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Abstract Under the generalized gradient approximation

(GGA), the electronic properties are studied for SiC

nanoribbon with zigzag edge (ZSiCNR) and armchair edge

(ASiCNR) by using the first-principles projector-aug-

mented wave (PAW) potential within the density function

theory (DFT) framework. Distinct variation behaviors in

band gap are exhibited with increasing ribbon width. The

ZSiCNR is metallic except for the thinner ribbons

(Nz = 2–4) with small direct band gaps, while the direct

band gaps of ASiCNR exhibit sawtooth-like periodic

oscillation features and quench to a constant value of

2.359 eV as width Na increases. The PDOS onto individual

atom shows that a sharp peak appeared at the Fermi level

for broader ZSiCNR comes from the edge C and Si atoms

with H terminations. The charge density contours analysis

shows the valence charges are strongly accumulated

around C atom, reflecting a significant electron transfer

from Si atom to C atom and thus an ionic binding feature.

In addition, the Si–H bond is also ionic bond while the C–H

bond is covalent bond. The dangling bonds give rise to one

(two) flat extra band at the Fermi level for ZSiCNR with

either bare C or bare Si edge (for ZSiCNR with bare C and

Si edges as well as for ASiCNR with either bare C edge or

bare Si edge), except for ASiCNR with bare C and Si edges

in which two nearly flat extra bands appear up and below

the Fermi level.

Introduction

During the last few decades, the graphene nanoribbon

(GNR) attracted much attention due to their fascinating

properties and potential application in nanoelectronics.

Experimentally, the GNR has been prepared either by

cutting mechanically exfoliated graphenes or patterning

epitaxially grown graphenes [1–5]. Theoretically, the GNR

with zigzag edge (ZGNR) possesses partly flat bands at the

Fermi level and thereby gives a sharp peak in the density of

states. The charge density in the edge state is strongly

localized on the zigzag edge sites [6–8]. However, no such

localized state appears in the GNR with armchair edge

(AGNR). The energy band of AGNR is direct and the band

gap depends on the width of the ribbon [9, 10].

It is well known that C and Si present completely dif-

ferent bonding characteristics, though they both are in the

fourth column of the periodic table and have the same

number of valence electrons. This happens because in

carbon sp2 hybridization is more stable while in silicon the

preferable hybridization is sp3. Thus, SiC bulk possesses

unique physical and electronic properties which make it a

suitable material for the fabrication of electronic devices

for high-temperature, high-power, and high-frequency

applications [11]. Furthermore, one-dimensional SiC

nanosystems may exhibit unique properties due to quan-

tum-size effects, making them useful materials in nano-

technology and nanoscale engineering. However, to our

knowledge, the dependence of electronic properties on the

width and chirality of SiC nanoribbon (SiCNR) are scar-

cely studied and are therefore highly desirable.

In this article, the SiC nanoribbon with zigzag edge

(ZSiCNR) and armchair edge (ASiCNR) with and without

H atoms terminated have been investigated by using the

first-principles projector-augmented wave (PAW) potential
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within the density function theory (DFT) framework under

the generalized gradient approximation (GGA). The rest of

the article is organized as follows. In the second section,

the structure model and calculation methods are described

in detail. The calculated results and discussions are given

in the third section. The last section is devoted to the

conclusions.

Structure model and calculation method

The hexagonal network of SiCNR consists of alternating Si

and C atoms with each Si atom having three C atoms as its

nearest neighbors and vice versa. H atoms are attached to

the edge atoms to ensure that dangling bonds make no

contribution to the electronic state near the Fermi level.

Following the previous convention used for GNRs and BN

nanoribbons (BNNRs) [12, 13], the width of ZSiCNR is

classified by the number of the zigzag chains (Nz) across

the ribbon width. Likewise, the width of ASiCNR is

classified by the number of dimer lines (Na) across the

ribbon width. Thus, we refer a ZSiCNR with Nz chains as

Nz-ZSiCNR and an ASiCNR with Na dimer lines as

Na-ASiCNR. As examples, the geometry structures of the

6-ZSiCNR and 6-ASiCNR terminated with H atoms are

shown in Fig. 1a and b. The area between two dashed lines

represents the prime periodic unit cell in which there are

six C and six Si atoms for either 6-ZSiCNR or 6-ASiCNR,

but two H atoms for 6-ZSiCNR and four H atoms for

6-ASiCNR.

The calculations are performed using the Vienna ab ini-

tio simulation package (VASP) based on DFT [14–17]. For

the mixing of the charge density an efficient Broyden/Pulay

mixing scheme [18–20] is used. The electron-ionic core

interaction is represented by PAW potentials [21] which are

more accurate than the ultrasoft pseudopotentials. To treat

electron exchange and correlation, we chose the Perdew–

Burke–Ernzerhof (PBE) [22] formulation of the GGA,

which yields the correct ground-state structure of the

combined systems. A conjugate-gradient algorithm is used

to relax the ions into their ground-states, and the energies

and the forces on each ion are converged within

1.0 9 10-4 eV/atom and 0.02 eV/Å, respectively. The

cutoff energy for the plane-waves is chosen to be 400 eV.

The C 2s22p2, Si 3s23p2, and H 1s1 electrons are treated as

valence electrons. The vacuum space is set to be 15 Å in

both edge-to-edge and layer-to-layer directions, which is

large enough to separate the interaction between SiCNR and

its periodic images. The Brillouin zone integration is per-

formed by using the Gamma-centered Monkhorst–Pack

scheme [23] with 1 9 1 9 11 k-points, together with a

Gaussian smearing broadening of 0.2 eV. The accurate

band structure calculations are preformed by using 60 k-

points along the nanoribbon axis. After geometry optimi-

zation, we find the average Si–C bond length is 1.80 Å. This

is in good agreement with previous calculations for SiC

nanotubes (SiCNT) [24–26]. The C–H and the Si–H bond

lengths are 1.10 and 1.49 Å, respectively. It is noted that

these values are very close to the bond lengths in CH4

(1.09 Å) and SiH4 (1.49 Å). We know that the C–H and Si–

H bond lengths for C atoms being hydrogenated and Si

atoms being hydrogenated are 1.11 and 1.52 Å for SiCNT

[27].

Results and discussions

The typical band structures are shown in Fig. 2 for (a) 2-

ZSiCNR, (b) 6-ZSiCNR, (c) 12-ZSiCNR, (d) 3-ASiCNR,

(e) 6-ASiCNR, and (f) 12-ASiCNR as examples. For 6-

ZSiCNR and 12-ZSiCNR, the lowest unoccupied conduc-

tion band (LUCB) and the highest occupied valence band

(HOVB) meet at one k point near Z at the Fermi level and

then separate from each other. This kind of edge state is

different from the flat edge state at the Fermi level for

ZGNR [6] but will also give rise to a remarkable sharp

peak in the density of states (DOS) (see Fig. 4a). It is worth

to note that the 2-ZSiCNR has a direct band gap of

0.975 eV. For 3-, 6-, and 12-ASiCNRs, the LUCB and the

HOVB appeared at C point are always separated repre-

senting a direct semiconductor character. Furthermore, the

band gap decreases for 3-, 6-, and 12-ASiCNRs succes-

sively. This is different from zigzag SiCNT constructed by

rolling up an ASiCNR, in which the band gap increases

with increasing tube diameter [24]. It is also noted that the

lower conduction bands and the higher valence bands are

twofold degeneration at Z point for broader 6- and 12-

ASiCNRs as can be seen in Fig. 2e and f.

In order to study the variation of energy gap with ribbon

width and chirality, the determined energy gaps as a

function of ribbon width are summarized in Fig. 3 for (a)

ZSiCNRs and (b) ASiCNRs with the ribbon width up to 20.

Distinct variation behaviors are exhibited with increasing

ribbon width between ZSiCNRs and ASiCNRs. For

(a) (b)

C

Si

H

Unite Cell

Fig. 1 The geometry structures of a 6-ZSiCNR and b 6-ASiCNR

terminated with H atoms. The area between two dashed lines
represents the prime periodic unit cell

3260 J Mater Sci (2010) 45:3259–3265

123



ZSiCNRs, the direct band gap decreases successively for

the narrower Nz = 2, 3, and 4 and then becomes to zero

after Nz = 5. This is because the bonding degree between

free 1
3
p electrons of the left edge C atom and free 1

3
p

electrons of the right edge Si atom without sharing with (or

giving to) H atom and thus the direct band gap of semi-

conductor decreases for the narrower Nz = 2, 3, and 4

successively and then becomes to zero after Nz = 5.

Though all the ASiCNRs are semiconductors regardless of

their widths, the band gap oscillations are clearly seen with

a significant quenching to a constant value of 2.359 eV as

width of ASiCNR Na increases. Such an oscillation

behavior was also observed in AGNRs [10] and ABNNRs

[13] only different constant values of 0 and 4.45 eV,

respectively, were tended. In detail, except for the narrower

Na = 3, 4, and 5 due to strong interaction between two side

edges, the band gap exhibits sawtooth-like periodic fea-

tures with the highest and the lowest values corresponding

to Na = 3n and 3n ? 2 ASiCNRs, respectively, for certain

n (n = 2, 3, 4, 5, or 6). This is different from AGNRs and

ABNNRs in which the highest and the lowest values cor-

responding to Na = 3n ? 1 and 3n ? 2.

The corresponding total density of states (DOS) (top

panels) and projected density of states (PDOS) onto the C

atom (middle panels) and Si atom (bottom panels) at edge

(solid lines) and inner (dashed lines) sites are presented in

Fig. 4 (a) 6-ZSiCNR, and (b) 6-ASiCNR as examples. It

can be clearly seen in Fig. 4a for 6-ZSiCNR, that a sharp

peak appears at the Fermi level EF implying a metallic

character. From the middle and bottom panels, one can

further see that this sharp peak comes from the edge C

atom (solid line) and edge Si atom (solid line). This is

consistent with previous study for ZGNR [28]. Such a

sharp peak does not appear at the Fermi level EF in

Fig. 4b for 6-ASiCNR as predicted from energy band

structure of Fig. 2e. Secondly, it is interesting to note that

for both 6-ZSiCNR and 6-ASiCNR, a driving down the

DOS in lower energy region and a driving up the DOS in

higher energy region for edge C or Si atoms (solid lines)

with respect to the DOS of the inner C or Si atoms

(dashed lines) below the Fermi level EF. This is because

the edge C or Si atoms have the fewer numbers of the

near neighbors and thus the less restrictions coming from

the near neighbor atoms, so the most electrons occupy

higher energy states. Therefore, we conclude that the

fewer coordination number will lead the most electrons to

range in higher energy region of the occupancy state.

Thirdly, the lower occupied valence bands are mainly

localized to C atoms and the higher unoccupied conduc-

tion bands are mainly localized to Si atoms in Fig. 4a for

6-ZSiCNR as well as the HOVB and LUCB are highly

localized to C and Si atoms, separately, in Fig. 4b for 6-

ASiCNR. These are coincident with the charge distribu-

tion as shown in Fig. 5a and b that the valence charge

density is strongly accumulated around C atoms due to

their stronger 2p potential, and thus leads to a significant

electron transfer from Si atoms to C atoms. The large

asymmetry in charge distribution displays a typical ionic

binding feature between Si and C atoms similar to III–V

nanoribbons such as BNNRs [13] and AlNNRs [29]. In

addition, Fig. 5a and b also shows that the C–H bond is

covalent bond while Si–H bond is ionic bond.
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Fig. 2 The band structures for

a 2-ZSiCNR, b 6-ZSiCNR,

c 12-ZSiCNR, d 3-ASiCNR,

e 6-ASiCNR, and f 12-ASiCNR.
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As comparison studies, we also explore the effect of

dangling bond on the electronic properties of SiCNRs. The

band structures of 6-ZSiCNR with (a) bare C edge, (b) bare

Si edge, and (c) bare C and Si edges as well as 6-ASiCNR

with (d) bare C edge, (e) bare Si edge, and (f) bare C and Si

edges are shown in Fig. 6. Comparing with Fig. 2b and e

for the band structures of 6-ZSiCNR and 6-ASiCNR with

H termination on both edges, one can readily see that the

band structures are modified by dangling bonds. One (two)

flat extra band (violet) appears at the Fermi level for

6-ZSiCNR with either bare C or bare Si edge (with bare C

and Si edges) leading to the initial two met bands (red and

black) separated from each other especially for bare Si

edge (bare C and Si edges) accompanied with a up shift of

the other bands with respect to them in Fig. 2b. For 6-

ASiCNR without H termination, the bands still degenerate

at Z point. A remarkable feature is that the two extra flat

bands (violet) appear at the Fermi level as can be seen in

Fig. 6 (d) bare C edge, and (e) bare Si edge. However, two

nearly flat extra bands (violet) appear up and below the

Fermi level for 6-ASiCNR with bare C and Si edges

leading to an indirect band gap of 1.673 eV which is

smaller than the direct band gap of 2.364 eV for 6-ASi-

CNR with H termination. This is consistent with the fact

that many materials usually decrease the band gap when H

termination is removed. In addition, the other bands shift

up in Fig. 6d for bare C edge. The extra band is flat because

it is originated from the dangling bond which is located at

edge, as can be seen in Fig. 7 for projected density of states

(PDOS) onto the edge C and/or Si atoms, and thus corre-

sponds to a larger effective mass. We notice that in Fig. 6f

for 6-ASiCNR with bare C and bare Si, a repulsion of extra

bands (violet) is found instead of the appearance of them at

the Fermi level as in the cases of bare C only and bare Si

only in Fig. 6d and e, respectively. In order to check if such

a band-repulsion found for the 6-ASiCNR is due to the

limited width of the nanoribbon. A test with a wider

nanoribbon, 12-ASiCNR for example, is further performed.

The band structures of 12-ASiCNR with (g) bare C edge,

(h) bare Si edge, and (i) bare C and Si edges are also shown

in Fig. 6. Similar to 6-ASiCNR, two (nearly overlap) extra

flat bands (violet) appear at the Fermi level in Fig. 6 (g)

bare C edge and (h) bare Si edge. However, two (also

nearly overlap) nearly flat extra bands (violet) appear up

and below the Fermi level in Fig. 6 (i) for 12-ASiCNR with

bare C and Si edges leading to an indirect band gap of

1.638 eV which is smaller than the direct band gap of

2.361 eV for 12-ASiCNR with H termination. That is, a

repulsion of extra bands (violet) is also existed in 12-

ASiCNR with bare C and Si edges. This implies that such a

band-repulsion in ASiCNR with bare C and bare Si edges

is width-independence.

The PDOS of 6-ZSiCNR, 6-ASiCNR, and 12-ASiCNR

with bare C edge, bare Si edge, and bare C and Si edges are

shown in Fig. 7. The blue and the light magenta lines are

the PDOS onto edge C and Si atoms, respectively. The
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Fig. 4 The DOS for a 6-

ZSiCNR and b 6-ASiCNR

configuration. The top panels

are the total DOS of the

SiCNRs, the middle ones are the

PDOS onto the edge (solid line)

and inner (dashed line) C atoms,

and the bottom ones are the

PDOS onto the edge (solid line)

and inner (dashed line) Si

atoms. The Fermi level EF is set

to zero and is indicated by the

vertical dashed lines
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Fig. 5 The charge density contours of a 6-ZSiCNR and b 6-ASiCNR
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vertical dashed lines are Fermi level which is set to zero.

We can see that for 6-ZSiCNR, the PDOS at the Fermi

level EF for bare C edge as well as bare C and Si edges

ribbons are mainly come from the edge C atom while the

PDOS at the Fermi level EF for bare Si edge ribbon

comes from edge C and Si atoms identically. Comparing

relative values we know that the contributions from C

atom are larger than that from the Si atom since some

electrons have been transferred from Si to C. For 6-

ASiCNR and 12-ASiCNR, the PDOS at the Fermi level

for bare C and bare Si edges comes mainly from the

edge C and Si atoms, respectively. Comparing with

Fig. 7b for 6-ZSiCNR with bare Si edge also, in which

the contributions to the PDOS at the Fermi level from

edge Si atom are equal to that from edge C atom, one

can see that in Fig. 7e and h for 6-ASiCNR and 12-

ASiCNR with bare Si edge, the contributions to the

PDOS at the Fermi level from edge Si atom are larger

than that from edge C atom. This is because, as can be

seen from Fig. 4a for 6-ZSiCNR with H termination,

there is already a sharp peak at the Fermi level comes

from the edge C atom (1.31) is larger than that from the

edge Si atom (0.93). So in addition to the extra contri-

bution from Si dangling bond an equal PDOS is obtained

at the Fermi level for edge C and Si atoms. Such a sharp

peak does not appear at the Fermi level in Fig. 4b for

6-ASiCNR with H termination. So in Fig. 7e and h for

6-ASiCNR and 12-ASiCNR with bare Si edge, the con-

tributions to the PDOS at the Fermi level from edge Si

atom is larger than that from edge C atom. As expected

from the band structures in Fig. 6f and i, there is no

PDOS at the Fermi level for bare C and Si edges,

however, two extra peaks contributed from C and Si

dangling bonds, respectively, appear at -1.1 and 1.4 eV

in Fig. 7f for 6-ASiCNR with bare C and Si edges at

-1.0 and 1.5 eV in Fig. 7i for 12-ASiCNR with bare C

and Si edges, implying a strong interaction between

dimer edge C and Si atoms from their partial electrons

which are originally shared with (for edge C) or given to

(for edge Si) the vanishing H termination. The higher
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Fig. 6 The band structures of 6-ZSiCNR with a bare C edge, b bare

Si edge, and c bare C and Si edges, 6-ASiCNR with d bare C edge, e
bare Si edge, and f bare C and Si edges as well as 12-ASiCNR with g

bare C edge, h bare Si edge, and i bare C and Si edges. The Fermi

level EF is set to zero and is indicated by the horizontal dashed lines
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peak at -1.1 and -1.0 eV (occupied state) for edge C

atom or the higher peak at 1.4 and 1.5 eV (unoccupied

state) for edge Si atom also suggests the electrons

transfer from Si atom to C atom even at edge without H

termination.

Conclusions

In summary, the ZSiCNR and ASiCNR in width up to 20

have been investigated by using the first-principles PAW

potential within the DFT framework under GGA. Distinct

variation behaviors in band gap are exhibited with

increasing ribbon width between ZSiCNRs and ASiCNRs.

For ZSiCNRs, the direct band gap decreases successively

for the narrower Nz = 2, 3, and 4 due to decreasing

interaction between two side edges and then becomes to

zero after Nz = 5. For ASiCNRs, except for the narrower

Na = 3, 4, and 5 due to strong interaction between two side

edges, the band gap exhibits sawtooth-like periodic oscil-

lation features with the highest and the lowest values cor-

responding to Na = 3n and 3n ? 2, respectively, and

quenches to a constant value of 2.359 eV as width Na

increases.

The PDOS onto individual atom shows that a sharp peak

appeared at the Fermi level for 6-ZSiCNR as an example

comes from the edge C and Si atoms with H terminations.

But such a sharp peak does not appear for 6-ASiCNR.

The charge density contours analysis shows the valence

charge is strongly accumulated around C atoms due to their

stronger 2p potential, and thus leads to a significant elec-

tron transfer from Si atoms to C atoms and a typical ionic

binding feature similar to III–V nanoribbons. In addition,

the Si–H bond is also ionic bond while the C–H bond is

covalent bond.

The band structures are modified by dangling bonds.

One (two) flat extra band appears at the Fermi level for 6-

ZSiCNR with either bare C or bare Si edge (with bare C

0

2

4 edge C
 edge Si

6-ZSiCNR

(c) 

Energy (eV)

PD
O

S 
(1

/e
V

)

0

2

4
edge C
 edge Si

(b)
0

2

4
(a) edge C

 edge Si

EF

0

2

4
 edge C
 edge Si

6-ASiCNR

(f)

Energy (eV)

PD
O

S 
(1

/e
V

)

0

2

4  edge C
 edge Si

(e) 

0

2

4
(d)  edge C

 edge Si

EF

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

-3 -2 -1 0 1 2 3
0

2

4

Energy (eV)

 edge C
 edge Si

(i)

12-ASiCNR

PD
O

S 
(1

/e
V

)

0

2

4
 edge C
 edge Si

(h) 

0

2

4

EF

 edge C
 edge Si

(g) 

Fig. 7 The PDOS of 6-ZSiCNR

with a bare Si edge, b bare C

edge, and c bare Si and C edge,

6-ASiCNR with d bare C edge,

e bare Si edge, and f bare Si and

C edge as well as 12-ASiCNR

with g bare C edge, h bare Si

edge, and i bare Si and C edge.

The vertical dashed lines are

Fermi level which is set to zero

3264 J Mater Sci (2010) 45:3259–3265

123



and Si edges). While two extra flat bands appear at the

Fermi level for 6-ASiCNR and 12-ASiCNR with either

bare C edge or bare Si edge, and two nearly flat extra bands

appear up and below the Fermi level for 6-ASiCNR and

12-ASiCNR with bare C and Si edges.
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