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Calculations have been performed for carbon nanoribbons (CNRs) with zigzag edges con-

taining one substitutional nitrogen atom per 154 carbon atoms, using ab initio density

functional theory. It is found that the formation energies of these nanoribbons depend

on the nitrogen doping site, as do the electrical properties. The doping nitrogen atom ener-

getically prefers to distribute near the nanoribbon edges, and there is an impurity state

below or above the Fermi level for the nitrogen-doped CNR, which depends on the nitrogen

doping site. Also, the distribution of non-bonding electrons of nitrogen atom depends on

the nitrogen doping site.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Nanometric carbon materials exhibit various remarkable

properties depending on their geometry. Among them, CNRs

are nanometer-sized stripes of graphene sheets, in which the

boundary regions play an important role [1]. Due to their

structural resemblance to carbon nanotubes and having the

quantum confinement effects, CNRs are expected to present

electronic properties similar to those of carbon nanotubes

which can be unwrapped into CNRs [2,3]. However, some the-

oretical studies show that the metallic or semiconducting

feature in CNRs is different from that in carbon nanotubes

[1,4,5]. The electronic properties of nanoribbons are ruled by

the width and atomic geometry along the edge, namely, zig-

zag or armchair. Similar to armchair nanotubes, CNRs with

zigzag edges are all metallic, while for CNRs with armchair

edges, the band-gap oscillations have been presented as a

function of their width [6–8]. That is to say, CNRs can be made

either as metallic or as semiconducting materials by control-

ling their width or angle between the hexagons and the rib-

bon axis [9]. For CNR with zigzag edges, the existence of a

very large density of states at the Fermi level, which is attrib-
er Ltd. All rights reserved

6.
. Zheng).
uted to the edge localized states having non-bonding charac-

ter [1], was predicted with tight-binding model [3,8,9] and

first-principles calculations [5,10,11]. The unpaired p/p* edge

electrons give rise to a magnetic ordering on the system

[6,12]. Hence, the Pauli ferromagnetic susceptibility should

be an important component in CNR with zigzag edges

[1,13]. However, CNR with armchair edges is diamagnetic sus-

ceptibility since it has a zero density of states at the Fermi

level.

Several experimental groups have successfully produced

isolated and stable 2D crystals of graphene at room tempera-

ture [14–16]. Scanning tunneling microscopy (STM) images of

graphene sheets have revealed bright stripes along its edges,

suggesting a high density of edge states near the Fermi level

[17,18]. Graphene is a semimetal at the micron scale or larger,

but when it is trimmed down to less than 100 nm, electron

confinement opens its band-gap, resulting in an effect that

can be used to tune the crystal’s electronics for different

purposes [19]. CNR has attracted enormous attention due to

fundamental scientific interest in nanomaterials and its ver-

satile electronic properties that are expected to be important

for future application in nanoelectronics [6]. In addition, due
.
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Fig. 2 – The electronic structures for the 7-ZCNR are plotted:

(a) and (c) the total density states and (b) and (d) partial

density states for one carbon atom in the inner (solid line)
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to the flat structure, CNRs are much easier to manipulate

than carbon nanotubes [2,20].

It is well known that the mechanical and electronic prop-

erties of carbon materials can be controlled through the

incorporation of impurities [21]. N atom or B atom is the idea

substitutional impurities as it has roughly the same atomic

radius as C, while it possesses one electron more or less than

C. The graphite-like CNx such as pyridine-like nitrogen, tri-

plebonded CN and substitutional nitrogen in graphite as well

as BN with only sp2 bonding has been reported [22–26]. In par-

ticular, N-doped fullerenes have been found to exhibit a high

hardness combined with a high elasticity due to cross-linking

between curved basal planes [27]. Likewise, N doping of car-

bon nanotube [28] can give rise to nanotube functionalization

[29] and other changes in the structure [30,31]. When one

nitrogen atom or one boron atom is incorporated into carbon

nanotube, there will be an impurity level near the bottom of

the conduction band or the top of the valence band. Conse-

quently, the nanotube is transformed from intrinsic semicon-

ductor to n-type or p-type semiconductor [32–37]. Also, when

CNRs are doped with boron atoms, the boron impurities can

also affect the nanoribbon metallic behavior and break the

polarized transport degeneracy [13]. And, the conductance

of CNR doped with a non-magnetic impurity strongly depends

on the position and strength of the impurity [38]. However, up

to now, there are no reports about how the doping site influ-

ences the electronic properties of CNRs with zigzag edges

doped with magnetic impurity. In this work, we have investi-

gated electronic properties of CNRs doped with nitrogen atom

at different sites with hydrogen passivated zigzag edges in

detail.
and edge of ribbon (dashed line). (a) and (b) are treated with

spin-restricted DFT, while (c) and (d) are calculated with

spin-polarized DFT.
2. Methods

We used the code DMOL3 based on the density-functional

theory (DFT) available from Accelrys Inc. [39,40]. In this code,

each electronic wave function was expanded in a localized

atom-centered basis with each basis defined numerically on

a dense radial grid. All-electron calculations were performed

with a double numeric plus polarization basis (DNP) set. For

the exchange and correlation term, the generalized gradient

approximation (GGA) was used as proposed by Perdew–

Burke–Ernzerhof (PBE) [41] and a finite basis cutoff of 3.7 Å

was adopted. C–C bond length of 1.42 Å was chosen before

geometry optimization. The formation energy Ef of N-doped

CNRs is calculated using the following equation:
Fig. 1 – Schematic of ZCNR. The grey balls denote hydrogen

atoms passivating the edge carbon atoms and the black

balls represent carbon atoms in the nanoribbon structure.
Ef ¼ ðEt1 þ E2Þ � ðEt2 þ E1Þ; ð1Þ

where Et2 is the total energy of perfect CNR, Et1 is the total

energy of CNR with substitutional nitrogen atoms, E1 and E2

are the energies of single free nitrogen and carbon atom,

respectively.

To mimic a situation of an isolated CNR, we adopted three-

dimensional repeating supercells in which individual ribbons

are separated by a vacuum region. In the adopted vacuum
Fig. 3 – Schematic of different substitutional sites in a

structural model of hydrogenated 7-ZCNR doped with one

nitrogen atom per 154 carbon atoms.



Table 1 – The total energy differences for the hydroge-
nated 7-ZCNR with one substitutional nitrogen atom per
154 carbon atoms

Configuration N2 N3 N4 N5 N6 N7

DE (eV) 1.14 1.00 1.39 1.30 1.44 1.41

DE = Ei � EN1, i = N2–N7.
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Fig. 4 – Formation energies of N-doped Nz -ZCNR depend on

the ribbon width, when one substitutional nitrogen atom in

the supercell (27.07 Å) locates at the ribbon edge.
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region, the intervals among the ribbons were kept as 10 Å for

both edge-edge and layer-layer distance. These intervals were

enough to ensure negligible interaction between the ribbon

and its periodic images. The length of CNR with zigzag edges

was chosen as 27.07 Å. The positions of all the atoms includ-
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Fig. 5 – The electronic density of stat
ing the doping nitrogen atoms and passivated hydrogen

atoms in the supercell were not constrained and could be

fully relaxed under the condition that the cell parameters

were fixed on the values optimized for the original supercell.

Following previous convention [1,3–8], the CNRs with zig-

zag edges on both sides are classified by the number of the

zigzag chains (Nz) across the ribbon width, as shown in

Fig. 1. We refer to a CNR with Nz zigzag chains as a Nz-ZCNR.

In this work, we present a theoretical description of electronic

properties of 7-ZCNR containing 154 carbon atoms and 22

passivated hydrogen atoms.

3. Results and discussion

First, we treated the hydrogenated 7-ZCNR as a closed-shell

system with spin-restricted DFT, whose electronic structures

are plotted in Fig. 2a and b. From the density of states (DOS) in

Fig. 2a, we can see that the 7-ZCNR is metallic, which is sim-

ilar to armchair carbon nanotube. However, for the 7-ZCNR,

there is a remarkably sharp peak which is bisected by the Fer-

mi level. In Fig. 2b, the solid and dash lines are partial density

states (PDOS) for one carbon atom in the inner of ribbon and

at the edge of ribbon. It is clear that the sharp peak comes

from the edge state contributed by the unpaired p edge elec-

trons, which results from a quantum confinement effect

depending on the ribbon width [3]. The results are the same

as those predicted with tight-binding model [3,8,9] and first-

principle calculations [5,10,11]. Due to the existence of the

magnetic moment at the edge [1,6,12,13] for the hydrogenated

7-ZCNR, the spin-polarized DFT is employed, whose
1 2
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electronic structures are plotted in Fig. 2c and d. A remarkably

sharp peak at the Fermi level in Fig. 2a splits up into two strik-

ing peaks, as shown in Fig. 2c. As a result, the two spin states

shift in the opposite direction relative to the Fermi level,

which is also consistent with previous calculations [13,42].

The splitting between spin-up and spin-down p-orbital states

at the Fermi level demonstrates that ZCNRs are ferromagnetic

[6,13]. In Fig. 2d, the solid and dash lines are PDOS for one car-

bon atom in the inner of ribbon and at the edge of ribbon,

which shows that the ferromagnetic state comes from the

edge state. It is energetically favorable compared with the

non-magnetic configuration (about 5 meV/edge-atom lower)

since there is an enhance exchange splitting of the localized

p-orbital states at the Fermi level [13], as shown in Fig. 2c.

Nitrogen atoms can be incorporated into the hexagonal

network of ZCNRs through the substituting carbon atoms. 7-

ZCNRs containing one substitutional nitrogen atom in the

supercell containing 154 carbon atoms are considered. It
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Fig. 6 – The electronic partial density of states (PDOS) for N1–N7 c

middle one PDOS of the edge C atom whose distance from the n

edge C atom whose distance from the nitrogen atom is the lon
means that one substitutional nitrogen atom corresponds to

one nitrogen concentration of 0.6%. From the edge to inner,

we investigate seven configurations for the hydrogenated 7-

ZCNR with a substitutional nitrogen atom, denoted by N1–

N7, as indicated in Fig. 3. Their corresponding total energies

(E) are compared as listed in Table 1. It can be found that con-

figuration N1 is the most energetically favorable, which

means that nitrogen prefers to be at the edge of nanoribbons

for the hydrogenated ZCNR. N2 and N3 are comparatively

preferable, while N6 and N7 are the most unfavorable. The

special edge state strongly depends on the ribbon width [3].

The edge state is very important when the ribbon width is

of nanoscale size. Fig. 4 demonstrates the formation energy

depending on the ribbon width, when the substitutional

nitrogen atom locates at the ribbon edge. With increasing rib-

bon width, the formation energy also increases.

The electronic density of states for the hydrogenated 7-

ZCNR containing one nitrogen atom per 154 carbon atoms
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gest.
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Fig. 6 – (continued)
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at different sites are shown in Fig. 5, which are similar to that

of perfect 7-ZCNR (Fig. 2c). It is worth noting that remarkably

splitting sharp peaks all appear near the Fermi level. However,

it is observed that there is one striking splitting impurity

state, marked by arrow, for each one nitrogen-doped 7-ZCNR,

as shown in Fig. 5. For N1, N2 and N3 configuration, the impu-

rity state lies below the Fermi level, while for N4, N5, N6 and

N7 configuration, the impurity state locates above the Fermi

level. This indicates that nitrogen and its location affect the

electronic properties of the ZCNR significantly. For N2 and

N3 configuration, the spin-up impurity states and the spin-

up edge states near the Fermi level are almost degenerate. It

is noted that the splitting width of spin-up and spin-down

impurity states is smaller than that of the edge states at the

Fermi level. On the other hand, the impurity state of N1

shows a farther away below the Fermi level than other config-

urations, as shown in Fig. 5. This is why the total energy of N1

is lower than that of other configurations.

It is well known that nitrogen atom has one extra electron

in comparison with carbon atom. For nitrogen-doped carbon

nanotubes, the extra electron mainly lies around the nitrogen
atom and give rise to a donor state near the Fermi level

[29,37]. For 7-ZCNRs doped with one nitrogen atom per 154

carbon atoms at different sites, their PDOS are exhibited in

Fig. 6. The top panel is the PDOS for nitrogen atom, the middle

one the PDOS for carbon atom at the edge whose distance

from nitrogen atom is the shortest among the carbon atoms

at the edge, and the bottom one also the PDOS for carbon

atom at the edge whose distance from the nitrogen atom is

the longest. It is clear that the extra electron of nitrogen atom

occupies the spin-down states. The energy level of impurity

states depend on both the coulomb attraction of N+ and the

correlation of unpaired p edge electrons with the extra non-

bonding electron in N atom, and the distance between the

nitrogen atom and the ribbon edge decides to the sign change

of the impurity energy level. (The energy level of impurities

for N3 is at threshold of this sign change.) When the nitrogen

atom lies at the edge, due to the strong interaction between

the extra non-bonding electron and N+, the impurity state lo-

cates below the Fermi level (the energy level of impurity

states are negative). However, when the nitrogen atom locates

far away the edge, the correlation of unpaired spin-up p edge
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electrons with the extra non-bonding electron is stronger

than the coulomb attraction of N+, leading to that this extra

non-bonding electron tends to appear at the edge atoms

and occupy the lowest unpaired p* edge electron level, which

uplifts the Fermi level. Since N+ has a strong ability to attract p

electrons of its neighboring C atom, the center of negative

charge around the N+ has been formed, which can introduce

the impurity state above the Fermi level (the energy level of

impurity states are positive).

For N1 configuration, due to the extra non-bonding elec-

tron tightly around N+, the impurity spin-down state coupling

with edge spin-up state locates far away the Fermi level. With

increasing the distance between nitrogen atom and edge, the

extra non-bonding electron is weakly restricted around N+.

Hence, the impurity state of N2 is more near the Fermi level

than N1. However, for transition configuration N3, there two

states that can be occupied by the extra non-bonding electron.

One is the impurity state below the Fermi level (the top panel

of Fig. 6c), which represents the configuration wherein the ex-

tra non-bonding electron lies near the N+. Another is the weak

impurity state up the Fermi level (the top panel of Fig. 6c),

which denotes the configuration in which the extra non-bond-

ing electron lies at the edge atom and occupy the lowest un-

paired p* edge electron level (the middle panel of Fig. 6c).

It is noted that there are sharp dips around the impurity

states (especially for N5, N6 and N7 configuration) in Fig. 5.

For the graphene, the local impurity state characterized by

the resonance state, which is caused by the impurity pertur-

bation, can even opens a quasi-gap in the vicinity of the nodal

point [43,44]. And a weak scatter can cause a quasi-localized

state and consequently a zero-conductance dip near the Fer-

mi level in a ZCNR with non-magnetic impurity [38,45].

Hence, for 7-ZCNR with one substitutional nitrogen atom,

the density of states in Fig. 5 produces the sharp dip near

the impurity state and shows crucial dependence on the posi-

tion of the impurity.
4. Conclusions

The formation energies and electronic properties for ZCNRs

with one substitutional nitrogen atom per 154 carbon atoms

depend on the nitrogen doping site, and the nitrogen atom

energetically prefers to lie on the nanoribbon edge. The sub-

stitutional nitrogen atom near nanoribbon edges leads to that

an impurity state appears below the Fermi level, while in oth-

ers cases an impurity state locates above the Fermi level. The

energy level of impurity states depend on both the coulomb

attraction of N+ and the correlation of unpaired p edge elec-

trons with the extra non-bonding electron in N atom, and

the distance between the nitrogen atom and the ribbon edge

decides to the sign change of the impurity energy level. These

results suggest that one way to control the electronic property

of ZCNRs by adjusting nitrogen doping sites can be realized.
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