VASP),""** first-
principles calculations are performed employing the Perdew—
Burke-Ernzerhof formalism within the generalized gradient
approximation (GGA-PBE)* to describe the electron exchange-
correlation potential. The pristine InSe monolayer is investi-
gated using a unit cell containing 4 atoms, whose atomic
structure can be constructed by cleaving the monolayer from
the crystal structure of the bulk InSe compound.* In this case,
the Brillouin zone is sampled with a Monkhorst-Pack special k-
point mesh of 20 x 20 x 1.** A4 x 4 x 1 supercell is used to
study the doped InSe systems, with a k-grid size of 4 x 4 x 1. An
energy cutoff of 500 eV is set in all calculations. For electronic
self-consistency and ionic relaxation, the convergence criteria
are set to 1 x 10° eV for energy and 1 x 10~% eV A~ for Hell-
mann-Feynman force, respectively. To prevent interactions
between adjacent periodic layers (along the z-axis or perpen-
dicular direction), a vacuum space (more than 14 A) is intro-
duced between them.

The formation energy Er of the doped InSe monolayers is
calculated using the following equations for the cases of doping
at (1) the In sublattice, (2) the Se sublattice, and (3) the In + Se
pair sublattices, respectively:

Ey = EXim@InSe) — E(InSe) + pr, — px »
Er = E(Xsc@InSe) — E(InSe) + use — px (2)
Er = E(pX@InSe) — E(InSe) + up, + pse — 2ux (3)

1444 | Nanoscale Adv., 2025, 7, 1443-1451

View Article Online

Paper

where E(X;,@InSe), E(Xs.@InSe), and E(pX@InSe) are the total
energy of the doped systems (E(D@InSe)); E(InSe) denotes the
total energy of the pristine InSe monolayer; uy,, use, and ux refer
to the chemical potentials of In, Se, and dopant X atoms (X = Si,
Ge, P, and As), respectively. To verify their stability, cohesive
energy E. is computed as follows:

_ E(D@InSe) — niy E(In) — ns. E(Se) — nx E(X)
B Ny + Nse + nx

E. (4)
herein, the number of atoms A in the system and the energy of
an isolated atom A are denoted by n, and E(A) (A = In, Se, and
X), respectively.

3. Results and discussion
3.1 Pristine InSe monolayer

Fig. 1a shows the atomic arrangement of the InSe monolayer in
its unit cell that contains two formula units (two vertically
aligned In atoms between Se atoms in the atomic order: Se-In—-
In-Se). As a first step, we carried out the structural relaxation to
get the optimized structure, which is characterized by the
following parameters: (1) lattice constant a = 4.09 A; (2)
chemical bond lengths dy, g = 2.69 A and dp,_, = 2.81 A; (3)
interatomic angles <SeInSe = 99.08° and <SeInIn = 118.53°%
and (4) structural buckling height 4 = Age 1y + Ay + din-se =
1.28 + 2.81 + 1.28 = 5.37 A. The results are in good agreement
with previous calculations of the InSe monolayer.*>** Moreover,
they show good agreement with other calculations, for example,
the lattice constant of the InSe monolayer is larger than that of
the GaSe monolayer® or the InS monolayer** following the
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Fig.1 (a) Visualization of a unit cell, (b) phonon dispersion curves, and
(c) AIMD simulations at 300 K (final structure + variation of tempera-
ture and energy) of the InSe monolayer.
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criterion of atomic size. The stability of the InSe monolayer is
now examined based on the following criteria:

e Cohesive energy E. of the InSe monolayer is calculated
from its unit cell using the following expression:
B E(InSe) — 2E(In) — 2E(Se)

‘< 4
indicates good stabilization of the compound state of these 2D
materials once formed.

e The dynamic stability of the InSe monolayer is checked
through phonon dispersion spectra calculated with the PHO-
NOPY code,* which is interfaced with density functional
perturbation theory (DFPT). From the results plotted in Fig. 1b,
no imaginary frequency is found in the whole spectrum, con-
firming that the InSe monolayer is dynamically stable.

e We then perform ab initio molecular dynamic (AIMD)
simulations within the NVT ensemble using the Nose-Hoover
method*”*® to verify the thermal stability of the InSe monolayer
at 300 K. To prevent the constraints imposed by periodic
boundary conditions, a 4 x 4 x 1 supercell is adopted. From
the results given in Fig. 1c, one can see stable fluctuation of
temperature and energy. Moreover, the monolayer does not
undergo remarkable structural distortion after 5000 fs of
simulations. These results confirm that the InSe monolayer is
thermally stable at room temperature.

According to our results of cohesive energy, phonon calcu-
lations, and AIMD simulations, the InSe monolayer has
pronounced stability. Furthermore, we proceed to investigate its
electronic properties through the band structure and projected
density of states (PDOS). Considering the well known band gap
underestimation of the GGA-PBE functional, we also calculate
the band structure of the pristine InSe monolayer using the
hybrid functional HSE06 to get a more accurate band gap.*®
From Fig. 2a, it can be concluded that the InSe monolayer is an
indirect gap semiconductor as predicted by both employed
functionals considering the valence band maximum along the

. A negative E. value of —3.20 eV
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Fig. 2 (a) Electronic band structure and (b) projected density of states
(calculated with the PBE functional) of the InSe monolayer (horizontal
green line: the Fermi level is set to 0 eV).
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I'K path and the conduction band minimum at the I' point. Our
PBE- and HSEO06-based calculations provide band gap values of
1.41 and 2.16 eV, respectively. PDOS spectra in Fig. 2b assert
that the hybridization between In-p, and Se-p, states forms the
upper part of the valence band, while the In-s state primarily
forms the lower part of conduction band. The electronic
hybridization may produce the covalent In-Se chemical bond.
However, the difference in electronegativity between the In and
Se atoms may also introduce an ionic character through charge
transfer. Using Bader charge analysis, it is found that each In
atom loses 0.63e of charge that move towards Se atoms.

3.2 Effects of doping at the In sublattice: n-type doping cases

In this part, the effects of doping with IVA- and VA-group atoms
at the In sublattice on the InSe monolayer electronic and
magnetic properties are investigated. In these cases, two- and
one-electron n-type doping is realized, respectively, and we
denote the doped systems as X;,@InSe (X = Si, Ge, P, and As).
Applying eqn (1), E¢ values of 1.41, 1.28, 2.28, and 1.69 eV are
obtained for Si;,@InSe, Ge;,@InSe, P;,,@InSe, and As;,@InSe
systems, respectively. Note that Ge doping requires lower energy
than other processes, demonstrating that it is easier to realize.
Once formed, all X;,@InSe systems have negative E. values
between —3.21 and —3.18 eV per atom (see Table 1), which are
similar to that of the pristine InSe monolayer, asserting their
chemical-structural stability.

From our spin-polarized calculations, all four X,@InSe
systems have a zero magnetic moment, indicating that n-type
doping preserves the nonmagnetic nature of the InSe mono-
layer. According to Bader charge analysis, Si, Ge, P, and As
atoms transfer charge amounts of 1.13, 0.51, 0.13, and 0.31e to
the host monolayer, respectively. The absence of magnetism in
the doped InSe monolayers is also confirmed by the perfect
overlap of spin-up and spin-down orbitals in the band struc-
tures displayed in Fig. 3. Importantly, new mid-gap states are
induced by Si and Ge doping that extend through the Fermi
level, leading to the monolayer metallization. Meanwhile, the
results evidence the semiconductor nature of P;,@InSe and

Table 1 Formation energy E; (eV), cohesive energy E. (eV per atom),
electronic band gap Eg (eV; spin-up/spin-down; M: metallic), charge
transferred from impurity AQ (e; positive value: charge losing; negative
value: charge gaining), and the total magnetic moment M, (ug) of the
doped InSe monolayer

E; E, E, AQ M,
Siy@InSe 1.41 -3.21 M/M +1.13 0.00
Ger,@InSe 1.28 —3.20 M/M +0.51 0.00
P, @InSe 2.28 —-3.18 0.76/0.76  +0.13 0.00
Asi@InSe 1.69 —3.18 0.93/0.93 +0.31 0.00
Sig@InSe 3.01 —-3.18 0.83/0.83 —0.16 0.00
Geg.@InSe 2.46 -3.17 0.83/0.83 —0.16 0.00
Ps.@InSe 1.70 —-3.18 1.25/0.43 —0.58 1.00
Ass.@InSe 1.52 —3.17 1.25/0.39 —0.46 1.00
pSi@InSe 3.06 -3.21 0.86/0.95 +0.57/—0.04 1.00
pGe@InSe 2.56 —-3.19 0.88/0.68  +0.28/—0.09 1.00
pP@InSe 2.75 -3.18 M/M 0.00/—0.39 0.81
pAs@InSe 2.32 —3.17 0.62/M +0.15/—0.31 1.00
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Fig.3 Spin-polarized band structure of (a) Sij,@InSe, (b) Ge|,@lInSe, (c)
Pin@InSe, and (d) As;,@InSe monolayer (the Fermi level is set to 0 eV:
green horizontal line).

As;,@InSe systems, whose band gaps are considerably smaller
than that of the pristine InSe monolayer due to the appearance
of mid-gap states. Specifically, these doped systems have energy

View Article Online

Paper

gaps of 0.76 and 0.93 eV, respectively. Therefore, it can be
concluded that n-type doping with P and As atoms leads to
a band gap reduction on the order of 46.10% and 34.04% for the
InSe monolayer, respectively. The band gap reduction may
enhance the potential of the InSe monolayer for optoelectronic
applications, widening the working region.

Fig. 4 shows the PDOS spectra of impurities and their first
(Se) and second (In) nearest neighboring atoms to further study
the origin of monolayer metallization and band gap reduction.
In the Sij,@InSe and Ge;,@InSe systems, one can see that their
metallic nature originates primarily from Si(Ge)-s and In-s
states since they overlap with the Fermi level, where a small
contribution from the Se-p,, state is also confirmed. Mean-
while, the band gap reduction induced by P and As doping can
be attributed to two main factors: (1) P(As)-s, In-p,, and Se-p,,
states form mainly the mid-gap states below the Fermi level,
and (2) P(As)-py, and In-s states make a new lower part of the
conduction band. Furthermore, spin-up and spin-down states
of all orbitals overlap perfectly to evidence again the nonmag-
netic nature of X;,@InSe systems.

3.3 Effects of doping at the Se sublattice: p-type doping cases

Herein, we investigate the electronic and magnetic properties of
Xse@InSe systems (X = Si, Ge, P, and As), which are formed by
doping with X atoms at the Se sublattice to realize p-type doping
processes. Applying eqn (2), formation energies of 3.01, 2.46,
1.70, and 1.52 eV are obtained for Sig.@InSe, Ges.@InSe,
Ps.@InSe, and Ass.@InSe systems, respectively. These results
evidence that As doping is easier to achieve, requiring less
energy than other processes. It is important to mention that
IVA-group impurities may prefer to be doped at the In sublattice
rather than the Se sublattice, considering smaller E; values of
Sii,@InSe/Gey,@InSe systems in comparison with Sige@InSe/
Ges.@InSe systems. In contrast, the Se site is the preferred
doping site for VA-group impurities as confirmed by the
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Fig. 4 Projected density of states of impurities and their nearest neighboring In and Se atoms in (a) Sij,@InSe, (b) Ge;,@InSe, (c) Pj,@InSe, and (d)

As|,@lnSe monolayer (the Fermi level is set to 0 eV: green vertical line).
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calculated formation energies. Irrespective of the preferred
doping site, all the n- and p-doped systems are investigated to
clarify role of impurities. Once formed, all four Xs.@InSe
systems are stabilized as suggested by their negative E. values
between —3.17 and —3.18 eV per atom.

Our spin-polarized calculations demonstrate the nonmag-
netic nature of Sige@InSe and Ges.@InSe systems with zero
magnetic moments, confirming the preservation of the
nonmagnetic nature of the InSe monolayer upon doping with Si
and Ge atoms. Meanwhile, doping with VA-group impurities
produces an integer total magnetic moment of 1.00 up in the
InSe monolayer. The spin density in Ps.@InSe and Asg.@InSe
systems is illustrated in Fig. 5. From the figure, one can see that
spin surfaces are highly concentrated at P and As sites,
respectively. These results evidence that magnetic moments are
derived primarily from VA-group dopant atoms. Bader charge
analysis is carried out to assert the charge acquisition by
impurities when they are incorporated into the Se sublattice.
Specifically, Si/Ge, P, and As atoms attract charge amounts of
0.16, 0.58, and 0.46e from the host monolayer, respectively.

Fig. 6 shows the calculated spin-polarized band structures of
Xse@InSe systems. Importantly, a perfect coincidence is
observed for Sig.@InSe and Geg.@InSe systems, respectively. In
these cases, doping induces a new subband in the upper part of
valence band and mid-gap flat energy branches above the Fermi
level to reduce the monolayer band gap. Specifically, an energy
gap of 0.83 eV is obtained for both systems, which represents
areduction of 41.13% compared to the pristine InSe monolayer.
New mid-gap states are also produced by doping with P and As
atoms that do not go cross the Fermi level. However they appear
at different energy points (one below the spin-up Fermi level
and the other above the spin-down Fermi level) resulting in spin
polarization in the vicinity of the Fermi level. The band struc-
ture profiles evidence the magnetic semiconductor nature of
Ps.@InSe and Asg.@InSe systems, which may be introduced as
prospective spintronic candidates.>® Our calculations provide

o o

@ W
(@ (b) &
Q- Q Q %)

Fig. 5 Spin density (Iso-surface value of 0.005 e A~3) distributed in (a)
Psc@InSe and (b) Assc@InSe systems.
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Fig. 6 Spin-polarized band structure of (a) Sisc@InSe, (b) Ges.@InSe,
(c) Pse@InSe, and (d) Asse@InSe monolayer (the Fermi level is set to
0 eV: green horizontal line).

spin-up/spin-down energy gaps of 1.25/0.43 and 1.25/0.39 eV for
Ps.@InSe and Asg.@InSe systems, respectively.

PDOS spectra of impurities and their first (In) nearest
neighboring atoms are given in Fig. 7 to further study the
electronic structure and physical origin of magnetism. When
doping with IVA-group atoms, X-p,, states hybridize with In-
Pxy,z States to form a subband in the upper part of the valence
band, while the flat branches above the Fermi level primarily
originate from X-p, states. Meanwhile, the magnetic semi-
conductor nature of the Pg.@InSe and Ass.@InSe systems is
mainly due to the p, state of impurities since it generates mainly
the flat energy states around the Fermi level, where a small
contribution from In-p,, . states is also noted. The PDOS profile
also evidences the important role of P-p, and As-p, states in
producing the magnetism of Ps.@InSe and Asg.@InSe systems,
respectively.

3.4 Effects of simultaneous doping at In + Se sublattices

Now, doping with pair dopant atoms is proposed to modify the
InSe monolayer electronic and magnetic properties. The doped
systems are named pX@InSe (X = Si, Ge, P, and As), where X1
and X2 refer to impurity incorporated at the In sublattice and Se
sublattice, respectively. Applying eqn (3), E; values of 3.06, 2.56,
2.75, and 2.32 eV are obtained for pSi@InSe, pGe@InSe,

Nanoscale Adv, 2025, 7,1443-1451 | 1447


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na01013b

Open Access Article. Published on 23 Janner 2025. Downloaded on 25.02.2026 06:53:42.

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

(cc)

View Article Online

Nanoscale Advances Paper
(a) : (b) 5 (c) : ()
s s Si 6 Ge 4 P 4 As
o 4 4 3 2
g 2 l 2 f 0
b= -y - < -2
g : =iy ' - : \amn o _‘;’ .M:v 4% i
S— - 2 B
0 4 - 3 -s
o -6 -4
Tt 8 ¥ e
7 PY) 1.5 In 1.5 In
= In 15 In 1.0 1.0
° 1 1.0
3. 05 0.5 0.5
o0 —'—%—* 0.0 _'—w_‘. 0.0 0.0
§ 4 :’g 05 05
45 1.0 1.0
= S] 20 P, 15 Py 15 P
-2 -1 1 2 3 4 -2 -1 1 2 3 4 - -1 1 2 3 4 -2 -1 [ 1 2 3 4
Energy (eV) Energy (eV) Energy (eV) Energy (eV)

Fig. 7 Projected density of states of impurities and their nearest neighboring In atoms in (a) Sise@InSe, (b) Ges.@InSe, (c) Psc@InSe, and (d)

Assc@InSe monolayer (the Fermi level is set to O eV: green vertical line).

pP@InSe, and pAs@InSe systems, respectively. The results
indicate that doping with As-As pairs is energetically most
favorable and easier to realize as compared with other cases.

Fig. 8 Spin density (Iso-surface value of 0.005 e A=) distributed in (a)
pSi@lnSe, (b) pGe@lnSe, (c) pP@lnSe, and (d) pAs@lnSe systems.
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The calculated (negative-feature) cohesive energies (see Table 1)
suggest good structural and chemical stability of all four
pX@InSe systems once they have been formed.

It is found that the InSe monolayer is magnetized by doping
with pair IVA- and VA-group atoms, as confirmed by the nonzero
magnetic moments. Specifically, integer total magnetic
moments of 1.00 ug are obtained for pSi@InSe, pGe@InSe, and
pAs@InSe systems, while a smaller value of 0.81 ug is obtained

Energy (eV)

Energy (eV)

Fig. 9 Spin-polarized band structure of (a) pSi@lnSe, (b) pGe@lInSe, (c)
pP@lnSe, and (d) pAs@lnSe systems (the Fermi level is set to O eV:
green horizontal line).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Total density of states and atomic density of states of impurities of (a) pSi@InSe, (b) pGe@InSe, (c) pP@InSe, and (d) pAs@InSe systems (the

Fermi level is set to 0 eV: Green vertical line).

for the pP@InSe system. Fig. 8 visualizes the spin density in
pX@InSe systems, where different features are observed
depending on the nature of impurities. A high concentration of
spin surfaces indicates that magnetic moments of pSi@InSe
and pGe@InSe systems are produced primarily by Si2 and Ge2
dopant atoms. Meanwhile, P1 and Asl impurities produce
mainly the magnetic moments of pP@InSe and pAs@InSe
systems, respectively, with a small contribution from their first
nearest neighboring Se atoms. Furthermore, Bader charge
analysis indicates that X1 impurities act as charge donors, while
X2 dopant atoms are confirmed to act as charge acceptors. The
calculated charge quantities are listed in Table 1.

Fig. 9 shows the calculated spin-polarized band structures of
the InSe monolayer engineered by doping with pair atoms. In all
cases, the spin-up and spin-down channels around the Fermi
level show strong splitting with the appearance of new mid-gap
energy branches, further reflecting the engineered magnetism.
pSi@InSe and pGe@InSe are confirmed to be magnetic semi-
conductor systems since no energy branch overlaps with the
Fermi level. In these cases, spin-up/spin-down states have
energy gaps of 0.86/0.95 and 0.88/0.68 eV, respectively. In
contrast, both spin states of the pP@InSe monolayer exhibit
metallic character, confirming the monolayer metallization
induced by doping with pair P atoms. On the other hand,
metallic character is only observed for the spin-down state of
the pAs@InSe monolayer, while the semiconductor spin-up
state with an energy gap of 0.62 eV is obtained. These results
evidence the half-metallicity of the pAs@InSe monolayer that is
another desirable feature for spintronic applications.*

To further study the contribution of IVA- and VA-group
impurities, the total density of states and their atom-
decomposed density of states are given in Fig. 10. Focusing
on the region around the Fermi level, it is noted that Si2 and
Ge2 atoms mainly contribute to the mid-gap states of pSi@InSe
and pAs@InSe systems, respectively. Meanwhile, in pP@InSe

© 2025 The Author(s). Published by the Royal Society of Chemistry

and pAs@InSe systems, the mid-gap states are formed primarily
by the P1 and Asl dopant atoms to regulate the electronic
nature of the systems, respectively. Strong spin splitting also
confirms the role of Si2, Ge2, P1, and Asl in producing
magnetism in respective pair-atoms-doped systems. Therefore,
it can be concluded that the band structure and magnetism are
engineered mainly by the mentioned impurities.

4. Conclusions

Using the spin-polarized DFT calculations, we developed
a complete first-principles framework to investigate the feature-
rich properties of IVA and VA group atom-doped InSe mono-
layers, including electronic band structures, projected density
of states, and spin density distributions. The pristine InSe
monolayer possesses good structural, dynamical, and thermal
stability, exhibiting an indirect-gap semiconductor nature.
Atom substitution generates new mid-gap energy states that
determine the electronic and magnetic properties of the doped
InSe monolayers. No magnetism is induced by n-type doping,
where one electron doping metallizes the monolayer and two
electron doping decreases significantly the monolayer's band
gap. In these cases, the s states of impurities primarily
contribute to formation of mid-gap states. Regarding the p-type
doping process, two-hole doping results in a band gap reduc-
tion without magnetism, while one hole doping leads to
a magnetic semiconductor nature with a total magnetic
moment of 1.00 ug. Herein, the modification can be attributed
mainly to the p, state of the dopant atoms when forming mainly
the band structure around the Fermi level. Interestingly, the
substitution of pair IVA-group atoms makes new magnetic
semiconductor materials with a total magnetic moment of 1.00
up despite no magnetism being induced by a single impurity.
The electronic and magnetic properties of the pSi@InSe and
pGe®@InSe systems are regulated primarily by the dopant atoms

Nanoscale Adv., 2025, 7, 1443-1451 | 1449


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na01013b

Open Access Article. Published on 23 Janner 2025. Downloaded on 25.02.2026 06:53:42.

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

(cc)

Nanoscale Advances

incorporated at the Se site. Meanwhile, impurities incorporated
at In site determine the ground-state properties of pP@InSe and
pAs@InSe systems that are confirmed to be magnetic metallic
and half-metallic materials, respectively. Our study provides
insights into the effects of doping sites on the electronic and
magnetic properties of doped InSe monolayers, which can be
used as valuable guidance to realize the functionalization of this
2D material towards multifunctional applications.
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