RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 19

RSC Advances

Adjusting Electronic Properties of Silicon Carbide Nanoribbons by Introducing
Edge Functionalization
Yangiong He', Peng Zhang'**, Xiuli Hou', Jiajia Xu', Meiqi Wang', Yansen Wu',
Jiacheng Qu' and Mingdong Dong”*
!Institute for Advanced Materials, and School of Materials Science and Engineering,
Jiangsu University, Zhenjiang 212013, China,
?Center for DNA Nanotechnology (CDNA), interdisciplinary Nanoscience Center
(iNANO), Aarhus University, DK-8000 Aarhus, Denmark,

IKey Laboratory of Automobile Materials, Ministry of Education, and Department of
Materials Science and Engineering, Jilin University, Changchun 130022, China,
“State Key Laboratory of Metastable Materials Science and Technology, Yanshan

University, Qinhuangdao 066004, China.

Abstract: The structural and electronic properties of silicon carbide nanoribbons (SiC
NRs) with edges passivated by hydrogen and halogens are calculated based on the
density functional theory. It is found that the band gap (£,) values of armchair SiC
NRs decrease as the atomic number of hydrogen and halogen elements increases.
However the effect of edge functionalization on the E, of zigzag SiC NRs is very
small. This is because the energy levels of conduction band minimum of armchair SiC
NRs shift to lower energy region by introducing hydrogen and halogen atoms, while
the energies of valence band maximum are barely affected. Our results provide a

theoretical guideline to adjust the electronic properties of SiC NRs.
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1. Introduction

Nanoribbons (NRs), in particular, graphene NRs (GNRs), boron nitride NRs, and
silicon carbide NRs (SiC NRs), have attracted lots of attention in recent years, due to
their exciting properties and potential applications in several fields like optics,
electronics, opto-electronics, spintronics, and so on."™ These applications of NRs
mainly depend on their electronic structures and edge configurations.™ As one of the
most investigated NRs, GNRs can be either metallic or semiconducting depending on
the structure of the edges.”® As proved by the previous studies on GNRs, the
electronic properties can be finely tuned by different methods, namely, passivation,”'”

14,15

defect,'" substitution,'* external electric fields,' heterojunctions, and so on. The

hydrogen passivated GNRs have nonzero band gaps.'® However, transverse electric

10,13 .
> which make

field or chemical decoration can turn zigzag GNRs to half-metals,
them good candidates for spintronic applications.

SiC, a binary compound of carbon and silicon, has attracted extensive research
interest due to its unique properties. Two-dimensional (2D) SiC with a honeycomb
structure has been predicted to be energetically stable based on density functional
theory (DFT) calculations.'”"® The 2D SiC nanosheets with single atom thickness
have been successfully synthesized through the sonication of alpha-phase SiC
powders in N-methylpyrrolidone or isopropyl alcohol.'” It would be noted that,
although the 2D SiC nanosheet is a semiconductor, the corresponding

one-dimensional zigzag SiC (ZSiC) NRs with bare edges exhibit intrinsic

half-metallic behaviors.”® The electronic properties of SiC NRs depend on their width
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and edge conﬁgurations.21’22 The armchair SiC (ASiC) NRs passivated by hydrogen
(ASiC-H) are nonmagnetic semiconductors, while the ZSiC NRs with width narrower
than 4 nm passivated by hydrogen (ZSiC-H) present half-metallic behavior.”® The
ZSiC NRs can transform into a metal/semiconductor when the edges are terminated
by O/S atoms.”” Under an external electric field, the ZSiC-H NRs convert from
magnetic semiconductors to ferromagnetic metals and the magnetization direction
depends on the field direction.** In addition, the magnetization and magnetization
direction of ZSiC NRs can be manipulated by carriers (hole and electron).”

Although tremendous efforts have been devoted to investigate the effect of the

#1025 3 complete

functionalization on the electronic properties of graphene and GNRs,
picture of the effect of edge functionalization on the electronic properties of SiC NRs
has not been obtained, which is very important for designing and fabricating
electronic nanodevices. In this paper, ASiC and ZSiC NRs with edges passivated by H
and halogen atoms are studied based on DFT. It is found that the effect of edge
functionalization on band gaps (E;) of ZSiC NRs is very small, while £, of ASiC NRs
can be effectively modified and decrease as the atomic numbers of corresponding
hydrogen and halogen atoms increase. This is because the energy of conduction band
minimum (CBM) shifts to lower energy region due to the introduction of hydrogen
and halogen atoms, while the energy of valence band maximum (VBM) is barely
affected.

2. Computational Methods

All calculations are performed within DFT framework as implemented in DMol’
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code’®™’ The generalized gradient approximation (GGA) with the
Perdew-Burke-Enzerhof (PBE) method is used to describe the exchange and
correlation interactions.” All electron relativistic core treatment and double numeric
plus polarization (DNP) basis set are adopted for the spin-unrestricted computations.*’
The structures are optimized and the electronic properties are calculated using the
Monkhorst-Pack 1x1x1 k-point mesh for Brillouin zone sampling. The convergence
tests for k-point are summarized in Table 1, which shows that the bond lengths and
the E, are converged when the used k-point is larger than 1x1x1. The real space
global cutoff radius is set to be 4.6 A. The convergence tolerance of energy is 1x107
Ha (1 Ha = 27.2114 eV), maximum force is 0.002 Ha/A, and maximum displacement
is 0.005 A. A smearing of 0.005 Ha to the orbital occupation is applied to achieve
accurate electronic convergence. It is noteworthy that the standard DFT calculations
with GGA-PBE functional might underestimate the £, value.” It has been shown that
more accurate physical results and behavior can be obtained by using hybrid
functional or DFT + U calculations.’’** The hybrid functional involves a portion of
the exact Hartree-Fock exchange and reduces some of the shortcomings of the
classical DFT functional such as the self-interaction error.”>** The DFT + U approach
introduces an on-site correction in order to describe strong correlated. Hubbard U has
been mostly added on the localized d and f electrons, which is not appropriate in our
case.*® Therefore, we compare our results with that based on hybrid functional.
37,38

During electronic calculations by the hybrid sX-LDA functional in CASTEP code,

Norm-conserving pseudopotential with the energy cutoff of 850 eV is used.
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The SiC NR width (W) is defined as the number of dimer lines along the ribbon
non-periodic direction for an ASiC-X NR and the number of zigzag chains
perpendicular to the ribbon non-periodic direction for a ZSiC-X NR, as schematically
shown in Figs. 1(a) and (b), respectively. The edge Si and C atoms with active
dangling ¢ bonds are passivated by hydrogen or halogen atoms (F, Cl and Br). These
structures are referred to as ASiC-X or ZSiC-X NRs, where the postfix X represent
the corresponding H, F, Cl and Br atoms, respectively. The minimal distances between
the SiC NRs and their mirror images are set as 15 A, which is sufficiently large to
avoid the interaction between them.

3. Results and Discussion

The structural stability of edge functionalized SiC NRs is evaluated firstly. The
average formation energy Er is determined by Er = (Easzsic + nEx2/2 — Eazsicx)/n,
where Exa, Eazsic, Eazsicx and n are the total energies of corresponding
hydrogen/halogen molecules, SiC NRs with bare edges, SiC NRs with edges
passivated and the number of hydrogen/halogen atoms, respectively. By these
definitions, the positive Ey values correspond to exothermic adsorption processes,
indicating the stable structures. As shown in Table 1, all E; values are positive,
suggesting H, F, Cl and Br atoms can adsorb on SiC NRs stably. This is consistent
with the case of silicene.” The Si-X and C-X bond lengths are independent from the
ribbon W and increase with the atomic numbers of hydrogen and halogen atoms. The
structural properties and E, of ASiC-H and ZSiC-H SiC NRs have shown consistency

with previous theoretical studies,” demonstrating the correctness of our approach.



RSC Advances

The variations of E, with W for A(Z)SiC-X NRs are shown in Fig. 2. For NRs
wider than 0.9 nm (W = 7 for ASiC-X and W = 4 for ZSiC-X), the change of the E, is
very small. This is because the proportion of edge atoms becomes smaller as the W
increases, suggesting the size effect becomes weaker.***' Importantly, E, values of
ASiIC-X NRs decrease as the atomic numbers of X atoms increase, while those of
ZSiC-X NRs are nearly unchanged. This is different from that of GNRs, where the E,
value is almost the same when edge is passivated by F, Cl and Br.’

The band structures, spatial distribution of VBM and CBM of ASiC-X are shown
in Fig. 3. The ASiC-X NRs with W = 7 are taken as an example to discuss here. Note
that the energy wave function at I' and K points is a little different and the energy
band is relatively flat, suggesting the localized property of electron states in ASiC-X
NRs. The bandwidth or dispersion of a band (the energy difference between the
highest and lowest levels in a band) is determined by the overlap between the
interacting orbitals. The greater the overlap between neighbors, the greater the band
width is. The energy of VBM remains unchanged as the increase of the atomic
numbers of hydrogen and halogen atoms, while the CBM shifts to lower energy
region, resulting in the decrease of E, values. The E, of silicon nanowires is also
adjusted by H and halogens passivated, but the CBM and VBM are both changed
distinctly.** As the minimum energy value of conduction band at the K point reduces
more rapidly than that at the I" point from ASiC-H to ASiC-Br, the CBM is transferred
from I' point to K point and the direct £, of ASiC-H and ASiC-F is changed to the

indirect £, of ASiC-Cl and ASiC-Br. From Fig.3, it can be found that passivated
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atoms influence the distribution of CBM and VBM, and more electron states from C1
and Br contribute to the conduction band. The CBM and VBM of ASiC-H are
determined by Si and C atoms, respectively. By contrast, halogen atoms affect the
orbitals distribution of the Si and C atoms, which are responsible for the changes of
CBM, VBM, and E, of the ASiC-X NRs. As shown in Table 1, the structural and
electrical properties of ASiC-X NRs with W = 10 are also investigated, which are in
good agreement with that with W =7.

Considered that the GGA-PBE method might underestimate the band gap
values,’® the hybrid sX-LDA functional with CA-PZ has also been performed in this
work. As shown in Table 1, although the £, values of ASiC-X NRs based on sX-LDA
are slightly larger than that based on GGA-PBE, the effect of edge functionalization is
the same. The E, value of ASiC-X NRs increases as the atomic number of X
decreases.

In order to gain more insight into the nature of the electronic structures of
ASiIC-X NRs, the partial density of states (PDOS) of the edge Si/C atoms and X
atoms are shown in Fig. 4. Only the PDOS of the edge Si/C atoms are displayed,
because the edge Si/C atoms contribute the most electrons in the energy region around
the Fermi level, as shown in the spatial distribution of VBM and CBM in Fig. 3. Near
the Fermi level, few electrons from the s orbital are available and p electrons play the
predominant role. Thus, only p orbitals are considered here. As shown in Fig. 4, the
CBM of ASiC-H is determined by the Si-3p orbital and VBM is determined by C-2p

electrons, while the electrons of H atoms do not involve. With the increasing of the
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atomic numbers of halogen atoms, the C-2p electrons are almost constant, indicating
the unchanged VBM. On the contrary, Si-3p orbital in the conduction band shifts
downward and gets close to the Fermi level, suggesting the decline of the CBM. In
addition, more electrons of halogen atoms contribute to the VBM. The F states mainly
locate in the lower energy region of the valence band in ASiC-F, while Cl and Br
states shift to higher energy region in ASiC-Cl and ASiC-Br. At the same time, the
effect of halogen atoms on the CBM and conduction band becomes larger and larger
as the increase of atomic number. Both effects of Si and halogen atoms result in the
variation of CBM and the decrease of E,. These are in good agreement with the
variation of band structures shown in Fig. 3, i.e. the CBM of ASiC-X NRs shift to
lower energy region by the introduction of hydrogen and halogen atoms, while the
VBM are barely affected.

The Hirshfeld population charge distribution of ASiC-X NRs is shown in Table 2,
which provides a different point to understand the interactions between ASiC NRs and
X atoms. The charge of the edge Si or C atoms decreases as the electronegativity of
the corresponding X atom decreases, and close to the interior Si and C atoms. The
variations of charges for Si and C atoms in second dimer lines near edges are very
small, suggesting that X atoms have little effect on the interior atoms and the energy
band around the Fermi level of ASiC-X NRs are mainly contributed by the edge
atoms. This is consistent with the spatial distributions of CBM and VBM in Fig. 3.
Note that the charge variation of X-Si and C-Si-ed atoms from ASiC-F to ASiC-Br is

not monotonously. This is due to the different adsorption structure of halogen on
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ASiC-X, as shown in Fig.3. As the atomic diameter increases from F to Br, the
deformation of the edge becomes obviously. The relaxation of the edge results in the
non-systematically change of charge distributions on X-Si and C-Si-ed. Due to the
relative large electronegativity difference between Si and halogen, the Si/C-X (F, CI,
Br) bonds exist ionic characterization to some extent and the ionic characterization
becomes weaker as the electronegativity decreases from F to Br. The electronegativity
of H is between the Si and C, and their electronegativity values are close to each other.
Si(C)-H bonds intend more covalent character instead of ionic property. (The Pauling
electronegativity value of the F, Cl, Br, H, Si, C are 3.98, 3.16, 2.96, 2.2, 1.98, 2.55,
respectively).* The partly ionic characteristic of the Si/C-X (F, Cl, Br) bonds
diminishes the electron population in the bonding orbital of Si, weakens Si-C bonding,
and decreases the bonding-antibonding splitting, leading to the variation of electron
distribution and E,.

It is observed that the effect of edge functionalization on the £, of ZSiC-X NRs is
different from that of ASiC-X NRs. The variation of E, is very small when edge is
passivated. When W is larger than 3, the E, values are almost the same and close to
zero regardless of the passivated atoms. As shown in Fig. 5, the band structures of
four ZSiC-X NRs are similar to each other. VBM and CBM of ZSiC-X NRs come
from the C and Si atoms. Different from the ASiC NRs, which have two edges with Si
and C atoms arranged alternately, one side of ZSiC NRs is Si atom edge and the other
is C atom edge. Since the E, values are always determined by the electron states of

edge atoms, the different edge configuration results in the different effect of edge
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functionalization on the electronic properties of SiC NRs. The edge configuration of
ASiC NRs is similar with the semiconductor SiC nanosheet, which shows an opened
gap.” However, the edge configuration of ZSiC NRs is analogous to zero gap
semimetal silicene® and graphene,** showing a tiny E,.
4. Conclusions

In summary, the electronic properties of armchair/zigzag SiC NRs with edges
functionalized are investigated based on the DFT. The change of E, is very small
when the ribbon width is larger than 0.9 nm. The E, value of ASiC-X NRs decreases
in the order of H, F, CI and Br, while that of ZSiC-X NRs is nearly unchanged. For
ASiC NRs, the CBM originates from the Si atoms and hydrogen/halogen atoms, and
shifts to lower energy region due to the introduction of adsorbed atoms, while VBM
contributed mostly by the C atoms keep nearly constant, resulting in the decrease of
E,. The VBM of ASiC-X NRs are all at the I" point, while the CBM changes from I"
point for ASiC-H and ASiC-F to K point for ASiC-CI and ASiC-Br, leading to the

direct-indirect £, transition.
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Table 1. Structural and electronic properties of ASiC-X and ZSiC-X NRs. Isix, lcx
(A), Et, Ecem, Evem and Eg (eV) stand for the Si-X and C-X bond lengths, formation

energy per hydrogen/halogen atom, energy of CBM and VBM and E,.

A./ZSIC—X ISi-X ZC-X Ef ECBM EVBM Eg (Eg)c
ASIC-H  1.489 1.094 2.037 -2.644 -5.010 2.365 2.930

(ASIC-H)* 1.489 1.094 2.044 -2.645 -5.014 2.369

(ASIC-H)® 1.489 1.094 2.044 —2.645 —5.014 2.369
ASiC-F 1.596 1.380 4.298 -3.117 -5.285 2.169 2.804
ASiC-Cl  2.133 1.733 2.197 -3.350 -5.198 1.849 2.602

W= ASiC-Br 2462 1921 1.737 —4.102 -5.319 1.217 2.094
ZSiC-H  1.488 1.095 1974 -3.936 —4.038 0.103
ZSiC-F 1.606 1.378 4.343 -3.975 —-4.114 0.138
ZSiC-Cl  2.037 1.751 2571 -3.940 —4.056 0.115
ZSiC-Br 2203 1.928 2.035 -3.840 -3.863 0.023
ASIC-H  1.489 1.094 1.921 -2.675 -5.032 2.357

W=10 ASiC-F 1.597 1.380 4.182 -3.057 -5.257 2.200

ASIC-C1  2.132 1.734 2.094 -3.153 -5.178 2.025
ASiC-Br 2462 1921 1.632 -3.701 -5.289 1.589

“%k-ponint is 2x2x2. "k-ponint is 4x4x4. “based on sX-LDA in CASTEP code.

Table 2. Hirshfeld charge distribution of ASiC-X NRs with W = 7. The corresponding

atoms index is shown in Fig. 1.

Si-ed C-ed Si-C-ed C-Si-ed X-Si X-C
ASIiC-F 04250 -0.1775 0.3132 -0.3285 -0.1477 -0.0958
ASIC-C1 0.3399 -0.2589 0.3078 -0.3165 -0.1050 0.0198
ASIC-Br 0.3028 -0.2760 0.3042 -0.3210 -0.1381 0.1170
ASIiC-H 0.3272 -0.3055 0.3285 -0.3288 -0.0516 0.0292

12
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Captions:

Fig. 1. The geometric structures of armchair SiC (ASiC) NR (a) and zigzag SiC (ZSiC)
NR (b) passivated by H atoms with W = 7.

Fig. 2. The variation of band gap (E,) for ASiC-X (a) and ZSiC-X (b) NRs as a
function of the ribbon width W.

Fig. 3. Band structures and spatial distributions of the conduction band minimum
(CBM) and the valence band maximum (VBM) at the I point for (a) ASiC-H, (b)
ASiC-F, (c) ASiC-Cl and (d) ASiC-Br with W = 7. (e) The variation of band gap (E,),
CBM, VBM and Fermi level for ASiC-X NRs with W = 7. The Fermi level is labeled
with a red dashed line. The isosurface value is 0.030 ¢/ A°,

Fig. 4. Partial density of states (PDOS) for functionalized ASiC-X NRs with W = 7.
Si-ed/C-ed represent the edge Si/C atoms. X-Si/X-C represent the corresponding H, F,
Cl, Br adsorbed on SiC NRs. The Fermi level is labeled with a red dashed line.

Fig. 5. Band structures and spatial distributions of the conduction band minimum
(CBM) and the valence band maximum (VBM) at the ' point for (a) ZSiC-H, (b)

ZSiC-F, (c¢) ZSiC-Cl and (d) ZSiC-Br with W = 7.

13
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Fig. 5
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