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ninterrupted scrutiny has accom-

panied carbon nanotube (CNT)

research,'? in large part thanks to
outstanding structural, mechanical and
electronic properties of the
nanotubes—properties that make them
good candidates for numerous applications
as well as for the development of novel
types of high performance functional ma-
terials. CNTs can behave as metals or semi-
conductors, depending on their particular
geometry,>* and abundant new electronic
applications have been devised.> Their
unique mechanical properties also make
them very appealing as fillers in polymeric
matrices to form new polymer nanocom-
posite materials.® However the tremendous
promise as fundamental building blocks of
nanocomposites and nanoelectronic de-
vices has not been fully realized. This is in
part due to the lack of control of the reactiv-
ity of the outer CNT walls. The doping of
carbon nanotubes offers a practical path to
tailor their physical and chemical properties
by creating new states that modify their
electronic structure. The presence of these
states originates from the different elec-
tronic configurations of the doping atoms.
These modifications in the electronic struc-
ture and surface reactivity can help to
achieve significantly improved materials,
and new applications of doped carbon nano-
tubes have emerged, such as enhanced
field emission,” fuel cell electrodes? sup-
port for catalytic particles,>'® and protein
immobilization.!

Doping can be achieved by intercala-

tion, encapsulation, and substitution.'? Ni-
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ABSTRACT We present a density functional theory study of the electronic structure, quantum transport and

mechanical properties of recently synthesized phosphorus (P) and phosphorus—nitrogen (PN) doped single-walled

carbon nanotubes. The results demonstrate that substitutional P and PN doping creates localized electronic

states that modify the electron transport properties by acting as scattering centers. Nonetheless, for low doping

concentrations (1 doping site per ~200 atoms), the quantum conductance for metallic nanotubes is found to be

only slightly reduced. The substitutional doping also alters the mechanical strength, leading to a 50% reduction in

the elongation upon fracture, while Young's modulus remains approximately unchanged. Overall, the PN- and P-

doped nanotubes display promising properties for components in composite materials and, in particular, for fast

response and ultra sensitive sensors operating at the molecular level.

KEYWORDS: carbon nanotubes - doping - density functional theory - electronic

transport - elastic properties

trogen and boron are among the most
studied substitutional dopants used in
nanotube research.'® In recent works'*'>
we reported the successful experimental
phosphorus (P) and phosphorus—nitrogen
(PN) heteroatomic doping of carbon nano-
tubes by thermolysis of mixtures of fer-
rocene and triphenyl phosphine (TPP) dis-
solved in benzylamine' and ethanol.' In
this account, we present new results that
provide a better understanding of the phos-
phorus binding to the nanotube lattice
and its effects on the nanotube properties.
In particular, we have investigated the elec-
tronic structure and the energetics of P-
and PN-doped graphene and carbon nano-
tubes, as well as the effects of doping on
their mechanical strength. In addition, elec-
tron transport calculations provide valuable
information regarding the possible use of
these doped nanotubes as efficient molecu-
lar sensors.
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Figure 1. Relaxed structures of graphene, doped with (a) nitro-
gen, (b) N3 pyridinic-like doping, (c) phosphorus, and (d)
phosphorus—nitrogen. The pristine carbon positions are repre-
sented with a black hexagonal network. It can be observed that
the presence of phosphorus induces great stress and corrugation
in graphene.

RESULTS AND DISCUSSION

Graphene (single-layered graphite) constitutes a rea-
sonable model for evaluating the behavior of the limit-
ing case of large diameter nanotubes. Therefore, we
used graphene to investigate the plausibility of doping
large diameter nanotubes with P, as well as PN systems,
and for describing as realistically as possible the experi-
mental results on doping of MWCNTs' and SWNTs.™®

Pristine and N-doped graphene were taken as refer-
ences. The reason is that low concentration of substitu-
tional nitrogen doping does not cause major distor-
tions in graphene, as can be observed from Figure 1a.
The C—N bond length is less than 2% shorter than the
C—C bond, and first- and second-neighbors only expe-
rience small displacements (less than 0.7% change in
their bond lengths) to compensate for this shortening.
This is true also for N3 pyridinic-like doping of graphene
(Figure 1b), but with a vacancy created in the center of
the defect. However, doping with phosphorus (with or
without nitrogen) causes significantly larger distortions
in graphene (Figure 1c,d). Phosphorus preserves its sp?
character, and bonds with tetrahedral-like configura-
tions, with bond angles close to 99°. The P—C bond
length is 1.79 A, which is quite large compared to 1.42
A for C—C sp? bonds. The 26% increase in the bond
length combined with the difference in bond angles,
forces P to protrude from the graphene plane, displac-
ing also the positions of the first-, second-, and third-
neighbors out of the plane (see Figure 1c). This can be
interpreted as a corrugation induced by the presence of
P atoms. For PN-doped graphene (see Figure 1d), the
presence of nitrogen helps to reduce the displacements
caused by the inclusion of phosphorus, thus resulting
in a “damping” effect on the structural strain, especially
within the shells of first- and second-neighbors. This ef-
fect can be quantified by analyzing the total energy cal-
culations (Table 1). The defect formation energy was
calculated in the following way. First, the binding en-
ergy of the complete supercell was calculated as de-
fined in the following equation:
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Eg sc=(NcEc + NyEy + NpEp) — Eqopal Mm

where Eg_sc is the binding energy of the supercell,
Erotal is the total energy of the supercell, Ny is the num-
ber of atoms of the element X and Ex is the total energy
of an isolated atom of the element X.

The defect energy is calculated by the difference of
the supercell binding energy for each doped system
with the undoped graphene, as shown on eq 2. The N3-
vacancy system is special, because an atom is missing.
In this case, the binding energy of the graphene super-
cell is scaled to reflect the difference in the number of
atoms.

Egefect = EB-pristine - EB»doped ()

Table 1 summarizes the results for the different sys-
tems. Even though the P-doped systems have high
defect-formation energies, these are comparable to
the Ns-vacancy formation energy. It is also noted that
a single PN defect exhibits a lower formation energy (by
ca. 0.45 eV) when compared to a single P defect. Conse-
quently, the heteroatomic PN defect is more stable
than the P defect in graphene and large nanotubes.

For nanotubes, the curved structure should help to
reduce the strain needed to accommodate the larger
phosphorus atoms. In the zigzag tube illustrated in Fig-
ure 23, it can be observed that similar to the N-doped
graphene, the bond lengths around the nitrogen atom
are slightly shorter than for a pristine carbon nanotube,
being 1.39 and 1.41 A for the axial and diagonal direc-
tions, respectively, slightly smaller when compared to
1.43 and 1.44 A for the pure carbon case. The nanotube
does not suffer any major structural distortions, but
there is a small reduction in the nanotube diameter at
the defect site (7.97 A at the defect sited versus 8.06 A in
the supercell boundary). Basically, the nitrogen atom
moves inward from the nanotube wall by about 0.1 A.
The effects are similar for N3 doped nanotubes, but in
this case, the atom that is in the axial direction from the
vacant site is bent inward, while the other two atoms
are bent slightly outward from the nanotube surface.

For a phosphorus-doped (10,0) zigzag nanotube,
the nonequivalent lengths for P—C bonds are 1.76
(axial) and 1.81 A (diagonal), and it is clear that the
phosphorus atom still tends to form sp* bonding and

TABLE 1. Formation Energy Associated with the Doping of
a Graphene Layer, as Well as the Changes in Bond Length
from the Doping Atom to lts First Neighbors. Energies Are
Expressed in eV and Lengths in A

system defect energy 1st nn bond A 1st nn bond B
pristine — 1.42 1.42
N-doped 0.732 1.39 1.39
Ns-doped 4423 133 133
P-doped 6.637 1.78 1.78
PN-doped 6.180 1.78 1.80
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Figure 2. Relaxed structures of relaxed (10,0) armchair nano-
tube, doped with (a) nitrogen, (b) N3 pyridinic like doping,
(c) phosphorus, and (d) phosphorus—nitrogen. The position
of phosphorus atom protrudes from the nanotube wall due
to the longer P—C bonds.

assumes a trigonal pyramidal coordination (see Figure
2b). However, in the present case, the curved nanotube
structure helps to reduce the strain needed to accom-
modate the phosphorus impurity. The distortion of the
hexagonal network is primarily limited to the first-
neighbors, with only a small displacement for the
second-neighbors, while the third-neighbors are virtu-
ally unaffected. In addition, the shape of the cross-
section of the nanotube changes from circular to
slightly oval, with diameters of 7.8 (minor) and 8.28 A
(major, measured at the first neighbors of defect). The
tube diameter at the defect site is 8.99 A, and the phos-
phorus atom protrudes outwardly from the nanotube
wall.

The PN-doped (10,0) nanotube has very similar fea-
tures to that of the P-doped case (see Figure 2c). In par-
ticular, the phosphorus still prefers the sp? bonding.
However for PN doping, the nitrogen atom helps to re-
duce the strain in the carbon network. Although the P
atom displacement from its ideal position in the net-
work is increased, the displacement of the surrounding
atoms is reduced.

The structural effects of doping of the metallic arm-
chair (6,6) nanotube, are very similar to that of a zigzag
nanotube: the C—N bonds are shorter than the C—C
bonds observed in pristine nanotubes, being 1.40 A in
both diagonal and tangential directions, compared to
1.43 A in the pristine nanotube. Similar to the zigzag
case, the nitrogen atom bends inwardly from the nano-
tube surface. The nanotube diameter at the nitrogen
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TABLE 2. Formation Energy Associated with the Doping of
(10,0) and (6,6) Nanotube, And the Changes in Bond
Length from the Doping Atom to Its First Neighbors A and
B. Energies Are Expressed in eV and Lengths in A

system defect energy bond A bond B
pristine (10,0) — 143 1.44
N-doped (10,0) 0.933 1.39 1.41
N3-doped (10,0) 4.015 1.33 1.34
P-doped (10,0) 5.553 1.76 1.81
PN-doped (10,0) 5412 177 1.83
pristine (6,6) — 1.44 143
N-doped (6,6) 0.737 1.40 1.40
N;-doped (6,6) 3.766 1.33 1.34
P-doped (6,6) 5.578 1.82 1.78
PN-doped (6,6) 5410 1.84 1.79

site is 8.20 A, compared to 8.30 A in the boundary of
the supercell. For the N; doped (6,6) nanotube, we ob-
serve again an uneven bending of the atoms positions.
In this case, the nitrogen atom that is in the tangential
direction of the vacant site is pushed outward from the
surface, while the other two atoms, closer to the axial
direction, remain at the tube surface.

For the P-doped (6,6) nanotube, the bond lengths
are 1.78 A for the diagonal and 1.82 A for the tangen-
tial bonds, while the angles are still very close to the 98°
angle that phosphorus adopts in triphenyl phosphine.
For the PN case, the structure is also very similar to that
observed in the zigzag nanotube. As mentioned ear-
lier, the nitrogen atom clearly helps to reduce the struc-
tural strain caused by the phosphorus impurity.

In a previous work, we showed that nitrogen dop-
ing in SWNTs leads to an increase in the corrugation of
nanotube walls and the promotion of tube closure,
which in turn could lead to the appearance of bamboo-
type structures.'® It is expected that higher levels of PN
doping will have major effects in the carbon nanotube
structure. Also, the limitations imposed by the periodic-
ity of the model and the small amount of atoms pre-
vent us from observing effects such as the formation
of caps or bamboo-like walls. The thermal stability of all
substitutionally doped nanotubes systems was verified
using quantum molecular dynamics at a temperature of
1000 K and for times up to 1 picosecond.

Total energy and electronic structure calculations
were performed on these nanotubes and the defect for-
mation energies have been calculated using eqs 1—2,
and summarized in Table 2. It is noteworthy that the for-
mation energies for P and PN defects embedded in nar-
row diameter nanotubes are reduced by 1 and 0.7 eV,
respectively, when compared to graphene. This indi-
cates again that curvature helps to reduce the strain in
the nanotubes after the phosphorus insertion. It is also
important to notice that the difference in energy of P
and PN defects is reduced from 0.45 eV in graphene to
about 0.15 eV in nanotubes, highlighting the strain-
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a) Pristine (6,6) b) Nitrogen Doped

¢) N, Doped d) Phosp horus Doped

e) PN Doped
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f) Pristine (10,0)
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Figure 3. Band structure of pristine and doped (6,6) armchair metallic nanotubes (top) and (10,0) zigzag semiconducting nan-
otubes (bottom): (a,f) pristine, (b,g) nitrogen doped, (c,h) N; doped, (d,i) phosphorus doped, and (e,j) phosphorus—nitrogen
doped. The presence of localized states around the defects is reflected as the low dispersion bands indicated by arrows. No-
tice that in the phosphorus-doped cases, the bands are dispersionless, indicating strong localization.

reducing property of the curvature, as well as the
“damping” role played by nitrogen in graphene.

The band structures for pristine (6,6) and (10,0) car-
bon nanotubes are presented in Figure 3a—f. Substitu-
tional doping with nitrogen induces new electronic
states, as depicted in the band structure plots of Fig-

Figure 4. Representation of the wave functions, plotted at the isosurface
of £0.05 A~32 (a) nitrogen-doped nanotube top valence band, (b)
phosphorus-doped nanotube top valence band; (c) phosphorus—nitrogen-
doped nanotube top valence band, and (d) lowest conduction band.

A&ﬁ%\\&) VOL.3 = NO.7 = CRUZ-SILVA ET AL.

ure 3b,g, and indicated by blue arrows. For the metal-
lic (6,6) nanotube (Figure 3b), the state related to the
presence of N appears in the conduction bands, and the
extra electron from nitrogen is injected into the con-
duction bands. In the case of the (10,0) semiconduct-
ing nanotube, the state created (Figure 3g) lies beneath
the conduction bands and is occupied by one electron
(the extra electron from nitrogen). It follows that the
Fermi energy (indicated by the dotted line) in the nano-
tube is shifted close to the conduction bands, causing
all nitrogen-doped semiconducting nanotubes to be
metallic, the doping being of n-type, that is, the major-
ity carriers are electrons. Pyridinic-like nitrogen doping
of carbon nanotubes (Figure 3c,h) has a different effect,
creating localized states in the valence bands, and shift-
ing the Fermi level to their domain, that is, they be-
have as a p-type semiconductor.

Phosphorus also has five electrons in its valence
shell, but it bonds with sp? hybridization, following a

www.acsnano.org
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Figure 5. Conductance and density of states plots for doped (6,6) (top) and (10,0) (bottom) carbon nanotubes, compared with pristine
nanotube values: (a,d) nitrogen doped, (b,e) phosphorus doped, and (c,f) phosphorus—nitrogen doped nanotubes. Localized states
cause scattering and hence a reduction of the conductance for energies close to them in metallic armchair nanotubes. For semiconduct-
ing zigzag nanotubes, only nitrogen affects the conductance by shifting the Fermi energy and turning the tube into an n-type

semiconductor.

trigonal pyramidal coordination, thus creating a local-
ized state related to the extra electron (compared to C)
when bonded to a graphitic network. This localized
state appears as a nearly nondispersive state, that is, a
flat band in the band structure, as seen in Figure 3d,i.
Because of their localized nature, these phosphorus-
related states have a very long lifetime, do not contrib-
ute with electrons to the conduction bands, and there-
fore they do not affect the semiconducting or metallic
character of the nanotubes. These states are also pro-
jected as a set of sharp peaks in the electronic density
of states at the Fermi level, as shown in Supporting In-
formation, Figure 1. Note that the splitting in two bands
observed for the P-doped zigzag nanotube corresponds
to the spin up and spin down configurations.'®

For PN-doped nanotubes, two states are created
near the Fermi energy, as observed in Figure 3e,j. For
the semiconducting zigzag nanotube (Figure 3j), these
states have a low dispersion and reduce the bandgap to
half that of the corresponding pristine nanotube, from
ca. 0.8 eV for pristine (10,0) to ca. 0.38 eV for PN-doped
nanotube (Figure 3e). The breaking of symmetries in
nanotubes due to the presence of dopants is observed
in all cases as a loss of degeneracy in the energy bands,

www.acsnano.org

and the Van Hove singularities observed in the density
of states of pristine nanotubes are smeared (Figure S1).
In Figure 4, a comparison of the amplitude of the
wave functions of both nitrogen and phosphorus in-
duced states is shown for metallic (6,6) carbon nano-
tubes. The plots correspond to the isosurface with a

(9,0) Nanotube

Conductance [Go]

--- Pristine
— N-doped
— P-doped
— PN-doped
T T T
1 2 3

-3 -2 -1

0
Energy [eV]

Figure 6. Conductance for a zigzag (9,0) quasi-metallic SWNT
with different substitutional doping atoms. It is observed
that the behavior is similar to that of the (6,6) armchair case,
with the exception of a secondary gap located at the Fermi
level of the pristine SWNT.
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Figure 7. Breaking mechanisms for pristine, P-, and PN-doped carbon
nanotubes when subject to strain, showing the tearing process starting
at doping sites. For detailed sequences of fracture see Supporting Infor-
mation, Figure S2. Energy vs strain curves (bottom-right) show that
doped nanotubes have a resistance to strain at fracture which is half of
the pristine tubes. Curves are displayed by increments of 50 eV in the en-
ergy scale.

value of 0.05 A=3? evaluated at the I'-point. For the
nitrogen-doped case, it corresponds to the states lo-
cated at the bottom of the conduction band, display-
ing a strong hybridization with the nitrogen orbitals. For
phosphorus, the plot corresponds to the half-filled flat
band localized at the Fermi Energy. From the relative
degree of localization, as well as the nearly nondisper-
sive band illustrated in Figure 3, it is evident that the
electron is strongly bound to the phosphorus atom. In
addition, Mulliken population analysis suggests that the
P atom has a charge of 5.25 e~, compared to nitrogen
which has 4.39 e™. The local charge caused by phospho-
rus atoms is different than nitrogen in the sense that it
do not cede part of its charge to the nanotube, hence
the nanotube is less negative in the surrounding areas
of a phosphorus atom than it is for a nitrogen atom.
Such changes in the charge distribution caused by dop-
ing with nitrogen can be detected by Raman spectros-
copy."” Incidentally, the observed difference in the
shape of the G’ peak of the Raman spectra of
phosphorus-doped SWNT lends strong support to our
findings.'

For the PN-doped case, two states arise from the
dopant atoms, the top valence and the bottom conduc-
tion bands. The first state exhibits a strong localization
(although not as much as the phosphorus doped case),
while the second state has a better mixing with the
w-electron system of the carbon network.

NTANTY ] . i
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The characterization and understanding of the
quantum transport properties of the doped nanotubes
is fundamental toward their practical use in applications
such as components of nanoelectronic devices. The ef-
fects of the nitrogen dopant atoms on the electron
transport properties of a metallic (6,6) nanotube were
found to be consistent with previous reports.'®'? In par-
ticular, there is a reduction of the quantum conduc-
tance for energies close to those of the quasibound
states associated with the nitrogen atom, slightly above
the Fermi Energy, at 0.69 eV, and a second reduction
before the first Van Hove singularity, at 1.03 eV, as illus-
trated in Figure 5a. This is explained by the difference
in scattering for the incoming wave function compo-
nents when the nanotube symmetry is broken by the
nitrogen atom. For the zigzag nitrogen-doped nano-
tube (Figure 5d), the shift in the Fermi energy to the
bottom of the conduction bands causes the nanotubes
to behave as an n-type semiconductor, with a nonzero
conductance for positive energies and no conductance
for negative energies.

For the armchair phosphorus-doped nanotube (Fig-
ure 5b) the highly localized state in the Fermi energy
behaves as a scatterer, and the conductance of the arm-
chair (6,6) nanotube is reduced from 2 to 1 G, similar
to the case of nitrogen’s quasibound states. In this case,
the symmetry is also lost after the insertion of the phos-
phorus atom. The PN-doped nanotube has two states
that arise from the phosphorus and nitrogen atom
bonding to the nanotube, one above and one below
the Fermi energy. These states are also reflected as dips
in the conductance located at —0.7 and 0.98 eV, as illus-
trated in Figure 5c.

The conductance for the phosphorus- and
phosphorus—nitrogen-doped zigzag nanotubes were
not affected by the localized states in the vicinity of the
Fermi energy, as indicated in Figure 5e,f. The spatial dis-
tribution of these states, which are normal to the nano-
tube surface, and their strong binding to the phospho-
rus atom resulted in localized states with infinite
lifetime, even after the nanotubes were connected to
the semi-infinite nanotube leads. In other words, the
zigzag semiconductive nanotubes remain as such, with
some changes for energies higher than 1.2 eV, due to
the loss of symmetry in the higher energy bands and
the smearing of van Hove singularities. The backscatter-
ing efficiency of charge transmission in PN-doped nan-
otubes appear to be much weaker for positive voltages
than in N-doped nanotubes, owing to a shallower im-
purity potential well that weakly traps the induced
quasi-bound states, similar to the effect of potassium
doping.?®

The effects of doping on (9,0) metallic zigzag nano-
tubes were also studied, and is shown in Figure 6. Pre-
viously it was observed that the conductance of zigzag
quasi-metallic nanotubes is more susceptible to me-
chanical deformations.?' As can be seen from Figure 6

www.acsnano.org



TABLE 3. Young Modulus for (6,6) Armchair Nanotubes for
Different Dopings. Y is calculated According to
Hernandez et al.?® and Y is Calculated Using a Wall
Thickness of 3R = 0.34 nm

system ¥s [TPa nm] Y[TPa]
pristine 0.372394 1.095
N-doped 0.349029 1.027
P-doped 0.345170 1.015
PN-doped 0.341981 1.006
N;-doped 0.334784 0.985

there are dips in the conductance due to the bound
and quasibound states in the doped nanotubes. Over-
all, the results are similar to those of (6,6) armchair
nanotubes, with the exception of the secondary gap of
nonarmchair metallic nanotubes,?? present at the
Fermi energy of the leads.

The mechanical properties of carbon nanotubes
have been of tremendous interest as they have been
demonstrated to exhibit incredible axial strength/
weight. It was recently shown that avoiding the de-
fects induced by purification steps, unpurified MWCNT
displayed a fracture strength which is close to 80% of
the theoretical expectation for a defect-free nanotube.?*
In this sense, an investigation of the effects of substitu-
tional doping on the intrinsic mechanical properties of
nanotubes is fundamentally important in order to un-
derstand how their mechanical performance might be
altered. Figure 7 shows the energy—strain curves ob-
tained from the electronic structure calculations for
evaluating the fracture strength of pristine and the
doped nanotubes, while the stress—strain curves are
shown in Supporting Information S3. For all substitu-
tionally doped nanotubes there is a 50% reduced strain
at fracture, whereas for the N5 pyridinic-like defect, the
reduction is even greater. In the pristine case, the nano-
tube can resist a strain of ca. 40% elongation before
C—C bonds begin to break in several places, leading
to a destruction of the hexagonal network and finally
creating pentagons and Stone—Wales defects to re-
lease some of the lattice stress. In the N, P, and PN-
doped cases, the fracture process starts at half the
strain, ca. 20% elongation, due to the lower hexagon
deformation energy. The fracturing process begins with
the breaking of the C-dopant bond, but, instead of
stress release from lattice reconstruction or reorganiza-
tion, it is followed by a “tearing” process that continues
to the neighboring C—C bonds. For N3 doping, the
stress is released at even lower strains, ca. 15% elonga-
tion. In this case the breaking occurs at the highly
strained C—C bonds between the first and second
neighbors of the nitrogen atoms, followed by the tear-
ing of the nanotube.

Although there are major changes in the elasticity
of doped nanotubes, it is also observed from Figure 7
that the Young modulus of doped nanotubes (the sec-
ond derivative of the energy with respect to strain at
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the equilibrium position) should not be largely af-
fected. Coincident with the findings of Hernandez et
al.* we found that the Young modulus for doped
nanotubes is not affected as much as its resistance to
strain. In Table 3 we present the calculated young
moduli for pristine and doped SWNT, as proposed by
Hernandez in a previous work.?® For the pristine case,
we have excellent agreement with the result of ref, 25
(0.371 vs 0.372 TPa nm). It is observed that substitu-
tional doping causes a reduction of ca. 7—8%, prob-
ably due to weaker C-dopant bonds. It is also observed
that the greater reduction is for N; doping, with a 10%
reduction, probably due to the structural and bonding
changes at the doping site. In the third column we
present the Young moduli calculated for a wall thick-
ness of 3R = 0.34 nm. Higher doping densities are ex-
pected to further deviate from the defect-free Young
modulus and also to further decrease the strain at
fracture.

CONCLUSIONS

In this paper we have presented results that rational-
ize the effects of both phosphorus and heteroatomic
phosphorus—nitrogen in carbon nanotubes and why
these systems are thermodynamically stable, as recently
reported for PN-doped multiwalled carbon nanotubes'
and P-doped SWNT." The estimation of the defect for-
mation energy shows that, although they have high for-
mation energies (ca. 5 eV for one defect in 200 atoms,
~ 0.5%) these are comparable to the pyridinic N; de-
fects. Analysis of the relaxed structures confirms that
phosphorus maintains a sp® hybridization, and bonds to
the carbon atoms with tetrahedral orbitals, inducing
structural strain in the carbon network in order to ac-
commodate the longer P—C bonds and the larger sized
P ion. Total energy calculations confirmed that curva-
ture helps to reduce the structural strain caused by the
phosphorus, and that the P—N defect is energetically
more stable than phosphorus alone.

The electronic band structure displays the presence
of localized (P) and semilocalized (PN) states around
the doping atoms. In contrast to nitrogen, these states
do not modify the intrinsic nanotube metallicity, and
therefore semiconducting nanotubes remain so regard-
less of the doping. Electronic transport calculations on
pristine, N-, P- and PN-doped nanotubes clarified the
different effects of the dopants on their conductance.
The calculation of the quantum conductance showed
that zigzag phosphorus doped nanotubes do not
modify the intrinsic semiconducting behavior, op-
posed to that observed for N-doped nanotubes.'® Phos-
phorus and PN doping in a (10,0) nanotube only cre-
ate bound and quasibound states around the
phosphorus atom, that are dispersionless (represented
by flat bands in the band diagram), and projected as
sharp peaks in the density of states. These states are
normal to the nanotube surface and do not contribute
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to the electronic transport in semiconducting nano-
tubes, while in the case of a metallic nanotube, these
states behave as scatterers, creating dips in the
conductance.

From the study of the strain resistance of doped
nanotubes we conclude that the main difference be-
tween the doped and pristine nanotubes originates
from the lower hexagon deformation energy caused
by the substitutional dopant atoms and from the lack
of lattice reorganization/reconstruction. While there is

METHODS

To investigate the effects of substitutional doping on the
electronic and mechanical properties of carbon nanotubes, three
different systems were explored: graphene, a (10,0) semicon-
ducting zigzag nanotube, and a (6,6) armchair metallic nano-
tube. Doping was achieved by direct substitution of carbon at-
oms with nitrogen and/or phosphorus. Pyridinic-like doping was
modeled by creating a vacancy and replacing its first three
neighbors with nitrogen atoms. In all cases, the supercell is large
enough to ensure that doping atoms do not interact with their
periodic images. To that end, 5 unit cells of zigzag nanotubes, 8
unit cells of armchair systems, and a 7 X 7 graphene supercell
were carefully chosen, while nanotubes were kept at a lateral dis-
tance of a minimum of 10 A. To calculate the quantum trans-
port properties of the doped systems, a finite section of carbon
nanotube containing a doping site was connected to pristine
semi-infinite carbon nanotube leads of the same chirality.

The electronic structure of phosphorus- and nitrogen-doped
carbon nanotubes has been calculated using the SIESTA code,?”
which was chosen in order to reduce the computational cost due
to the relatively large size of the systems studied (~200 atoms),
while still retaining the accuracy provided by first-principles
techniques. The SIESTA code implements the Kohn—Sham self-
consistent density functional method?®% on periodic systems us-
ing a linear combination of numerical pseudoatomic orbitals as
described by Junquera et al>° The basis size selected was
double-{ with single polarization. The local spin density approxi-
mation (LSDA) was chosen for the exchange and correlation po-
tential, in the Ceperley—Alder parametrization of the Perdew
and Zunger implementation.?'32 Norm-conserving
Troullier—Martins pseudopotentials in the Kleinman—Bylander
nonlocal form were used to represent the core electrons.3334 All
the models were relaxed by conjugate gradient minimization un-
til the maximum force was less than 0.02 eV/A. The density of
the real space grid used for the intergration of potential and
charge is equivalent to that of a plane wave cutoff energy of
150 Ry. The Brillouin zone was sampled by using 8 k-points for
nanotubes, and an 8 X 8 Monkhorst—Pack k-point grid for
graphene.

To investigate on the thermal stability of the nanotubes, mo-
lecular dynamics simulations were performed using a Nosé ther-
mostat® set at 1000 K for a period of 1 ps, using integration
steps of 1 fs. The tensile strength was determined by imposing
a deformation in the nanotube axial direction using a series of
coordinate rescaling and structure optimization steps. The elec-
tronic transport properties were calculated using the Landauer
formalism3*3” and the surface Green functions matching
method.3%3°
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clearly a degradation of the elastic properties, the
doped nanotubes offer other distinct advantages. For
example, the dopant site of the P nanotubes presents
highly localized bound states that by their nature will
be very reactive and should strongly bind to molecules
(exohedral or endohedral), thus forming considerably
enhanced interfacial interactions that should be useful
for composite materials fabrication. These properties
should also be very useful for fast response and ultra-
sensitive sensors operating at the molecular level.
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