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Chemical adsorption of non-metal atoms may lead to the emergence of novel features in two-dimensional
(2D) materials. In this work, the electronic and magnetic properties of graphene-like XC (X = Si and Ge)
monolayers with adsorbed H, O, and F atoms are investigated using spin-polarized first-principles
calculations. Deeply negative adsorption energies suggest strong chemical adsorption on XC
monolayers. Despite the non-magnetic nature of both host monolayer and adatom, SiC is significantly
magnetized by H adsorption inducing the magnetic semiconductor nature. Similar features are observed
in GeC monolayers upon adsorbing H and F atoms. In all cases, an integer total magnetic moment of 1
up is obtained, originating mainly from adatoms and their neighbor X and C atoms. In contrast, O
adsorption preserves the non-magnetic nature of SiC and GeC monolayers. However, the electronic
band gaps exhibit significant reduction of the order of 26% and 18.84%, respectively. These reductions
are consequences of the middle-gap energy branch generated by the unoccupied O-p, state. The
results introduce an efficient approach to develop d° 2D magnetic materials to be applied in spintronic

rsc.li/rsc-advances

. Introduction

Since its first successful exfoliation by Novoselov et al.* in 2004,
graphene (a two-dimensional (2D) counterpart of carbon) has
attracted enormous interest of researchers for both funda-
mental study and technological applications due to its
intriguing mechanical, chemical, and physical properties.”™
Such that graphene has been explored as an excellent candidate
for a wide range of applications as photonics and optoelec-
tronics,>® catalysis,”® gas sensing®® and spintronics,'®"* among
others. The interest has been extended also to other graphene
analogues based on the IVA group such as silicene (2D coun-
terpart of silicon)™ and germanene (2D counterpart of
germanium).***> However, graphene, silicene, and germanene
monolayers have been found to be semimetals with valence
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devices, as well as to widen the working region of XC monolayers in optoelectronic applications.

band and conduction band touching at the Fermi level, which is
also known as a Dirac cone at the K point. This feature has
demanded great research effort to open their band gap. In this
regard, various approaches have been proposed and employed
as varying the layer number,'*® chemical functionalization,*>*
and reduction of layer dimension (formation of
nanoribbons).>*** Besides, a large variety of semiconductor 2D
materials has been also investigated as transition metal
dichalcogenides (TMDs),>**® or those based on III-V group*-**
and II-VI group.®**

Interestingly, IVA-group-based bielemental silicon carbide
(SiC) and germanium carbide (GeC) monolayers have relatively
large band gap, presenting an advantage at the time of
designing 2D materials.***® Recently, Polley et al.*” have realized
successfully the large-area bottom-up growth of mono-
crystalline monolayer honeycomb SiC atop ultrathin transition
metal carbide films on SiC substrate. Characterizations assert
the almost planar structure and good stability at high temper-
ature of 1200 °C. Because of their strong 7 bond, these mono-
layers exhibit great mechanical, dynamical and thermal stability
when adopting the graphene-like planar structure. These
features have encouraged researchers to explore XC (X = Si and
Ge) monolayers for visible and ultraviolet (UV-Vis) LEDs and
photovoltaic devices.*®** Remembering that these 2D materials
are intrinsically non-magnetism. Therefore, research efforts
have been devoted to induce magnetism, consequently their
practical applications could be extended to, for example, spin-
tronics field. To achieve this goal, different methods have been
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studied as creating defects*®** or doping.**** However, other
efficient approach, to modify the ground-state fundamental of
2D materials, based on the atom adsorption. For example,
Marsden et al.*® have investigated experimentally the effects of
oxygen and nitrogen functionalization on the physical proper-
ties of graphene. Results indicate significant changes of phys-
ical properties of graphene by functionalization. Different
adatoms results in different physical structures even at the
same concentration and under similar conditions. Despite its
effectiveness to induce novel properties, the atom adsorption
has not been investigated well.

Normally, transition metals (TMs) are first choices to get
magnetization of 2D materials due to their unpaired d orbital.
For example, Wang et al* have investigated the chemical
adsorption of TMs on MoS, monolayer, which modifies effi-
ciently the electronic band structures. The adsorption of Sc, V,
Cr, Mn, Fe, Co, and Cu leads to the emergence of magnetic
properties, which are produced mainly by the adatoms. More-
over, either half-metallic or magnetic semiconductor natures
are obtained, suggesting potential spintronic applications.
Similarly, the spin polarization is also induced in the band
structures of MoSSe Janus by the adsorbed Cr, Mn, Fe, Co, and
Ni atoms, which can be considered as efficient approach to
functionalize MoSSe monolayer for applications in spintronic
devices.*® Surprisingly, the adsorption of non-magnetic metal
atoms has been proven also to conduct to a significant
magnetization of 2D materials as a consequence of the elec-
tronic interactions between adatoms and host monolayer,
mostly around the adsorption site.*>*

Previously, several groups have investigated the chemical
adsorption of non-metal atoms to functionalize 2D monolayers.
For example, Tang et al.>* have investigated the electronic and
magnetic properties of GaN monolayer adsorbed with H, B,
C, N, O, and F atoms. Results indicate total magnetic moments
of 1.0, 2.0, 1.0, and 1.0 ugp in B-, C-, N-, and F-adsorbed mono-
layer with either half-metallic or spin-polarized semiconducting
state. Similarly, feature-rich electronic and magnetic properties
suitable for spintronic applications are also induced in ReS,
monolayer by N, P, F, and Cl as demonstrated by Zhang et al.>*
Due to the formation of covalent bonds with the host 2D
materials, H, O, N, and F atoms are usually chosen as adatoms
for functionalization.®** In this work, the effects of hydrogen
(H), oxygen (O), nitrogen (N) and fluorine (F) atoms on XC (X =
Si and Ge) monolayers are investigated using first-principles
calculations. However, our calculations assert weak N adsorp-
tion as suggested by the positive adsorption energy. Therefore,
only the electronic and magnetic properties of H-, O-, and F-
adsorbed XC monolayer are presented in next sections. Such
goal is achieved by analyzing following properties: (1) spin-
polarized band structure and projected density of states; (2)
charge density difference between adatoms and host monolayer
and charge Bader; (3) total magnetic moments and atomic
contribution by means of the spin density. It is anticipated that
magnetic semiconductor nature is induced by H and F
adsorption, meanwhile the non-magnetic semiconductor char-
acter is preserved by O adsorption with significant band gap
reduction.
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. Computational details

First-principles calculations are performed using the Vienna Ab
initio Simulation Package (VASP),**** which implements the
projector augmented wave (PAW) method within the framework
of the density functional theory (DFT).*” Electron exchange-
correlation interactions are described using the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA-PBE).*® It
is important mentioning that the standard PBE functional
usually tends to underestimate the electronic band gap of
materials due to its intrinsic defects, and this issue can be
solved by including certain portion of exact exchange potential
to form hybrid functionals as HSE06.%**° However, HSE06-based
calculations are computationally very expensive, specially for
large systems. Therefore, PBE functional is employed in this
work due to its capability of describing well the electronic
structure profiles and magnetic properties of materials. A
kinetic cutoff of 500 eV is set to truncate the expansion of plane
wave basis set, which guarantees good convergence (see Fig. S1
of the ESI}). In all calculations, an energy criterion of 10~ is
employed to determine the self-consistency of iterative calcu-
lations. During the structural relaxation, the atomic force
component should be smaller than 0.01 eV A", To minimize
the interactions between periodic adjacent layers, a vacuum
thickness larger than 14 A is inserted. This vacuum is large
enough to guarantee the reliability of results (see Table S1 of the
ESIt).

Previously, our group has investigated the structural and
magnetic properties of XC (X = Si and Ge) monolayers.®* The
optimized lattice constant of 3.10 A (for SiC) and 3.26 A (for
GeC) are employed to further investigated the atom adsorption
in this work. 4 x 4 x 1 supercell of XC monolayers is con-
structed to investigate the atom adsorption, whose Brillouin
zone is integrated using a k-point mesh of 4 x 4 x 1 generated
through the Monkhorst-Pack method,** which is proven to
provide good convergence (see Fig. S2 of the ESIT). Herein, four
high-symmetry adsorption sites are considered as indicated in
Fig. 2a and b, including: (1) on-top of X atom, denoted by T; (2)
on-top of C atom, denoted by T¢; (3) on-top of bridge site,
denoted by Tg; and (4) on-top of hollow site, denoted by Ty. In
all cases, the weak van der Waals interactions may play an
important role in the interactions between adatoms and host
monolayers. Therefore, the DFT-D3 method of Grimme® is also
included to consider their effects, which is a refinement of DFT-
D2 method.* It has been found the difference only on adsorp-
tion energy (see Table S2 of the ESIT), meanwhile the calculated
electronic and magnetic properties exhibit negligible depen-
dence. These results are in good agreement with previous
calculations, which demonstrate the overprediction of the
adsorption energy of DFT-D2 method.®>*® The preferable
adsorption site is determined by means of adsorption energy E,,
which is calculated using following formula:

Ea = EXC+adatom - EXC — Madatom (1)

where Exciadatom and Exc are total energy of the atom-adsorbed
and pristine XC monolayer, respectively; pagatom refers to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Adsorption energy of hydrogen, oxygen, and fluorine atoms on
SiC monolayer.

chemical potential of adatoms, which is calculated from their
molecule state.

lll.  Results and discussion
A. Atom-adsorbed SiC monolayer

The calculated adsorption energies are given in Fig. 1. Note that
Tsi is the energetically most favorable adsorption site for H and
F atoms with lowest E, values of —0.60 and —3.02 eV, respec-
tively. Meanwhile, O atom prefers to be adsorbed on top of
bridge position with an E, value of —0.89 eV. Fig. 2a-c shows the
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relaxed atomic structure of the atom-adsorbed systems, where
one can see the buckling height induced around the adsorption
sites as consequences of strong interactions between adatoms
and their nearest host atoms. The Ab Initio Molecular Dynamic
(AIMD) simulations are performed to examine the thermal
stability. Results indicate that H-, O-, and F-adsorbed SiC
monolayers are thermally stable since no structural destruction
is observed at room temperature (300 K) during a large range of
time up to 3000 fs (see Fig. S3a-c of the ESIYt).

Fig. 3 shows the calculated electronic band structures of the
atom-adsorbed SiC monolayer. According to our simulations, H
adsorption induces a significant spin polarization, giving place
to the formation of the magnetic semiconductor nature.
Specifically, energy band gaps of 2.58 and 0.03 eV are obtained
in the spin-up and spin-down states, respectively. A small spin-
down band gap is a result of new flat energy branch above the
Fermi level. In contrast, the band structures are spin-symmetric
under adsorbing O and F atoms. In the former case, a new
middle-gap energy branch appears in the forbidden energy
range of SiC monolayer. Consequently, a band gap of 1.88 eV is
obtained, which exhibits a reduction of the order of 26% from
original value of pristine monolayer (2.54 eV (ref. 61)). Mean-
while, the latter case corroborates the emergence of new elec-
tronic states that overlap with the Fermi level and upper part of
the valence band. Consequently, the F-adsorbed SiC monolayer
exhibits metallic character.

Fig. 2 Optimized atomic structure of (a) bare, (b) H-, (c) O-, and (d) F-adsorbed SiC monolayer; and (d) bare, (e) bare, (f) H-, (g) O-, and (h) F-

adsorbed GeC monolayer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electronic band structure (the Fermi level is set to O eV; black
curve: spin-up; red curve: spin-down; green curve: non-spin-polari-
zation) of (a) H-, (b) O-, and (c) F-adsorbed SiC monolayer.

To get insights into the interactions between adatom and
host monolayer, the charge density difference Ap is calculated
as follows:

Ap = p(adatom + SiC) — p(SiC) — p(adatom) (2)

Fig. 4 Charge density difference (yellow surface: charge enrichment;
aqua surface: charge depletion; iso-surface: 0.005 e A=) in (a) H-, (b)
O-, and (c) F-adsorbed SiC monolayer; and (d) H-, (e) O-, and (f) F-
adsorbed GeC monolayer.
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where p(adatom + SiC), p(SiC), and p(adatom) denote the charge
density of the atom-adsorbed SiC monolayer, bare pristine
monolayer, and single adatom, respectively. Results are illus-
trated in Fig. 4a-c. From the figures, one can see significant
charge accumulation around adatoms, meanwhile the charge is
depleted from host monolayer. These results suggest the charge
transfer from SiC monolayer to the adsorbed atoms. To quantify
these processes, the Bader charge analysis is performed, which
indicates that charge quantities of 0.55, 1.09, and 0.84 e have
been transferred from SiC monolayer to H, O, and F adatoms,
respectively. Note that O adatom receives larger charge quantity
despite it is less electronegative than F adatom. A deeper Bader
analysis indicate the synergistic transfer from both Si and C
host atoms to O adatom since it is adsorbed at bridge site,
meanwhile the charge transferred to F adatom comes from only
Si host atom (Ty; is preferable adsorption site for F atom).

Spin-polarized band structures may suggest the magnetiza-
tion of SiC induced by adsorbing H atom, meanwhile the non-
magnetic nature is preserved under effects of O and F ada-
toms. Our calculations yield total magnetic moment of 1.00 ug.
The illustration of spin density in Fig. 6a indicates that
magnetic properties are produced mainly by the spin-up state of
H adatom and its nearest C atoms.

Now, to get more insights into the band structure formation
and origin of magnetism, the projected density of states (PDOS)

(a)

(b)

Fig. 6 Spin density (red color: spin-up; green color: spin-down; iso-
surface: 0.005 e A=%) in (a) H-adsorbed SiC monolayer; and (b) H- and
(c) F-adsorbed GeC monolayer.
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Fig. 5 Projected density of state of adatoms and their first Si and C neighbor in (a) H-, (b) O-, and (c) F-adsorbed SiC monolayer.
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Fig.7 Adsorption energy of hydrogen, oxygen, and fluorine atoms on
GeC monolayer.

spectra are displayed in Fig. 5. It is important mentioning that
only PDOS of adatoms and first Si and C neighbor are given
considering their important role at the vicinity of the Fermi,
which regulate the ground state electronic and magnetic prop-
erties of the atom-adsorbed systems. It can be noted that the
magnetism of H-adsorbed SiC monolayer is originated from the

(c)
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Fig. 8 Electronic band structure (the Fermi level is set to 0 eV; black
curve: spin-up; red curve: spin-down; green curve: non-spin-polari-
zation) of (a) H-, (b) O-, and (c) F-adsorbed GeC monolayer.
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hybridization between H-s and C-p, states since they exhibit
important presence around the Fermi level with a significant
spin asymmetry. The charge gaining leads to the emergence of
O-px, and F-p,, . states in the valence band. However, O-2p
orbital is only partially occupied (needing up to two electrons
to fulfill 2p orbital), such that O-p, state originates the flat
energy branch above the Fermi level to reduce the energy gap, as
analyzed above.

B. Atom-adsorbed GeC monolayer

Now, the H, O, and F adsorption on GeC monolayer is investi-
gated. The calculated adsorption energies (given in Fig. 7)
suggest T¢ and Ty as preferable adsorption sites for H and O-F
atoms with E, values of —0.95, —0.63, and —3.49 eV, respec-
tively. Remembering that deeply negative adsorption energy is
a signal of chemical adsorption, suggesting the stable adsorp-
tion of H, O, and F atoms on XC (X = Si and Ge) monolayers.
Fig. 2f-h show the relaxed atomic structures, where one can see
the structural distortion around the adsorption sites, mean-
while the effects becomes negligible in the regions far away.
AIMD simulations assert good thermal stability of the atom-
adsorbed GeC monolayers at 300 K (see AIMD snapshots
given in Fig. S3d-f of the ESIY}).

The electronic band structures displayed in Fig. 8 indicate
the magnetic semiconductor nature induced by H and F
adsorption, meanwhile O adsorption preserves the non-
magnetic semiconductor character of GeC monolayer. In all
cases, the electronic band gaps are determined by new middle-
gap energy branches around the Fermi level. Specifically, spin-
up and spin-down energy gaps of the H(F)-adsorbed GeC
monolayer are 0.45(2.18) and 1.66(0.06) eV, respectively. In
contrast, a same band gap of 1.68 eV is obtained in both spin
channels of the O-adsorbed GeC monolayer as consequence of
its non-magnetic nature. This value corresponds to a reduction
of the order of 18.84% from original value of bare GeC mono-
layer (2.07 eV (ref. 61)).

The charge density difference Ap is calculated using eqn (2)
for the cases of GeC monolayer, whose results are illustrated in

Density of states (States/eV)

-3 -2 0 1 2 3 3 -2

1
Energy (eV

1
Ener

0 1 2 3773 2

gy (eV

0 1 2 3

1
Energy (eV

Fig. 9 Projected density of state of adatoms and their first Si and C neighbor in (a) H-, (b) O-, and (c) F-adsorbed GeC monolayer.
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Fig. 4d-f. Note that the charge is slightly depleted from H
adatom with a Bader charge of +0.07 e (“+” signal indicates the
charge depletion from adatom). In contrast, significant charge
accumulations are observed around O and F adatoms, indi-
cating the charge gaining from host monolayer. Qualitatively,
their Bader charges are —0.97 and —0.70 e (“—” signal refers to
the charge gaining of adatoms), respectively. Note that the
charge transferred to O adatom is larger than to F adatom
despite its smaller electronegativity and both adatoms are
adsorbed at Ty site. The Bader charge analysis of the environ-
ment around the adsorption site indicates the important role of
both Ge and C host atoms in the case of O adsorption, mean-
while C atom transfers only small amount of charge to F atom.
These features can be explained by means of the chemical bond
lengths. Specifically, the chemical bonds do_g. and do-c are 1.91
and 1.43 A, respectively, therefore small distance to the adatom
induces important electronic interactions of C host. Meanwhile,
the electronic interactions between host monolayer and F ada-
tom are dominated mainly by Ge atom due to the smaller
chemical bond length dp_g. (1.88 A) in comparison with dp_c
(2.58 A). Consequently, the strong Ge-F interactions lead to an
easier adsorption of F adatom than O adatom (regulated mainly
by O-C interactions), which is reflected in a more negative
adsorption energy as presented above.

The spin-asymmetric band structures may suggest that GeC
monolayer has been significantly magnetized by adsorbing H
and F atoms, respectively. This feature is reflected in the total
magnetic moments of 1 up in both cases. Remembering that
integer total magnetic moment is a characteristic of magnetic
materials, which is satisfied in our cases of study. The illustra-
tion of spin density is given in Fig. 6b and c to analyze the
atomic contribution to magnetic properties. In the H-adsorbed
GeC monolayer, magnetism is originated by H adatom and its
neighbor C and Si atoms. Meanwhile, main contribution to
magnetic properties of the F-adsorbed GeC monolayer comes
mainly from first C neighbor of F adatom. In both cases, the
spin-up state plays a key role on determining the ground state
magnetic properties.

The PDOS spectra, given in Fig. 9, indicates that H adatom
induces new middle-gap energy state. In contrast, with signifi-
cant charge gaining, O and F atoms exhibit electronic states in
the valence band (occupied states) and conduction band
(unoccupied state), mostly far away from the Fermi level. The
hybridization between H-s, Ge-p,, and C-p, states leads to the
magnetization in the case of H adsorption. Meanwhile, the C-p,
state is the main responsible of generating magnetism in the F-
adsorbed GeC monolayer considering its spin asymmetry at the
vicinity of the Fermi level.

IV. Conclusions

In summary, the effects of H, O, and F adsorption on the elec-
tronic and magnetic properties of XC (X = Si and Ge) mono-
layers have been investigated using spin-polarized first-
principles calculations. The calculated adsorption energies
assert that Ts; and Ty are preferable site for H-F and O
adsorption on SiC monolayer. Meanwhile, H and O-F atoms
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prefer to be adsorbed on top of T¢ and Ty sites of GeC mono-
layers. Interestingly, the magnetic semiconductor nature is
induced in the H-adsorbed SiC monolayer, and H- and F-
adsorbed GeC monolayer, which can be used to generate spin
current in spintronic devices by means of spin filtering. The
spin-dependent band gaps depend on the position of new
middle-gap energy branches, which are originated from the
electronic hybridization between adatoms and their neighbor
atoms. As a characteristic of magnetic semiconductor materials,
an integer total magnetic moment of 1 ug. In contrast, the O-
adsorbed XC monolayers are non-magnetic, where the energy
gaps exhibit significant reduction due to the unoccupied O-p,
state. This feature may widen the working region of XC mono-
layer in optoelectronic devices, endowing them the ability of
harvesting more visible light. Moreover, it has been found
significant charge transfer from the host monolayer to adatoms,
indicating strong interactions between them to generate
chemical bonds. Consequently, H, O, and F atoms are chemi-
cally adsorbed on XC monolayers, the feature that is also re-
flected in deeply negative adsorption energies. The findings
suggest efficient way to get multifunctional 2D materials from
pristine XC monolayer, which could be generalized for other
non-magnetic layers.
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