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First-principles calculations for nitrogen-containing single-walled
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We present calculations for possible configurations of nitrogen-containing single-walled carbon
nanotubes and their electronic properties obtained witlalthiaitio tight-bindingFIREBALL method.

It is found that nitrogen atoms can be energetically incorporated into the carbon network in three
forms: Substitution, substitution with formation of a vacancy structure, and chemical adsorption.
The different forms exhibit different local densities of states near the Fermi levels, which might
suggest a potential method to control the electronic properties of nitrogen-doped carbon nanotubes.
© 2003 American Institute of Physic§DOI: 10.1063/1.1593798

I. INTRODUCTION network through many different techniques, such as substi-
tution reactiong/ '8 electric-arc evaporation, and magnetron

There has been much interest in the mechanical, eleaputtering:®>=2'The nitrogen content ranges from 5% to 30%
tronic, and structural properties of carbon nanotubes sinci nitrogen-containing carbon nanotubes prepared by differ-
their discovery. Their unique properties make them a very ent technique$®?° The electronic structure of nitrogen-
promising candidate for building blocks of molecular-scalecontaining carbon nanotubes has been determined from the
machines and nanoelectronic deviéebSingle-walled car- analysis of the x-ray photoelectron and x-ray fluorescence
bon nanotube$SWNTS can be either metallic or semicon- spectre?! From the N & photoelectron spectrum of nitrogen-
ducting, depending on the chiral vectois,m).>® Further- containing carbon nanotubes, it is proposed that nitrogen at-
more, the introduction of topological defects, such asoms can be incorporated into the carbon network with the
pentagon—heptagon pairs, into the hexagonal network of formation of a vacancy defect, where each doping nitrogen
SWNT can change the helicity of the tube, altering its elecatom is bonded to two carbon atoms. Other nitrogen-
tronic structure. It is proposed that nanoscale heterojunctionsontaining carbon nanotubes are energetically promising, es-
can be obtained within a single SWNT through thispecially in consideration of predicted results on azafullerene
method’® structures containing 20% nitrogen 4f8;,). %

Adsorption of many kinds of atoms or molecules, such  There have been few theoretical efforts to study the
as F, K, Q, Hy,, and NQ, on carbon nanotubes also nanostructure and electronic properties of nitrogen-
changes their electronic properties? This suggests a po- containing carbon nanotubes. In this article, we investigated
tential application of carbon nanotubes as a chemical senstiie possible configurations of nitrogen-containing carbon
or more generally a method for controlling the electronicnanotubes and their LDOS by using electronic structure cal-
properties of carbon nanotubes by modifying their structuresulations. The results show that nitrogen atoms can be stably
through doping with different atoms. incorporated into carbon nanotubes in three different forms,

With the development of synthesizing techniques, dopend exhibit different electronic properties.
carbon nanotubes have attracted more and more attention.

Others have shown that doped SWNTs exhibit conductivityj;. METHODS

enhancement and charge transfer In addition, significant o o »

enhancement of the local density of state®0S) at the We use theab intitio tight-binding progranFiReBALL,

Fermi level caused by introducing substitutional boron orP@sed on the density-functional thedfyFT) and a nonlocal

nitrogen atoms into the tube tip of SWNTs was predicted byp_seudopotentlgl_ scheme, for our at_om|st|c_5|mulat|ons of

using first-principles calculatiodé.Nitrogen is an ideal dop- Nitrogen-containing SWNTs. The basis functions used are a

ing atom, for it can be easily incorporated into the carbors€t Of slightly excited pseudoatomficeball wave functions.
These orbitals are computed within the DFT and the gener-
alized norm-conserving separable pseudopotentials of the

dAuthor to whom correspondence should be addressed; also at: Center

Super-Diamond and Advanced FilfSBOSDAR and Department of Phys- Piamann form are uséﬂemployln?ﬁ%for their construction,
ics and Materials Science, City University of Hong Kong SRA, China; the scheme of Fuchs and ScheffielThe FIREBALL wave

electronic mail: zmw@sdu.edu.cn functions are chosen such that they vanish at some ragius
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We choose a double numericd@N) basis sess* pp*

for nitrogen and a single numerical basis spt for carbon. f‘\)_ VAR G EN o /f"% T
These basis sets have been shown to provide reasonable i Y./ N_./ | p A f‘x{_\x—/_‘
curacy with a low demand on computation resources. The /' Y/ V.1 Iy IN_ & N\
form of the DN basis sets, that we use, are prescribed b <! \-f{:\ ;.{ § \_{ i
Delley where the wave functions of the" 2ons determine f§ )‘ Q 7/ { q cé -q >d
the excited state orhitaf§. The localized pesudoatomic or- (l’(”\\ J)_ﬂ T 1-1: ((Ig( 1,— }
bitals were constructed with a confinement radius of 240§/~ /7 9 " Wa
for the 2s state and 4.1Gg for the 2p state of nitrogen, '}%-/_(L'} b r\_ "’_%, T
while the Z and 2 orbitals of carbon were confined ina —~ (a) (C) i
sphere with radius of 4.08g and 4.40ag, respectively.

The model of electronic exchange-correlation functional o0 © o— O GO — O
employed in these calculations was the generalized gradier [ ! d b A .,7 Yo Bd
approximation(GGA). We use the GGA form containing Xf‘\_‘f §; Pl ; ]«( \3—( b
Becke exchange (B88) with Lee—Yang—Parr (LYP) d \—79 <>*1i } & 1"5
correlation?”?® Periodical boundary conditions along the g P {)“ 7 ,‘é \).’7
tube axis were used for SWNTs. The supercell selected fo‘{ ) P j’*‘f\ :(} A__C] hS
the (5,5 SWNT contains ten layers of carbon atorfi0 {"‘\ T \ I & %d B
atomg. All of the equilibrium configurations presented 1 /™ \ Vi ot ;,/ N )

Y ) S S % O & ] ol H
herein were obtained by full relaxation until the energy con- [ ”%D_[ \C_J ,.f' o X“‘-/ J\-@
vergence reached a tolerance o210 3 eV/atom. The co- (d (f)
hesive energye, of a pure SWNT and nitrogen-containing
SWNT is calculated from its total enerdy; and the energy & e
of a single free carbon atonEf) and nitrogen atomE.,) Nitrogen
using the following equatiorE.=E+—n,E;—n,E,, where © Carbon

n, and n, are the number of carbon atoms and nitrogen

atoms, respectively. ) ) ) . .
P y FIG. 1. The possible configurations of nitrogen-containifig) SWNT.

IIl. RESULTS AND DISCUSSION . . .
these nitrogen-substitute(s,5 SWNTs (difference from

Nitrogen can be incorporated into the hexagonal networlpure carbon nanotubere 2.02 eV,—3.86 eV, —3.73 eV,
of SWNTs through the substitution of nitrogen for carbon.—3.09 eV, and—5.21 eV, respectively. It is clear that the
The five valence electrons of nitrogen can form three /@  configuration containing two adjacent substitutional nitrogen
bonds with the neighboring carbon atoms; however, there aratoms, as shown in Fig.(l), is energetically unfavorable,
differences in bond length and binding energy between thand therefore unlikely appears in nitrogen-containing
C—N bond and €&-C bond. Calculations at the SWNTs. The cohesive energy of nitrogen-substitugdh)
B3LYP/6-31G level within caussianeg® yield equilibrium ~ SWNTs decreases with the increase in the number of substi-
bond lengths of &-N and G, dimers at 1.17 A and 1.25 A, tutional nitrogen atoms. This does not necessarily mean that
respectively, while the difference in the binding energy be-the nitrogen-substituted SWNT with high nitrogen content is
tween a G-N and G dimer is —2.48 eV. Therefore, the more probable because the nitrogen content in SWNTs will
incorporation of nitrogen atoms into the hexagon network ofdepend on many factors, such as synthesis technfques.
SWNTs will cause structural distortion of the tube wall We next construct the configurations 5,5 SWNT
around the substitutional sites, but such a substitution isvith 20% and 40% substitutional nitrogen atoms, where the
more energetically favorable. distribution of nitrogen is uniformly placed such that no two

Our calculated equilibrium configuration of €5,5 nitrogen atoms are adjacent. The calculated equilibrium con-
SWNT with a single substitutional nitrogen atdshown in  figurations of the two tubes are represented in Fi¢s). 2nd
Fig. 1(@], shows similar trends as in the dimer case. The2(b), respectively. The distortion of th&,5 SWNT contain-
average &-N bond length in the nitrogen-substitut€sl,5) ing 20% nitrogen atoms is slight; however, remarkable dis-
SWNT is 1.42 A, which is shorter than the averaged bondortion occurs as the nitrogen content is up to 40%. In both of
length, 1.46 A, of C-C bonds of the SWNT. The difference these cases, the axis of the tubes remain straight during op-
of the cohesive energy betweeris5 SWNT with a substi- timization processes, although there is obvious radial distor-
tutional nitrogen atom and a puf,5 SWNT is —2.23 eV. tion.

We now consider the cohesive energies in different con-  Additionally, we simulated the annealing of &,5)
figurations of nitrogen-substitute,5 SWNTs with more  SWNT containing 18 substitutional nitrogen atof290 at-
than one substitutional nitrogen atom, as shown in Figsoms total, which were distributed in a local area on the tube
1(b)-1(f). These cases correspond to two adjacent nitrogewall. After being annealed at 500 K for 10 ps, the tube bent
atoms[Fig. 1(b)], two nonadjacent nitrogen atoms placed onsubstantially, as shown in Fig(@. It can be expected that
different sites of the hexagdfrig. 1(c)—1(e)], and three non- with the increase of substitutional atoms, longer carbon
adjacent nitrogen atom&ig. 1(f)]. The cohesive energies of nanotubes may roll up to form a more crooked structure.
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This result is consistent with the transmission electron mi- 10 Ep
croscopy(TEM) images of nitrogen-containing carbon nano- 0] !
tubes where the graphitic network of a nitrogen-rich carbon 2 0 2 4
nanotube is strongly distorted and partially stratiféd. Energy (eV)

We next consider the configuration of a nitrogen atom

incorporated into 45,5 SWNT with the addition of an ad-
jacent vacancy, as shown in FigaB Carbon nanotubes usu-

ally contain a considerable amount of defects, such as vacaf

cies in the network of carbon hexagdfis! It has been

FIG. 4. The LDOS near the Fermi level of different nitrogen-doped SWNT
configurations. The horizontal axis represents energy, where the energy at
ermi level is set as zerda) pure (5,5 SWNT, (b) (5,5 SWNT with a
substitutional nitrogen atonic) (5,5 SWNT with an adsorbed nitrogen
atom, and(d) (5,5 SWNT containing a substitutional nitrogen which is

assumed that the nitrogen atoms can be incorporated into th&orporated into the carbon network with formation of a vacancy structure.

carbon network with the formation of a vacancy structtire.

But, no other detailed knowledge of such vacancy structures

has been presented. In our calculated vacancy structure, tiength of a double bond. The electronic state of the nitrogen
substitutional nitrogen is incorporated into a hexagon, and@tom with this vacancy is definitively different from that of
bonded to two carbon atoms, creating a carbon vacancy; tH&e substitutional nitrogen atom structure where each nitro-

optimized structure is shown in Fig(83. We find the bond
length of the G—N bond to be 1.34 A, which is much shorter
than the substitutional - N bond length and more like the

Q Nitrogen

© Carbon

FIG. 3. (a) The configuration of5,5 SWNT with a substitutional nitrogen

which is incorporated into the carbon network with formation of a vacancy

structure.(b) The geometric structure of5,5 SWNT with an adsorbed
nitrogen atom.

gen atom is bonded to three carbon atoms.

Previous studies have demonstrated that a single nitro-
gen atom can be chemically adsorbed on the exterior surface
of small radius SWNTs, and the most possible adsorption site
is over a G—C bond>? The equilibrium structure of &,5)
SWNT with an adsorbed nitrogen atom is shown in Fidp) 3
From Fig. 3b), it is evident that there is remarkable distor-
tion of the wall of the SWNT around the adsorption site. The
distance between the two carbon atomsadd G (bonded
to the adsorbed nitroggis elongated to 1.81 A from a bond
length of 1.46 A. The electronic density contours on a plane
containing the adsorbed nitrogen and its neighboring carbon
atoms are depicted in the inset of FigbB From the inset of
Fig. 3(b), it is obvious that the covalent bond between the
carbon atoms, Cand G, is broken, as each carbon atom
now forms G—N covalent bonds. The adsorption energy of a
nitrogen atom on the exterior wall @5,5 SWNT is calcu-
lated to be—4.31 eV; thus, the nitrogen adsorption is a
chemical adsorption and therefore is stable.

We calculate the LDOS near the Fermi levels from some
of our different configurations and present the results in Fig.
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FIG. 5. Energy levels around the Fermi level fay pure (5,5 SWNT, (b) Energy (eV)

(5,5 SWNT with a substitutional nitrogen atorfg) (5,5 SWNT with an

adsorbed nitrogen atom, ar(d) (5,5 SWNT containing a substitutional FIG. 6. The LDOS of5,5 SWNT with a substitutional nitrogen atofsolid
nitrogen which is incorporated into the carbon network with formation of Aline), and (5,5 SWNT containing 20% substitutional nitrogen atoms
vacancy structure. Solid lines and dot lines correspond to fully occupied(das’hed Iin¢’

levels and unoccupied levels, respectively. The dashed lines represent the
half-occupied levels.

containing carbon nanotubes will acta$ype-doped carbon
nanotubes. Conversely, the other considered nitrogen-

4. The LDOS of a puré5,5 SWNT is depicted in Fig. @  containing SWNTSs can be regardedratype-substituted car-
for reference. With a substitutional nitrogen atpoonfigu-  bon nanotubes provided that most of nitrogen atoms are in-
ration in Fig. 1a)], the Fermi level is shifted higher in the corporated into the SWNT through substitution without
LDOS, as shown in Fig.#), such that the Fermi level of the vacancy. This suggests a method to control the electronic
substitutional nitrogen atom configuration is above the Fermproperty of SWNTs by adjusting nitrogen doping methods.
level of the pure(5,5 SWNT. This indicates that5,5  More importantly, if the three different forms of nitrogen
SWNT with a substitutional nitrogen atom would be re- atoms are doped into different regions of a single SWNT, it
garded as a-type-substituted carbon nanotube. This result iSis possible to form heterojunctions within the carbon nano-
related to the nature of the substitutional nitrogen atomtube.
which has five valence electrons. Noting that three carbon The LDOS near their Fermi levels of(8,5 SWNT with
atoms are bonded to the nitrogen, the substitutional nitrogea substitutional nitrogen atom §gN) and a(5,5 SWNT
atom, therefore, can be regarded as a donor. Contrary to thgith 20% substitutional nitrogen atoms ¢f8l,;) are shown
previous case, th€5,5 SWNT configuration with an ad- in Fig. 6. It is obvious that the LDOS of N, at the Fermi
sorbed nitrogen atonficonfiguration in Fig. &)], has its level is greatly enhanced compared with that @§\C As it
Fermi level shifted lower, as shown in Figic} compared to  is well known, the LDOS near the Fermi level directly af-
the pure(5,5 SWNT. This indicates that thé5,5 SWNT  fects the chemical reactivity and electronic properties, such
with an adsorbed nitrogen atom would be regarded as as field emission and electronic conductiityTherefore,
p-type-adsorbed carbon nanotube. This result can be exhese LDOS show that increasing nitrogen content into
plained by the fact that only two carbon atoms are bonded t$WNTs will cause higher chemical reactivity and electronic
the nitrogen atom, and the nitrogen can be regarded as awnductivity.
acceptor. For the LDOS of a nitrogen-substitutésis)
SWNT with a vacancy structufeonfiguration in Fig. 8],
shown in Fig. 4d), this kind of nitrogen-substituted tube is
also ap-type-substituted carbon nanotube. In summary, nitrogen atoms can be incorporated into

The energy levels around the Fermi level for the purecarbon nanotubes in three forms: Substitution, substitution
(5,5 SWNT and nitrogen-containing5,5 SWNTs are with formation of vacancy structure, and chemical adsorp-
shown in Fig. 5. Half-occupied levels, represented by thdion. The incorporation of nitrogen atoms can induce struc-
dashed lines in Fig. 5, appear in the energy gap of theéural distortions of carbon nanotubes, which ultimately may
nitrogen-containing SWNTSs. These levels are related to theause the carbon nanotubes to roll up to form a more crooked
way nitrogen is incorporated into the SWNTs. For thestructure. Nitrogen-substitute(6,5 SWNT without a va-
nitrogen-substituteb,5 SWNT, the half-occupied level can cancy defect can be regarded as-type-substituted carbon
be regarded as a donor level since it is close to the unoccuranotubes. However, if nitrogen atoms are incorporated into
pied levels. However, for the SWNTs where a nitrogen atoma carbon network with the formation of a vacancy included,
is incorporated through chemical adsorption or substitutiorthe nitrogen-containing(5,5 SWNT acts as ap-type-
with formation of vacancy, this half-occupied level is nearsubstituted carbon nanotube. Tt®5 SWNT with an ad-
the fully occupied levels, and thus acts as an acceptor levesorbed nitrogen atom is alsopatype nanotube. In general,

From the analysis given herein, we deduce that nitrogethe chemical reactivity and electronic conductivity of
incorporated into carbon nanotubes with formation of vacannitrogen-containing carbon nanotubes increase with the ni-
cies, or for nitrogen chemically adsorbed, the nitrogentrogen content.

IV. CONCLUSIONS
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