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ABSTRACT: Fluorination has been instrumental for tuning the properties of several two- Wide gap
dimensional (2D) materials, including graphene, #-BN, and MoS,. However, its potential semiconductor
application has not yet been explored in 2D silicon carbide (SiC), a promising material for

nanoelectronic devices. We investigate the structural, electronic, and magnetic properties l

of fully and partially fluorinated 2D SiC sheets and nanoribbons by means of density
functional theory combined with cluster expansion calculations. We find that fully
fluorinated 2D SiC exhibits chair configurations and a nonmagnetic semiconducting
behavior. Fluorination is shown to be an efficient approach for tuning the band gap. Four
ground states of partially fluorinated SiC, SiCF,, with x = 0.0625, 0.25, 0.5, 0.75, are
obtained by cluster expansion calculations. All of them exhibit nanoroad patterns, with the
x = 0.5 structure identified as the most stable one. The x = 0.0625 structure is a
nonmagnetic metal, while the other three are all ferromagnetic half-metals, whose
properties are not affected by the edge states. We propose an effective approach for
modulating the electronic and magnetic behavior of 2D SiC, paving the way to

¢ ¢ Half-metal “© ¢

o€

applications of SiC nanostructures in integrated multifunctional and spintronic nanodevices.

1. INTRODUCTION

Since graphene, the two-dimensional (2D) single atom thick
hexagonal sheet of sp*-hybridized C atoms, was first fabricated
by Novoselov et al. in 2004," many intriguing properties have
been found to result from its long-range delocalized -
conjugation,z'3 for example, massless Dirac fermions,” the
highest carrier mobility,’ and record mechanical strength.®
Research therefore has been largely extended to other inorganic
2D materials. In recent years, numerous 2D materials have been
reported, such as BN,” SiC,*” CN,'° ZnO,"" and MS,”"* (M =
Mo, W, Sn). Particularly, 2D SiC is widely expected to be useful
in electronic devices because of the maturity of the silicon
technology. SiC nanostructure polymorphs have been synthe-
sized via several routes by several research groups.'”™'> Wu et
al."” have reported the synthesis of bicrystalline SiC nanobelts
via thermal evaporation and condensation with silicon powder
and multiwall carbon nanotubes as raw materials at 1250 °C.
SiC nanoribbons (NRs) that are tens to hundreds of
micrometers long and several micrometers wide have been
synthesized by a reaction of silicon vapor and carbon black
powder at 1500 °C in Ar atmosphere at atmospheric pressure. '
In addition, 3C-SiC nanobelts have been realized via lithium-
assisted synthesis at a moderate temperature by Gao et al.'*
Theoretical investigations have revealed that monolayer SiC is a
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nonmagnetic (NM) semiconductor® with high stability and in-
plane stiffness,'® which is ideal for nanoelectronic devices, in
contrast to the large band gap of 2.53 eV.>'° Hence, tuning the
electronic properties of 2D SiC can further broaden the range
of possible applications. Semiconductors, metals, and half-
metals can be realized through different approaches, for
example, cutting NRs,' '8 inducing defects,"”*° applying
external electrical fields,”! doping foreign atoms,”” and chemical
covalent modification.”> ™%’

Being an efficient approach toward surface functionalization,
fluorination has been widely studied for tuning the magnetic
and electronic properties of 2D materials experimentally and
theoretically.”>** ™" Until recently, fluorographene has at-
tracted the most attention. In contrast to zero band gap
semimetallic pristine graphene, fluorographene has been
confirmed as a wide-gap semiconductor (3.0 V).~ Partially
fluorinated graphene also has been synthesized in recent
works.””*° For instance, C,F with 25% coverage of F atoms
adsorbed on one side of graphene has been produced and
density functional theory calculations have resulted in a band
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Figure 1. Top and side views of the structures of fully fluorinated (a) 2D-fF-chair-SiC (with electron localization function on the right; isosurface
value 0.7 e/A%), (b) 2D-fF-boat-SiC, (c) 2D-fF-stirrup-SiC, (d) armchair, and (e) zigzag SiC NRs in chair configuration. The gray, yellow, and cyan
balls represent C, Si, and F atoms, respectively. Unit cells are marked by dashed boxes.

gap of 2.93 eV.” Precise control over the F coverage enables
tuning of the band gap of graphene NRs from 0 to 3.13 eV.
Transitions from an NM semimetal to an NM/magnetic metal
and from an NM semimetal to a magnetic/NM semiconductor
can be observed.’® Specific patterns of partially fluorinated
graphene, such as nanoroads and quantum dots, also have been
explored. Ferromagnetic (FM) semimetal, antiferromagnetic
(AFM) semiconductor, and wide-gap semiconductor states
have been achieved by tuning the orientation, width, and F
cove:1‘;1ge.34’37

First-principles calculations have shown that interstitial F can
be used to lower the resistivity of p-type SiC.* Fluorination
also has been applied in SiC nanostructures in order to modify
the electronic and magnetic properties, in particular in
nanotubes,*"** thin films,* and bilayers.45 To
our best knowledge, fluorination of 2D monolayer SiC to tailor
the electronic and magnetic properties has not yet been
explored. In analogy with fluorographene, it is expected that
intriguing magnetic and electronic properties can be brought
forth by changing the fluorination pattern and degree. We
therefore perform detailed first-principles calculations and
cluster expansion (CE) calculations to explore the thermody-
namic stability as well as the structural, electronic, and magnetic
properties of fully and partially fluorinated SiC sheets and NRs.
The same method has been used before to investigate alloyed
and decorated 2D systems.” > The key questions to be
addressed are (1) What are the ground-state atomic structures
of fully and partially fluorinated 2D SiC? (2) To what extent
can the electronic and magnetic properties of SiC sheets and
NRs be changed by fluorination? Answering these questions
will provide the understanding required for future applications

.44
nanowires,

in multifunctional nanodevices.
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2. COMPUTATIONAL METHODS

First-principles calculations are carried out using density
functional theory, as unplemented in the Vienna ab initio
simulation package,”’ employing the generahzed gradlent
approximation with the Perdew—Wang functional’” and a
360 eV cutoft for the plane wave basis set. The cutoff energy is
carefully tested, see details in Figure S1 and Table S1 of the
Supporting Information. Projector augmented wave’?
pseudopotentials are used to describe the electron—ion
interactions. In all calculations, vacuum regions along non-
periodic directions (greater than 1S A) are applied to avoid
interlayer interaction. The edges of the SiC NRs are terminated
by F atoms to remove dangling bonds. We employ 11 X 11 X 1
and 1 X 1 X 11 Monkhorst—Pack k-point grids in the geometry
relaxations for the SiC sheets and NRs, respectively, and the
total energy convergence threshold is set to 107* eV. After
obtaining the equilibrium structures, 21 k-points are used
between every two high symmetry k-points in the Brillouin
zone to perform band structure calculations.

The stabilities of the fully and partially fluorinated SiC
structures are evaluated using the formation energy per atom

(Ep) defined as

E

E. = total nFE F
¢ =

— ngicEgic —
n

Here, E,, is the total energy of fluorinated SiC, and Eg;c and
Ey are the chemical potentials of the SiC dimer and F atom in
the pristine SiC sheet and F, molecule, respectively. Also, ng
and nyg, represent the total numbers of SiC dimers and F atoms,
respectively, and n = 2ngc + np. Negative E; implies
thermodynamic stability.

To determine the ground-state structures at different
concentrations, we consider the partially fluorinated SiC sheets
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Table 1. Formation Energies of 2D-fF-SiC, fF-8-zSiC NR,
and fF-15-aSiC NR in Chair, Boat, and Stirrup
Configurations

E; (eV/atom)

chair boat stirrup
2D-fF-SiC —141 —-1.35 —-1.32
fE-8-2SiC NR —1.53 —1.52 —-1.53
fF—lS-aSiC NR —-1.50 —1.48 —-1.42

(SiCF,,) as a binary alloy and use the state-of-the-art CE
method™* established in alloy theory. The CE fitting of the
mixing energy and the search for the thermodynamic ground
state are carried out with the Alloy-Theoretic Automated
Toolkit.”> Mixing energies of the generated alloy structures are
computed at the density functional theory level.

3. RESULTS AND DISCUSSION

3.1. Geometry of Fully Fluorinated Low-Dimensional
SiC. To determine the most stable configuration, we consider
three conformers—chair, boat, and stirrup—of fully fluorinated
SiC sheets and NRs. The relaxed structures and calculated E¢
are given in Figure 1 and Table 1. Chair configurations are
energetically favorable, similar to fully hydrogenated SiC NRs,**
fluorographene, and graphene,”’ but different from hydro-
genated boron nitride NRs.*® All of the considered structures
exhibit negative E; implying that F atoms prefer to adsorb onto
the SiC sheets rather than remain in the gas phase as F,
molecules. The chair configuration is most stable with E; =
—1.41 eV/atom. A 5 ps Born—Oppenheimer molecular

dynamics (BOMD) calculation at 1000 K is performed to
confirm the structural stability of this configuration using a 2 X
2 supercell. Only vibrations of atoms around their equilibrium
positions are observed during the BOMD simulation. A
snapshot of the atomic positions at the end of the simulation
is displayed in Figure S2. The structures of the relaxed fully
fluorinated SiC sheet and NRs (with both zigzag and armchair
edges) are shown in Figure 1d and e. Here, the SiC NRs are
labeled by the numbers of parallel armchair or zigzag chains,
which define the width of the NRs. First-principles calculations
reveal that all of these fully fluorinated structures have an NM
ground state. In 2D fully fluorinated SiC (labeled 2D-fF-chair-
SiC in Figure 1), the Si—C, C—F, and Si—F bond lengths are
1.818, 1.431, and 1.602 A, respectively. The electron local-
ization function in Figure la illustrates the charge distribution
between the atoms and shows sp>-hybridization with significant
polarization toward Si and F, as expected from the electro-
negativity differences of the elements. By cutting the 2D-fF-
chair-SiC into NRs, both fully fluorinated zigzag and armchair
SiC NRs (zSiC NRs and aSiC NRs) can be obtained, with the
edge Si and C atoms bonded to F atoms to remove the
dangling bonds (labeled fF-N,-zSiC NRs and fF-N,-aSiC NRs,
respectively). The geometry relaxations of fF-N,-zSiC NRs and
fF-N,-aSiC NRs of different widths (N, = 6, 8, 10, 12, 14 and
N, = 11, 15, 17, 19, 21) result in Si—C bonds in the ranges of
1.831-1.910 A and 1.816—1.921 A, respectively. The Si—F and
C—F bond lengths in the fully fluorinated SiC NRs are 1.587—
1.592 A and 1.391—1.392 A at the edge and 1.601—1.604 A and
1.436—1.442 A in the middle, respectively. All of the angles
between Si or C atoms and their four neighbors are about 109°,
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Figure 2. Band structures and respective DOSs for the (a) 2D-chair-SiC, (b) 2D-fFchair-SiC, (c) 15-aSiC NR, (d) fF-15-aSiC NR, (e) 8-zSiC NR in
the FM state, (f) 8-zSiC NR in the AFM state, and (g) fF-8-zSiC NR. The Fermi level is set to zero and is indicated by black dashed lines. The total
DOS is shown by gray shadows. (h) Band gaps of zigzag and armchair SiC NRs as functions of the ribbon width.
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Figure 3. Band structures and corresponding partial charge densities of the VBM and CBM for the (a) pristine SiC sheet, (b) fully fluorinated SiC
sheet, and (c) fully hydrogenated SiC sheet. The isosurface value is set to 2 X 10~ e/A%.
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Figure 4. (a) Mixing energies of the SiCF,, alloy along with the corresponding CE fits as a function of x. Blue circles give the energies obtained from
first-principles calculations. Red stars show the formation energies of the ground states, and the red solid line is the convex hull of the mixing
energies. The insets are top and side views of the atomic configurations and spin charge densities of the ground states. The isosurface value is set to
0.004 ¢/A3, and the unit cells are marked by dashed boxes. (b) Band structures of the four ground states. I" (0.0, 0.0, 0.0), X (0.5, 0.0, 0.0), K (0.5,
0.0, 0.5), and Y (0.0, 0.0,0.5) are high symmetry points in the first Brillouin zone. In b, the red and blue bands represent the spin-up and spin-down

channels, respectively.
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Figure S. Structural evolution of partially fluorinated SiC sheets. The ovals of different colors designate the F dimers added to the previous structure.

indicating that the Si and C atoms in the fully fluorinated SiC
NRs are also sp>-hybridized.

3.2. Reduced Band Gap: Full Fluorination. The band
structures of pristine SiC sheets and NRs are calculated by
considering three reference spin configurations, namely, NM,
FM, and AFM. As shown in Figure 2a, the pristine SiC sheet is
an NM semiconductor with a 2.56 eV direct band gap at the K
point, in agreement with a previous study.” By examining the
calculated density of states (DOS), we find that the valence
band maximum (VBM) and conduction band minimum
(CBM) are mainly due to the 7 electrons of the C and Si
atoms, respectively. After full adsorption of F atoms, the band
gap decreases to 1.93 eV at the I" point (Figure 2b). The band
structures of the boat and stirrup conformers in Figure S3 (also
NM semiconductors) show band gaps of 1.94 and 2.22 eV,
respectively. Previously, it was reported that hydrogenation can
increase the band gap of the SiC sheet from 2.53 to 3.92 eV. To
reveal the band gap variation mechanism, we study the partial
charge density of the VBM and CBM for pristine, fully
fluorinated, and hydrogenated SiC sheets, as shown in Figure 3.
For the pristine SiC sheet, the VBM and CBM (Figure 3a) are
due to the 7 electrons of C and Si, respectively. The electrons
have to overcome the barrier induced by the electronegativity
difference between the C and Si atoms to be excited from the
VBM to the CBM. After bonding to H atoms (Figure 3c), the
sp® hybridization changes into sp>. The VBM originates from
the covalent C—Si electrons, while the CBM states are mainly
located outside the 2D plane, where the electrons are more
difficult to transfer. Because of this, the band gap of the fully
hydrogenated SiC sheet is larger than that of the pristine SiC
sheet. As compared to pristine and fully hydrogenated SiC
sheets, the fully fluorinated structure exhibits the smallest band
gap of 1.93 eV, because the VBM is due to the C—Si bonds and
F atoms and the CBM is due to the corresponding antibonding
states. As a result, the barrier between the VBM and CBM is
smaller than in the pristine and fully hydrogenated SiC sheets.
This explains why fluorination is an efficient way to decrease
the band gap.

A similar situation is also observed in aSiC NRs. The band
gap of the 15-aSiC NR decreases from 2.34 to 1.42 eV after full
fluorination (fF-15-aSiC NR), see Figure 2¢ and d. The results
for the pristine 8-zSiC NR show that the spin is mainly
concentrated on the edge Si and C atoms, with parallel and
antiparallel orientation (labeled C1-Sif and C1-Si| in Figure 2e
and f, respectively) between the C and Si edges for the FM and
AFM states, respectively. The two states are energetically
almost degenerate with an energy difference of 1.0 meV. In the
FM state, the pristine 8-zSiC NR exhibits a metallic nature,
whereas in the AFM state, only energy levels in the spin-down
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channel cross the Fermi level, indicating a half-metallic nature.
The DOS shows that the edge Si and C atoms collaboratively
contribute to these electronic characters. In contrast to the
pristine 8-zSiC NR, the fF-8-zSiC NR is an NM semiconductor
with a direct band gap of 0.67 eV at the I" point (shown in
Figure 2g). This can be attributed to the fact that the active
unpaired p electrons of the edge Si and C atoms have been
saturated by F atoms. To understand the origin of the metal/
half-metal to semiconductor transition, we plot the DOS of the
fEF-8-zSiC NR in Figure 2g. Comparing with the 8-zSiC NR
(Figure 2e and f), where the crossing bands are mainly due to
the edge C and Si atoms, respectively, both the VBM and CBM
of the fF-8-zSiC NR evenly originate from the sp* hybridized
C, Si, and F states. The edge states govern the properties of the
8-zSiC NR but not those of the fF-8-zSiC NR. Obviously, full
fluorination can lift state degeneracy, eliminate magnetism at
the edge, and open a band gap in zSiC NRs.

To investigate whether the width affects the electronic
properties of the fully fluorinated zSiC and aSiC NRs, detailed
density functional theory calculations have been performed.
The results show that all of the fluorinated SiC NRs are NM
semiconductors with band structures similar to either fF-8-zSiC
or fF-15-aSiC NRs. Figure 2h presents the corresponding band
gaps as a function of the NR width. It is shown that the band
gaps of the fF-N,-zSiC and fF-N,-aSiC NRs decrease
monotonically from 0.72 to 0.52 eV and from 1.52 to 1.35
eV, respectively, the values being smaller than those of fully
fluorinated graphene NRs™ and hydrogenated SiC NRs™* at
similar width.

3.3. Robust Half-Metallicity: Partially Fluorinated SiC
Sheet. We consider SiCF,, as an alloy, x = 1 corresponding to
the fully fluorinated sheet (SiCF,), with mixing energy

E(x) = E(SiCE,) — (1 — x)E(SiC) — xE(SiCR,)

where E(SiC) and E(SiCF,) are the energies per atom of SiC
and SiCF, sheets, respectively. E(SiCF,,) represents the energy
per atom of the SiCF,, alloy. We have calculated E for 170
selected SiCF,, structures, containing at most 32 atoms per unit
cell, by first-principles calculations. The CE Hamiltonian of
SiCF,, is obtained by fitting to these 170 energies, and CE
energies of all SiCF,, alloys are calculated. Four ground state
structures are discovered at x = 0.0625, 0.25, 0.50, and 0.75, as
shown in the insets of Figure 4, all in a 2 X 2\/ 3 supercell. To
establish more insights into the process of fluorination, we
study the low-energy structures at various x (Figure S4) and
observe that at small x = 0.0625 and 0.125 the F atoms only
adsorb on Si atoms, as they prefer to form sp® rather than sp?
hybrids. For «x 0.25 and larger, the F atoms bond
simultaneously to Si—C dimers from different sides. It is
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found from Figure S that F atoms are added dimer by dimer
along the zigzag direction of the SiC sheet. As a result, the
atomic configurations of the partially fluorinated SiC sheets are
similar to the so-called nanoroad patterns of hydrogenated and
fluorinated graphene.””” Larger x results in narrower SiC
nanoroads.

To investigate the magnetic and electronic properties of the
four ground states, both spin degenerate and polarized states
are considered. We find in each case an FM ground state except
for x = 0.062S where we have an NM ground state, because the
distance between neighboring F atoms is large. In Table 2, we

Table 2. Relative Energies of SiCF,, in Different Magnetic
States”

energy (meV)

x NM FM AFM electronic character
6.25% 0 metal
25% 138 0 43 half-metal
50% 190 0 63 half-metal
75% 176 0 half-metal

“The energy of the ground state is set to 0 in each case.

list the energy differences between the NM, FM, and AFM
states (the energy of the ground states is set to 0 in each case).
The difference from the lowest FM to the next state is at least
43 meV per unit cell, which is larger than kzT at room
temperature (~25 meV) so that the magnetic state is preserved
at standard conditions. The total magnetic moments are 1.99,
2.00, and 1.99 uy for x = 0.25, 0.50, and 0.75, respectively.
From the plotted spin charge densities (red contours in the
insets of Figure Sa), the spin polarization is seen to be highly
localized on the sp>-C atoms in the pristine SiC part as well as
in the interface, but not in the fluorinated part. The band
structures of the four ground states of SiCF,, are shown in
Figure 4b. The metallic (x = 0.0625) and half-metallic (x =
0.25, 0.50, and 0.75) states of SiCF,, are not similar to the
semiconducting states of pristine and fully fluorinated SiC
sheets. For these half-metallic structures, spin splitting can
support a gap in the spin-up channel, while maintaining a
metallic state in the spin-down channel. The gaps in the spin-up
channel are large (2.87, 3.00, and 2.54 €V for x = 0.25, 0.50, and
0.75, respectively) and imply stable half-metallic properties, as
required for robust spin filters. Calculated partial densities of

states (Figure SS) demonstrate that the half-metallic behavior is
due to the sp>-C atoms. The reason is that the F—Si bonding
results in a reduction of the charge on neighboring C atoms and
thus in partially occupied 2p, orbitals, similar to the effects of F
adsorption on SiC nanotubes.*"**

3.4. Inactive Edges: Partially Fluorinated SiC NRs. Very
often, edge states have great influence on the properties of a
material. To investigate the role of edges, we calculate the band
structures of partially fluorinated SiC NRs with armchair and
zigzag edges. The structures are shown in Figure 6. Because the
x = 0.5 structure possesses the lowest mixing energy, we only
consider this F concentration. Dangling bonds at the edges are
saturated by F atoms, and both spin degenerate and polarized
states are considered. The FM energies are lower than the NM
and AFM energies by more than 25 meV. We find that spin
splitting is maintained in both the armchair and zigzag NRs. In
the armchair NRs, the energy gaps in the spin-up and spin-
down channels are 2.81 and 0.31 eV, respectively. The zigzag
NR is half-metallic with a 2.95 eV band gap in the spin-up
channel. From the calculated densities of states in Figure 6, we
see that the states near or at the Fermi energy mainly originate
from the sp>-C atoms (red contour), same as in the 2D SiC
sheet. Thus, the edge states in NRs do not affect the electronic
properties of partially fluorinated SiC, implying that the system
exhibits a robust and therefore useful half-metallic behavior.

4. CONCLUSION

In conclusion, our systematic density functional theory
calculations show that fluorination is an efficient approach to
tailoring the electronic properties of SiC sheets and NRs. Both
fully and partially fluorinated SiC structures are considered.
According to our results, all fully fluorinated structures are NM.
Band gaps of 2D SiC sheets and armchair SiC NRs decrease
from 2.56 to 1.93 eV and from 2.34 to 1.42 eV, respectively,
upon fluorination. In zigzag SiC NRs, a band gap of 0.67 eV is
opened. Treating the partially fluorinated SiC sheet (SiCF,,) as
an alloy, four ground state structures are obtained with the CE
method. We find that the F atoms adsorb on the SiC sheet
dimer by dimer along the zigzag direction, forming a nanoroad.
The calculated band structures and densities of states
demonstrate that a robust half-metallic behavior, governed by
the sp®-C atoms, can be achieved at x = 0.25, 0.5, and 0.75. The
edge states do not affect the electronic properties significantly.
Spin splitting and large energy gap differences between the

F N

= Energy (eV)

Figure 6. Top views of the atomic configurations, spin charge densities, band structures, and DOSs of armchair (left) and zigzag (right) half-
fluorinated SiC NRs. Red and blue colors represent the spin-up and spin-down channels, respectively. Gray shadows show the total DOS, and the

lines show the partial DOS of the sp>-C atoms.
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spin-up and spin-down channels are ideal for spin filters. Our
findings can aid applications of 2D SiC materials in nano-
electronic devices.
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