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ABSTRACT

Nitrogen-doped carbon nanotubes have been synthesized using pyrolysis and characterized by scanning tunneling spectroscopy and transmission
electron microscopy. The doped nanotubes are all metallic and exhibit strong electron donor states near the Fermi level. Using tight-binding
and ab initio calculations, we observe that pyridine-like N structures are responsible for the metallic behavior and the prominent features near
the Fermi level. These electron rich structures are the first example of n-type nanotubes, which could pave the way to real molecular heterojunction
devices.

Carbon nanotubes hold enormous promise in a wide varietyslightly from those of bulk materials such as Si, the
of electronic applications including, nanoheterojunctibhs, similarities to semiconductor physics are striking. However,
diodes? interconnectd® nanotransistordsensorg;® etc. The the majority of the predicted and all of the experimentally
addition of dopants (e.g., N or B) within the lattice of carbon studied dopant effects result in modifications to the valence
nanotubes has suggested that such applications might bdéand, and consequently to p-type conduction in carbon
realized. In this context, it has been shown that B-doping of nanotubes. This may be generally due to the nature of the
multiwalled carbon nanotubes (MWNTSs) results in the sp-bonded graphene lattice. Electron rich substitutions in
addition of acceptor states near the valence band ®tge. such lattices could easily lead to “out of plane” bonding
Further examples, such as doping through “topological” configurations, which may induce curvature and closure of
defects, result in the introduction of electronic defect states the system during growth before tubular formation occurs.
(e.g., by incorporating 5/7 defects via Stef\iales type For a complete analogy to bulk semiconductor technology
transformations}>'? These “dopants” have also been theo- in low dimensional materials, we must seek to dope the
retically predicted to result in acceptor and donor states nearmaterials such that n-type and p-type conduction occurs.
the Fermi level2 Although the exact mechanisms and lattice Therefore, it is necessary to introduce donor states to the
effects of such doping schemes in carbon nanotubes differsystem as well as acceptor states.

In this study, we demonstrate that N-doping of the carbon
nanotube lattice, produced by pyrolytic routes results in the
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spaced approximately-12 nm apart. As will be seen later,
we attribute such holes to lattice discontinuities with nitrogen
decoration. High-resolution electron energy loss spectroscopy
(HREELS) studies of these and similar materials reveal the
incorporation of N within the graphene lattice at levels
between 2% and 10% (atom percent), which is consistent
with the density of the gaps observed in S8

For the STM study, flakes of the aligned carbon nanotubes/
nanofibers were dispersed ultrasonically in tetrahydrofuran
(THF). Exceptionally long ultrasonication times (360 min)
were necessary to breakup the tube bundles. However, TEM
revealed little (if any) damage resulting from this treatment.
This solution was then drop cast onto freshly cleaved highly
oriented pyrolitic graphite (HOPG). STM was performed
under ultrahigh vacuum conditions<40° Torr) using
mechanically formed Pilr tips. Stable imaging of the tubes
was possible over a STM set point range45600 mV at
20—500 pA. Lattice images of HOPG were used for ¥aeY
calibration of the instrument while the step height of Au was
used forZ-calibrations. Images and spectra were acquired
at room temperature. Fixed gap scanning tunneling spec-
troscopy (STS) was carried out concurrently with image
acquisition to ensure tip placement on the tube structure for
a variety of set points. All STS was performed betwe€n5
V to prevent serious distortions or damage to the tube at
Figure 1. TEM image of typical N-doped fibers produced by higher voltages and currents.
pyrolysis. Note the “bamboo-like” structure consisting of intercon-  Figure 2 compares several tunneling spectra taken along
nected short (56100 nm long) and hollow nanotube segments. g straight section of the N-doped nanotube (Figure 2a) with
(Inset) atomic resolution STM image of a small area on the surface y,,qq of 4 standard (pure) MWNT (Figure 2b). All spectra
of a 20 nm diameter nanotube exhibiting distortions and gaps in . .
the lattice (circled), as discussed in the text. were converte(_j to the equwz_ilent _LDOS using the accepted

Feenstra algorithm of numerical differentiation and normal-

using tight binding and ab initio calculations by comparing ization for tip height: (&/dV)/(1/V).* It is important to note

the calculated local density of states (LDOS) with that thatall spectra analyzed in this work were taken from areas
obtained experimentally. The results indicate that the embed-0ver nanotubes that could be identified as clean and free
ding of pyridine-like N (two-bonded N) units within the from “carbonaceous” and distorted surroundings. For statisti-
nanotube carbon lattice, in contrast to the direct substitution cal completeness, several hundreds of spectra from 10
of 3-fold coordinated carbon, is responsible for a strong DOS different tubes were recorded and compared. The spectra
in the conduction band close to tig shown here are representative of this sampling and are for

Multiwalled CN, carbon nanotubes/nanofibers were syn- tubes that exhibit similar outer shell diameters (ca. 20 nm).
thesized by pyrolyzing ferrocene/melamine mixtures at 1050 Notice that the valence and conduction band features in the
°C in an Ar atmosphere. This technique has been recentlypure carbon tube (Figure 2b) appear symmetric about the
described*15The produced material consists of carpet-like Fermi level, while for the N-doped tube (Figure 2a) an
structures containing highly oriented nanotubes/nanofibers additional electronic feature occurs @0.18 eV. We also
of uniform diameter and length. High-resolution transmission note that the presence of an electronic density of states (DOS)
electron microscopy (HRTEM) studies (JEM4000 EX at 400 at theE indicates that the N-doped material is metallic. In
keV) of the products reveal the presence of nanofibers addition, the electronic structure away from the Fermi level

exhibiting “bamboo-like” units, in which long and straight
segments (106500 nm) of crystaline MWNTSs are con-
nected by relatively “disordered” material.

These “bamboo-type” structures are observed by transmis-

sion electron microscopy (TEM) in Figure 1 and scanning
tunneling microscopy (STM) (Figure 1 inset). The walls of
the “bamboo” segments exhibit some disorder or distortion
on the atomic scale (Figure 1 inset). It is noteworthy that

is typical for MWNT'’s, exhibiting a variety of symmetric
features about the Fermi level (0 eV) that arise from the one-
dimensional nature of the nanotube and its inner shells. The
electron donor feature seen in the N-doped material is seen
everywhere along the straight sections of the nanotubes.
Several spectra shown in Figure 2a are taken on the same
section but at different locations, and they exhibit the
N-doping feature consistently at the same energy. This result

the straight sections of the nanotube appear crystalline inis in contrast to the B-doped cdsehere variations in the

TEM with only small distortions along the outer layers, while
in STM large holes or gaps (ca. 6:8.7 nm) in the lattice
are clearly evident (circled regions in the Figure 1 inset)

B

peak position are observed due to the formation of local
phases, suggesting that the N is distributed along the
nanotube with small variations in the N concentration (also
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02¢ Figure 3. Theoretical LDOS associated with a pyridine-like

structure of N-doping in (top) armchair (10,10) and (bottom) zigzag
(17,0) nanotubes, which were chosen for comparison to the
] nonchiral STM data. In both cases, a random but homogeneous
N T T BN doping (N, red spheres; C, blue spheres) is adopted, as illustrated
'0‘1_1 05 0 0.5 1 on the right-hand side of the figure. The LDOS of doped (black
' Energy (eV) ' curve) and pure (red curve) nanotubes are compared. Such a
pyridine-like structure of N-doping is responsible for the prominent
donor-like features close-above the Fermi energy. Note that the
semiconducting (zigzag) nanotube becomes metallic after introduc-
ing N in the carbon lattice.

0.1F
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Figure 2. (a) Tunneling spectra acquired on a straight section of
a nonchiral N-doped carbon nanotube twd N content of ca.
3—4%. Spectra +3 were taken at different locations along the
surface but close to a hole, as shown in the Figure 1 inset. Note

thuerepﬁ\'jvthoblfzgvni; a:ll gﬁggt;ﬁé(z Tull‘grrl‘e'gqgagggc\t:naﬁg\? a close-above the Fermi energy (in agreement with ref 13).
gingularities signifying the one-dimensignal gatu?e of the materia?l. On general groundg, one may expect t_hat the exact location
of these states will depend on doping level and local
observed experimentally in ref 15) but with no segregation curvature of the graphene sheet. However, these donor states,
into a separate phase. related to an isolated N atom, are completely delocalized
There are several ways in which N can be incorporated in over several angstroms due to the metallic character of the
the nanotube lattic®:?! Earlier theoretical studiés have undoped host structure, and they are unable to explain the
predicted donor states related to N-dopants within carbon strong donor peak observed experimentally in Figure 2.
nantotubes at 0.27 eV below the bottom of the conduction Careful experimental examination of the—% edge in
bands. However, these calculations were performed for largeHREELS and X-ray photoelectron spectroscopy (XPS)
band gap semiconducting single-walled nanotubes (chiral andstudies reveals the formation of pyridine-type #tke)
small diameter tubes) and are not directly applicable here. structures within the lattic¥. Therefore, an alternative model
Another previous theoretical investigattédemonstrates that ~ for N-incorporation into the lattice might be seen as that
N placed substitutionally and fully coordinated into the shown in Figure 3 in which N rich cavities are formed
carbon lattice of a (10,10) single walled tube results in throughout the predominantly “graphitic” network. Evidence
quasibound electronic states approximately 0.53 eV from the for such a model is observed in STM (Figure 1 inset), which
Fermi level. reveals gaps in the lattice (circled) and local atomic distor-
In the present study, we performed ab initio band structure tions along the tube. We observe that STM imaging of these
calculations of N-doped graphitic systems, within the local materials proves to be extraordinarily challenging as com-
density approximation of density functional theory, to pared to pure MWNTs due to the presence of local
simulate more accurately the doping effect on larger tube instabilities and lattice distortions.
surfaces? as measured here. A3 3 graphite unit cell was In fact, the model consisting of pyridine-like units included
adopted, in which one of the 18 C atoms was replaced by ain carbon tubules results in a different electronic behavior
N atom, leading to a5.5% substitutional doping. The main from those considered theoretically. Specifically, the origin
effect of the N dopant in the “graphitic” DOS is the raising of the low-energy electronic states can be observed using
of the Fermi level by~1.21 eV. There are indeed N-states tight binding electronic structure calculations of the atomic
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arrangement, as shown in Figure 3. A simple recursion elsewher2%28and these materials should result in a barrier
approach*which has proved to capture the essential features of approximately 0.5 V.

associated with composite &N, nanotube heteojunctions,
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clearly result in an increase of the Fermi level of the host
carbon nanotube as in the case of an isolated N substitute
in graphite.

For SWNT’s, the dopant states are quasibound states,
which are 1-D analogues of n-type donors in semiconductors.
Since these states are resonant with the continuum of

conducting states in the 1-D case, the local conductance of

the tube near the defect area drépin the N-doped MWNT

case, the observed “bamboo” structure will almost certainly
be the dominant scattering mechanism in the tube. Tunneling
spectroscopy over regions that could be clearly identified as

interconnections between the nanotube sections show that

these regions are also highly conductive (not shown).

The results presented here also provide the first evidence

of the synthesis of local domains of the predicted planah,C

or CN?9.26.27wjithin MWNT's (exhibiting the topology of our
pyridine-like structures). However, our GNtructures are
not crystalline in three dimensions and appear to be
discontinuous along the tube surface, which may also explain
the fact that all tubular structures are metallic.

In summary, we have demonstrated that N-doping of
carbon nanotubes leads to the introduction of conduction
band modifications, including a large electron donor state.
This narrow state lies approximately 0.2 eV from the Femi
level. The local environment of the N within the carbon
network mainly consists of NC structures arranged in a
pyridine-like configuration, which also explains the metallic
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