
Graphene, 2017, 6, 19-25 
http://www.scirp.org/journal/graphene  

ISSN Online: 2169-3471 
ISSN Print: 2169-3439 

DOI: 10.4236/graphene.2017.61002  January 19, 2017 

 
 
 

Effect of Boron (Nitrogen)-Divacancy Complex 
Defects on the Electronic Properties of Graphene 
Nanoribbon 

Zhiyong Wang, Junchao Jin, Mengyao Sun 

College of Science, Guilin University of Technology, Guilin, China 

 
 
 

Abstract 
We report the effect of boron (nitrogen)-divacancy complex defects on the electronic 
properties of graphene nanoribbon by means of density functional theory. It is found 
that the defective subbands appear in the conduction band and valence band in ac-
cordance with boron (nitrogen)-divacancy defect, respectively; the impurity sub-
bands don’t lead to the transition from the metallic characteristic to a semiconduct-
ing one. These complex defects affect the electronic band structures around the Fer-
mi level of the graphene nanoribbon; the charge densities of these configurations 
have also changed distinctly. It is hoped that the theoretical results are helpful in de-
signing the electronic device. 
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1. Introduction 

Graphene, as a (2D) monolayer honeycomb structure of carbon, has attracted a great 
deal of interest since its successful preparation in 2004 [1]. Due to its unique mechani-
cal, structural and electronic properties, grapheme has been realised as an important 
material for numerous theoretical investigations and promising applications. Among 
these are charge carriers behaving as massless Dirac fermions [2], Klein tunneling [3] 
[4], ballistic transport at room temperature [5] [6], and anomalous quantum Hall ef-
fects [7]. From experimental points of view, field-effect transistors [8] [9], microme-
chanical resonators [10], gassensors of graphene have already been proposed [11]. 
Chemical doping aims at producing p-doped or n-doped transistors, which are crucial 
for building logic functions and complex circuits [12]. Doping also allows new applica-
tions such as chemical sensors or electrochemical switches [13]. In carbon-based mate-
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rials p-type (n-type) doping can be achieved by boron (nitrogen) atom substitution 
within the carbon matrix [14]. Recently, both experimental and theoretical works have 
addressed the possibility to create on graphene, a single or a few number of vacancies, 
or even a superlattice of vacancies [15] [16] [17]. The effects of divacancy on the prop-
erties of GNRs (or Boron nitride nanoribbons) have also been investigated [18] [19] 
[20]. However, the effect of adatom-divacancy complex defects on the electronic prop-
erties of graphene nanoribbon (GNR) has not been investigated yet. Here we present a 
theoretical study of the electronic properties of GNRs with boron (nitrogen)-divacancy 
complex defects by means of density functional theory. 

2. Calculational Method and Model 

We have relaxed and calculated the electronic structures of all the considered GNRs by 
utilizing the SIESTA code [21] [22] [23], where the exchange-correlation potential is a 
generalized gradient approximation (GGA) in the form of Perdew, Burke, and Ernzer-
hof [24]. The atomic orbital basis set was a double-ζ plus polarization function (DZP). 
The numerical integrals were performed on a real space grid with an equivalent cutoff 
of 200 Ry. A periodic boundary condition along Y direction was applied to the GNR, 
while a vacuum region larger than 10 Å along the Z direction was set to decouple the 
interaction between adjacent GNR to ensure an isolated single-layer GNR being consi-
dered. The supercells of the perfect GNR under study contain 120 carbon atoms. The 
edges were terminated by hydrogens to form C–H bonds for neutralizing valencies of 
all the carbon atoms. 

3. Results and Discussions 

Firstly, we investigate the changes of geometry structures of the GNRs with boron (ni-
trogen)-divacancy complex defects. After the geometry relaxation, the perfect GNR is 
labeled as Per configuration, the GNR with only two vacancies is labeled as 2V confi-
guration (see Figure 1(a)), the GNR with boron-divacancy complex defect is labeled as 
2VB configuration (see Figure 1(b)), the GNR with nitrogen-divacancy complex defect 
is labeled as 2VN configuration(see Figure 1(c)), the GNR with boron-divacancy and 
nitrogen-divacancy, which forms the B-N bond, is labeled as 2VBN configuration (see 
Figure 1(d)), the GNR with boron(nitrogen)-divacancy, which forms B-B bond, is la-
beled as 2VBN1 configuration (see Figure 1(e)). In Figure 1(a), the divacancy struc-
ture under considered here had carbon atoms arranged and formed a geometry with 
two pentagonsside by side with an octagon, this configuration that we will refer from 
now on as a 585 divacancy. The bond lengths in the vacancyring vary between 1.390 
and 1.594 Å, the longest bond is the mutual bond between pentagon and octagon, and 
is thus up to 13%longer than the counterpart in perfect GNR. It can be found that the 
bonds in the vacancy ring are strained and weaker than that in a pure sp2 hybridization. 
In Figure 1(b), the bond lengths in the vacancy ring vary between 1.407 and 1.820 Å, 
the longest bond is the B-B bond (see Figure 1(b)), and is thus up to 29% longer than 
in perfect GNR, which may be attributed to the strong interaction between the two 
neighbouring boron atoms. In Figure 1(c), the bond lengths in the vacancy ring vary 
between 1.315 and 1.478 Å, the shortest bond is the N-C bond, which may be ascribed 
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(a)                                  (b)                              (c) 

 
(d)                              (e) 

Figure 1. Fully optimized structures of five different configurations. (a) Top view of divacancy 
configuration, which is labeled as 2V configuration; (b) Top view of the boron-divacancy com-
plex configuration, which is labeled as 2VB configuration; (c) Top view of the nitrogen-divacancy 
complex configuration, which is labeled as 2VN configuration; (d) Top view of the boron (nitro- 
gen)-divacancy complex configuration, which is labeled as 2VBN configuration; (e) Top view of 
the boron (nitrogen)-divacancy complex configuration, which is labeled as 2VBN1 configuration. 

 
to the smaller atomic radius of the nitrogen atom than that of the carbon atom, and 
weaker interaction between the two neighbouring nitrogen atoms, so there are four 
dangling bonds in the vacancy ring. In Figure 1(d), the bond lengths in the vacancy 
ring vary between 1.387 and 1.685 Å, the longest bond is the B-N bond, which reflects 
the B-N bond is weaker than others bonds in the vacancy ring. In Figure 1(e), the bond 
lengths in the vacancy ring vary between 1.331 and 1.846 Å, the longest bond is B-B 
bond, which is thus up to 31% longer than in perfect GNR. 

The geometry structures’ changes must affect the electronic band structures of these 
complex configurations. As shown in Figure 2, the electronic band structures of these 
configurations are investigated. In 2V configuration, the degeneracy of energy band 
around the Fermi level is reduced obviously compared with the Per configuration, and 
it appears the defect subbands near the Fermi level because of the introducing of the 
divacancy. In 2VB configuration, there occur new impurity subbands in the conduction 
band. Note that the impurity subbands do not change the metallic characteristic of the 
GNR, which is very different from the boron (nitrogen) substitutional doping in the 
perfect GNR where the impurity subbands change the metallic GNR to a semiconduct-
ing one [25]. It may be attributed to the carbon vacancy in the GNR. In 2VN configura-
tion, there occur new impurity subbands in the valence band. It can be found that it 
does not change the metallic characteristic of the GNR, pyridinic nitrogen atom forms 
two covalent bonds with each nearest neighboring carbon atom and contributes one p 
electron to the π electron systems of the GNR. The impurity next to the carbon vacancy 
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Figure 2. The electronic band structures of the GNRs with boron (nitrogen)-divacancy 
complex defects. The Fermi level is set at 0 eV. The wave vector is from Γ to X. 

 
is strongly electronegative because of the neighboring vacancy and the p electron is lo-
calized around the nitrogen atom. In 2VBN and 2VBN1 configurations, the degeneracy 
of energy band around the Fermi level is reduced distinctly compared with the Per con-
figuration, the lowest unoccupied band and the highest occupied band of the 2VBN1 
are more closing to the Fermi level compared with the 2VBN configuration, it may be 
attributed to the presence of pyridinic nitrogen atom. 

Next we will continue to investigate the effect of boron (nitrogen)-divacancy com-
plex defect on the charge density of the GNR. In Figure 3(a), the charge densities in the 
region of two pentagons increase compared with the counterpart of the Per configura-
tion, and the charge densities of the centre region of the octagon are nearly zero. It may 
be attributed to the charge transfer from the carbon atom of the octagon to the carbon 
atom of two pentagons. In Figure 3(b), the charge densities of four boron atoms de-
crease compared with the counterpart of the 2V configuration, which may be ascribed 
to the strong interaction between two neighbouring boron atoms. In Figure 3(c), the 
charge densities near four nitrogen atoms increase compared with the counterpart of 
the 2VB configuration, because of the neighboring vacancy and the p electron is loca-
lized in the round of nitrogen, and the charge densities of the centre region of the va-
cancy ring have also changed. In Figure 3(d), the charge densities of the vacancy ring 
have changed distinctly because of the formation B-N bond, the charge densities 
around the nitrogen atom are higher than that of the boron atom, which may be attri-
buted to the charge transfer from the boron atom to the neighbouring nitrogen atom. 
In Figure 3(e), the charge densities around the neighbouring carbon atom of the ni-
trogen atom are higher than the counterpart of the 2VN configuration because of the 
coupling between the boron atom and nitrogen atom, and the zero charge density of 
the centre region of the vacancy ring is smaller than that of the 2VBN configuration.  
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(a)                               (b) 

 
(c)                               (d) 

 
(e)                               (f) 

Figure 3. The charge densities around the defect are plotted, (a) (b) (c) (d) and (e) refer to the 
2V, 2VB, 2VN, 2VBN and 2VBN1 configurations, respectively. (f) refers to the charge density of 
the Per configuration for comparison. 

4. Conclusion 

In this paper, we have investigated the effects of boron nitrogen)-divacancy complex 
defects on the electronic properties of the GNR. Firstly, we have analyzed the geometry 
structures of these complex configurations; it is found that boron-divacancy complex 
defect can form the B-B or B-N bonds with the neighbouring boron atom or nitrogen 
atom, while for the nitrogen-divacancy complex configuration, which forms four dan-
gling bonds. Secondly, we have investigated the electronic band structures of these 
complex defects; the calculated results show that the boron(nitrogen)-divacancy com-
plex configurations do not change the metallic characteristic; the coupling between the 
defect state and impurity state only affects the conduction band and valence band 
around the Fermi level, respectively. Lastly, we have also investigated the charge densi-
ties of these complex configurations; it is very different between the nitrogen-divacancy 
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and boron-divacancy. It is hoped that the theoretical discussions may be helpful in in-
vestigating the transport property and designing the electronic device. 
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