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ABSTRACT Using scanning tunnelling microscopy and spectroscopy, we investigated the atomic and

electronic structure of nitrogen-doped single walled carbon nanotubes synthesized by chemical vapor

di/dV (nS)

deposition. The insertion of nitrogen in the carbon lattice induces several types of point defects involving

different atomic configurations. Spectroscopic measurements on semiconducting nanotubes reveal that
15 -1.0 -0.5 0.0 0.5 1.0 1.5

these local structures can induce either extended shallow levels or more localized deep levels. In a metallic Bias (V)

tube, a single doping site associated with a donor state was observed in the gap at an energy close to that of the first van Hove singularity. Density

functional theory calculations reveal that this feature corresponds to a substitutional nitrogen atom in the carbon network.

KEYWORDS: carbon nanotubes - nitrogen-doping - electronic structures - scanning tunneling microscopy and spectroscopy -

density functional theory

he discovery of carbon nanotubes
T(CNTS)1 raised considerable interest
in both the experimental and theore-
tical research communities,®® and their
unique properties gave birth to numerous
potential applications in various fields in-
cluding energy storage, composite materi-
als, and nanoelectronics.®> The electronic
properties of single-walled carbon nano-
tubes (SWNTs)—in particular their metallic
or semiconducting character—are con-
trolled by their chirality, described by the
coordinates of the chiral vector (n,m). De-
spite intense research, synthesizing nano-
tubes with well-defined properties remains
a challenging task. One strategy for tailoring
their physical or chemical properties is to
dope them with foreign atoms incorporated
in the carbon lattice.* Thanks to its appropri-
ate atomic radius, nitrogen can easily fit into
the carbon honeycomb lattice, and its addi-
tional electron compared to carbon suggests
a donor character.*> Doping CNTs with nitro-
gen is a promising way for tailoring their
properties for applications in field emission,®
nanoelectronics,” gas sensing,® or catalysis.’
While many experimental efforts have
focused on N-doped multiwalled CNTs,*®
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it should be stressed that nitrogen-doped
SWNTSs have been significantly less studied.
Only few studies have reported the synthe-
sis of N-doped SWNTs using arc discharge,'®
chemical vapor deposition,'""'? or laser va-
porization techniques.'>' For both MWNTs'®
and SWNTs,'27 %16 X_ray photoelectron
spectroscopy (XPS) and electron energy loss
spectroscopy (EELS) measurements have
provided evidence for the presence of at
least two atomic bonding configurations of
the nitrogen dopant atoms, commonly re-
ferred to as graphitic and pyridinic. The first
one designates a 3-fold coordinated nitro-
gen atom simply substituting a carbon atom
in the lattice, and the latter a 2-fold coordi-
nated nitrogen with one p electron contri-
buting to the & system. The influence of
these two local environments for nitrogen
was recently investigated using density func-
tional theory (DFT) calculations,'” which
indicated that graphitic nitrogen atoms in-
duce an n-type doping of the carbon host,
whereas pyridinic ones induce p-type dop-
ing, as proposed earlier.'”® A good under-
standing of the type of doping that can
be achieved in SWNTs—especially in the
semiconducting tubes—is crucial for their
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potential applications in nanoelectronics. This requires
an in-depth knowledge of the bonding of the nitrogen
atoms incorporated in the carbon lattice.

Scanning tunneling microscopy (STM) and spectros-
copy (STS) are well-suited for investigating the struc-
ture and properties of carbon nanotubes.'>?° Theore-
tical investigations'” also included simulations of scan-
ning tunneling microscopy images, suggesting that
the changes of the electronic structure of SWNTs due
to nitrogen doping could be detected with this tech-
nique. STM measurements on nitrogen-doped multi-
walled carbon nanotubes showed the presence of
lattice defects in the STM images, which were attrib-
uted to clusters of nitrogen atoms in a pyridinic-like
environment.?' In more recent STM experiments per-
formed on nitrogen-doped SWNTs prepared by a laser
ablation method,'*?? the doping sites appeared as
local protusions in the STM images, surrounded by
interference patterns with a periodicity of 0.44 nm.
Although nitrogen atoms in the substitutional config-
uration have been recently identified in N-doped
graphene,*~%8 their direct detection in carbon nano-
tubes has remained elusive until now.

In this study, we report on the results of a low-
temperature STM and STS investigation of N-doped
SWNTs, with close support from theoretical modeling.
For the first time, we identify a substitutional (graphitic)
nitrogen atom in a carbon nanotube. As theoretically
predicted, this configuration gives a donor level close
to the first van Hove singularity of its metallic nanotube
host. We also evidence the presence of other types of
point defects related to nitrogen doping. These defects
can be quite complex and they exhibit either deep or
shallow levels in the density of states. Finally, our data
reveal the presence of long-range perturbations of the
nanotube wave functions due to scattering by the
point defects.

RESULTS AND DISCUSSION

In Figure 1, typical STM images of nitrogen-doped
single-walled carbon nanotubes deposited on a poly-
crystalline gold substrate are shown. The large scale
image (Figure 1a) displays a bundle of N-doped SWNTs.
In the bottom left corner of Figure 1a, one can also
observe a series of steps belonging to the Au substrate.
The height of these steps (0.25 nm) is in good agree-
ment with the distance between two (111) atomic
planes in gold. The top right corner of the image, on
the contrary, exhibits grains that we attribute to cata-
lyst nanoparticles or amorphous carbon deposited on
the substrate during sample preparation. On the sur-
face of the nanotube bundle, several point defects can
be observed as small protusions or as distortions of the
atomic lattice; these are more visible on the derivative
image shown in Figure 1b. It is important to mention
here that such defects have never been observed for
nanotubes synthesized with the same method in the
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Figure 1. (a) Topographic image (30 x 20 nm?) of a bundle
of N-doped single-walled carbon nanotubes deposited on a
Au/glass substrate, sample voltage +1.50 V, tunneling
current 50 pA; (b) derivative image of panel a; (c) smaller
scale topographic image (10 x 4 nm?) of a single point
defect of a N-doped nanotube belonging to the bundle
shown in panels a and b, sample voltage +1.50 V, tunneling
current 200 pA; (d) derivative image of panel c; (e) topo-
graphic image (16 x 5 nm?) of another N-doped single-
walled carbon nanotube presenting two doping sites sepa-
rated by ca. 10 nm, sample voltage +0.70 V, tunneling
current 100 pA; (f) Derivative image of panel e.

absence of NH; in the feed gas.?’?® Furthermore, XPS
and EELS measurements have demonstrated the pre-
sence of nitrogen with an unhomogenous distribution
along the tubes in this batch of N-doped SWNTs.?®
Therefore, we are confident that the point defects
observed in STM can be assigned to doping sites with
one or several nitrogen atoms inserted into the carbon
honeycomb lattice. In Figure 1¢,d, we focus our atten-
tion on one of the point defects, located in the top left
corner of Figure 1a. The topographic image and its
derivative both exhibit the atomic lattice correspond-
ing to the carbon honeycomb network, where the
doping site is observed as a 0.7 nm wide protusion,
together with a local lattice distortion that extends
over the tube circumference. Another example dis-
played in Figure 1ef shows a nanotube with two
doping sites separated by approximately 10 nm. Both
defects appear as large protusions (1.7 nm wide) and,
similarly to the previous example, their influence is
spread over the whole circumference of the tube.

For a more comprehensive description of the doping
sites in N-doped SWNTs, an STS study of several point
defects was undertaken. For most of the cases we
observed, the topographic and spectroscopic signa-
tures are quite complex. However, we succeeded to
comprehensively characterize a simple and well-de-
fined point defect in one doped nanotube, whose
properties are depicted in Figure 2.

The topographic image (12 x 3 nm?) in Figure 2a,
recorded with a sample bias of +1.0 V, displays two
single-walled carbon nanotubes on the gold substrate.
Nanotube A (at the top of the image) does not present
any defect in the scanned area, whereas nanotube B
(at the bottom) exhibits a localized doping site.
The diameter and chiral angle of Nanotube A are
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Figure 2. (a) (12 x 3 nm?) constant current image of two
SWNTs labeled A and B, one of which (B) presents a defect
(sample voltage V; = +1.00 V, tunneling current /= 200 pA).
(b) (7 x 1.2 nm?) constant current image of the defect
observed in image a at V; = —1.00 V, (¢) (7 x 1.2 nm?)
constant current image of the defect observed inimage a at
Vs = +1.00 V with a tunneling current of 200 pA, (d) STM
image shown in panel c corrected by a line-by-line flatten-
ing; the red dots indicate the periodicity of a superstructure
donut pattern; (e) tunneling spectra acquired on the two
tubes shown in image a. The blue curve was measured on
the tube A; the black and green curves were measured on
the pristine part of tube B. The red curve was measured on
tube B at the defect's location. The colored boxes inimage a
represent the points where the spectra were recorded (the
red box for the STS measurement on the N-induced defect is
repeated in images c and d).

1.1 nm and 13°, respectively, associated with a (12,4)
semiconducting SWNT. For nanotube B, a diameter of
1.1 nm and a chiral angle of 17° are measured, which
correspond to a (11,5) SWNT. The magnified images
(7 x 1.2nm?)in Figure 2b,c reveal the bias dependence
of the topographic signature of this defect. It appears
as a depletion at negative bias (—1 V) and as a protu-
sion at positive bias (41 V). This protrusion is 0.6 nm
wide in the direction of the tube main axis and is
spread over the visible part of the tube circumference.
In Figure 2d, we show the image recorded at +1 V
(Figure 2c) after a flattening procedure. This allows a
better view of the doping site and a series of four
parallel bright segments separated by 0.24 nm, this
structure for the doping site will be analyzed later in
the paper with the support of theoretical calculations.
On this flattened image, a superstructure donut pat-
tern is also observed, as indicated by the red dots in
Figure 2d, this type of pattern is predicted in the
vicinity of point defects for nanotubes'” and graphene
nanoribbons*® and this point will be discussed later in
the paper.
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In addition, we probed the electronic structure of
these two tubes by measuring the local tunneling
spectra shown in Figure 2e. First, a spectrum represen-
tative of nanotube A (blue line) exhibits a zero density
of states at the Fermi level, with the first van Hove
singularities typical of a semiconducting nanotube
observed at approximately —0.4 V and +0.5 V. The
resulting bandgap of 0.9 V corresponds to the ex-
pected range for a nanotube with a diameter close to
1.1 nm when the screening by the Au substrate is taken
into account.?” On this spectrum, the second van Hove
singularities are observed at —0.9 V and +1.3 V. For
nanotube B, spectra acquired on the pristine parts of
the tube (black and green curves), more than 4 nm
from the doping site on either side, show the first van
Hove singularities at —1.2 V and +1.1 V and a pseudo-
gap at the Fermi level, characteristic of a metallic chiral
nanotube.’ The 2.3 V separation between the first two
van Hove singularities corresponds to the tabulated
value for a metallic SWCNT with a 1.1 nm diameter.*?
The spectrum recorded on top of the defect (red curve)
shows an additional state with a broad contribution
centered at 0.8 V and less prominent van Hove singu-
larities. This experimental signature was predicted in a
recent DFT study for a nitrogen atom substituting a
carbon atom in the honeycomb lattice.'” Specifically,
the calculations showed that the donor state of a
nitrogen substitution appears 0.2 eV below the first
van Hove singularity in the conduction band of a
(10,10) metallic tube; despite the fact that this behavior
is not directly comparable to the experimental data in
Figure 2 since the chirality and diameter affect the
energies of the van Hove singularity. This interpreta-
tion is strengthened by recent studies performed on
N-doped graphene®® and on N-doped graphite,** where
the spectra corresponding to substitutional nitrogen
atoms display additional contributions in the conduction
band (0.5 V above E¢). Therefore, the signature observed
in Figure 2 is attributed to a substitutional nitrogen atom
in a single-walled carbon nanotube.

To verify this assignment for the results presented in
Figure 2 and to extend the theoretical work reported
by Zheng and co-workers,'”” DFT calculations were
performed on a (11,5) carbon nanotube with a single
subtitutional N atom. In Figure 3, we present two
theoretical STM images computed within the framework
of the Tersoff—Hamann model**** for sample biases of
—1Vand +1V, together with the DOS for the N-doped
(11,5) carbon nanotube. As a reference, the total DOS
computed for a pristine (11,5) nanotube is also presented.

For a bias of —1 V (Figure 3a), the calculated image
exhibits a dip around the nitrogen dopant atom,
characteristic of a lower local density of states (LDOS)
compared to the carbon atoms. On the contrary, the
theoretical image calculated at +1 V (Figure 3b) shows
an increased LDOS and therefore apparent protrusions
located on the nearest carbon atoms, belonging to the
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Figure 3. (a,b) Theoretical STM images (20.13 A x 16.18 A of
a N-doped single-walled (11,5) chiral carbon nanotube at
sample bias of (a) —1.0 V and (b) +1.0 V, the location of the
N atom is indicated by green dots. (c) Density of states for a
pristine (11,5) nanotube (black), a N-doped (11,5) carbon
nanotube (red), and the projected density of states (PDOS)
on the nitrogen atom (green) and on a first neighbor carbon
atom (blue) in the N-doped nanotube. The total DOS are shown
in units of states/eV/unit cell (left-hand scale) and the projected
DOS in units of states/eV/atom (right-hand scale). For better
clarity, Y-offsets of 11 states/eV/unit cell and 0.5 states/eV/
atom have been applied to the black curve and the green
curve, respectively. The total DOS and the projectected DOS for
the N-doped (11,5) carbon nanotube have been shifted by
0.15 eV for an easier comparison with the pristine tube.

sublattice of the first neighbors of the nitrogen atom.
This feature, also observed in graphene with nitrogen
substitutions, > 2> corresponds to an apparent width
of approximately 1 nm in the modeled image. The
observed small dip at negative bias and a protrusion at
positive bias are in good agreement with the trend
observed in the zoomed images presented on
Figure 2b,c. It is also to be noted that the N atom
appears as a very localized hole on the theoretical
image at +1 V. This had been previously assigned to a
stronger localization of the DOS around the nucleus of
the N atom with respect to carbon atoms, as well as to a
charge transfer to the neighboring carbon atoms.'”

In contrast with experimental observations of sub-
stitutional nitrogen atoms in graphene,®*?* and with
calculated images in Figure 3, the protrusions in our
STM images in Figure 2 do not display a clear triangular
pattern. This is likely due to the location of the N atom
along the circumference of the tube with respect to the
STM tip. The overall shape of the protrusion suggests
that it is not facing directly the STM tip, but is is rather
located on the side of the tube, or even on its under-
side. Furthermore, in the image recorded at +1 V,
intensity maxima related to the protrusions build a
fringe pattern (i.e., the bright parallel segments sepa-
rated by 0.24 nm in Figure 2d) with a periodicity
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corresponding to the spacing between atoms belong-
ing to a given sublattice. This spacing is also that of the
protrusions visible in the calculated STM image at
+1.0 V along the edges of the triangular pattern. As
shown by recent calculations performed for N-doped
graphene, this pattern arises from the redistribution
of the density of states from the N atom to its first and
third neighboring carbon atoms (and to C atoms on the
same sublattice). This suggests that in the experimen-
tal situation, the N atom is located in such a way that
only one edge of the triangle is facing the STM tip,
leading to the apparent fringe contrast. A triangular
shape for a point defect located on the top side of a
nanotube could very rarely be observed and one exam-
ple is shown in Supporting Information (Figure S1).
However, we could not determine its chemical nature,
due to the lack of spectroscopic data. We note here that
the simulated triangular pattern (with a central hole) is
not systematically observed experimentally for substitu-
tional N atoms in sp> nanomaterials, as recently illustrated
by STM investigations of N-doped graphene.? This dis-
crepancy between experiments and theoretical model-
ing is a consequence of the variation of the LDOS far from
the atoms. Indeed, the STM images depend on the LDOS
at the top position, typically 5 A to 10 A from the sample
surface where numerical analysis with DFT is restricted to
distances smaller than 5 A. More information on that
point is given as Supporting Information (Figure S2).

The spectroscopic signature of the doping site
(Figure 2e) is modeled by the density of states
(Figure 3c) calculated for a N-doped (11,5) carbon
nanotube (red), whereas the calculated DOS of a
pristine (11,5) carbon nanotube (black) is used to
simulate the STS spectra recorded away from the
defect. Both curves exhibit the first van Hove singula-
rities at —1.0 eV and +-0.8 eV, in reasonable agreement
with the experimental data. The DOS for the N-doped
nanotube also displays an additional contribution
centered around +0.6 eV, which matches well with
the peak observed experimentally at the defect loca-
tion. The projected densities of states for the nitrogen
atom and for the nearest carbon atoms are plotted in
green and blue, respectively. They show that this donor
state at 0.6 eV is localized on these two types of atoms.
This is also in agreement with the charge transfer from
the N atom to its first neighbors discussed previously.
The small difference between the calculated and mea-
sured energy separating the first van Hove singularities
and the localized states can be understood by the
inherent limitations of DFT—LDA (see Barone et al*” for
nanotubes) and, more precisely, by the fact that the
electron—electron correlation could be different for de-
localized carbon states and N-induced localized states. In
addition, the tube—substrate interaction that can lead to
a renormalization of the electronic spectrum is not taken
into account in the simulations (although this effect is
small in the case of metallic nanotubes).?”
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Figure 4. (a) Constant current image of a SWNT presenting
a defect induced by nitrogen doping (8 x 2 nm?, sample
voltage V; = +1.00 V, tunneling current /; = 500 pA). (b)
Tunneling spectra recorded 3 nm away from the defect
(black), at the center of the defect (blue), and on the right-
hand side of the defect (red) (Vs = +1.00V, I, = 500 pA). The
locations corresponding to the spectra are indicated by the
colored boxes in panel b. (c) Differential conductance maps
recorded at various bias voltages during a CITS (current
imaging tunneling spectroscopy) experiment on the image
shown in panel a; the imaging conditions were V= +1.00 V
and I, =500 pA. (d) A line profile recorded along the green line
on the differential conductance map at +0.433 V in panel b.

Moreover, the structure of most of the doping sites
we observed was rather complex, and an example is
presented in Figure 4. In the topographic image
(Figure 4a), the defect appears as a 0.1 nm high
protrusion, which extends over 2.5 nm along the
nanotube axis and over the observable part of its
circumference. To further investigate the electronic
structure of this defect, spectroscopic measurements
are displayed in Figure 4b and Figure 4c. The spectra
recorded on the pristine part of the nanotube (black
curve in Figure 4b) exhibit a nearly zero density of
states around the Fermi level and two pairs of con-
tributions at —0.6 V and +0.6 V for the first van Hove
singularities and —1.0 V and +1.1 V for the second
ones, typical of a semiconducting nanotube. Again, the
bandgap of 1.2 eV lies within the expected range
considering the screening by the Au substrate.?” In
the defective area, the tunneling spectra reveal two
additional features at +0.07 Vand +0.43 V. The relative
intensities of these peaks vary depending on the
location where the spectrum is recorded. The distance
of 0.7 nm between the measured maxima of the LDOS
is much larger than the C—C interatomic distance. The
doping site is therefore most likely a combination of
two different defects, one leading to a deep level (i.e., in
the center of the bandgap), the other to a shallow level
(i.e., close to the conduction band). Considering the
data presented in Figure 2 and Figure 3 and the
discussed theoretical analysis,'” the shallow level at
+0.43 V can reasonably be assigned to a N atom in
substitution.

Regarding the state associated with the peak near
the Fermi level, two structures can be considered.
Recent studies involving STM/STS®*® and theoretical
calculations®®*° show that vacancy defects appear
as hillock structures in the images and that a single
peak at the Fermi level is observed in the STS spectra.
This signature makes single or double vacancies good
candidates for explaining the presence of a state in the
midgap region. The second possible structure involves
three nitrogen atoms surrounding a vacancy (pyridinic
configuration), for which the DOS also shows a single
peak in the vicinity of the Fermi level for a nonchiral
semiconducting tube of similar diameter,'” as shown
by the DOS calculated for a pyridinic site (see Support-
ing Information). Since pyridinic nitrogen atoms were
detected by EELS and XPS in these samples, this
configuration without any dangling bonds seems a
more likely explanation. In Figure 4c, we show a series
of differential conductance maps as a function of the
bias voltage. These maps reveal variations in the spatial
distribution of the LDOS with respect to energy.
The two defects are too close (less than 1 nm) to obtain
individual images of the induced electron density
redistribution. The state corresponding to the peak
close to the deep level (+0.07 V) is localized around the
circumference of the tube (it is spread over less than
1 nm along the direction of the nanotube axis). On the
contrary, the shallow state at +0.43 V has a larger
spatial extension of over 3 nm along the tube axis.

An additional key feature emerging from this series
of conductance maps is a superstructure with a peri-
odicity of 0.44 nm, as indicated by the line profile in the
inset of Figure 4d. This pattern corresponds to a
redistribution of the DOS over the carbon atoms of
the sublattice not containing the N atom, with a +/3a x
+/3a periodicity (a being the lattice parameter of the
graphene sheet). The spatial extension of this modula-
tion progressively increases when the bias energy
approaches that of the van Hove singularity. The
conductance maps recorded at 0.554 and 0.594 V
exhibit a long-range modulation of the DOS, also with
a +/3a x +/3a periodicity. Since the wave functions
close to the Dirac K points indeed have this periodicity,
the modulation is typical of the electronic perturbation
induced by local defects in graphitic structures, carbon
nanotubes in particular.3%*'~*> More precisely, in a
simple tight-binding model, the amplitudes at sites n
of the Bloch states of energy o< |c_f| are proportional to
exp i(il? :I:(;)'IT. In such a one-dimensional system,
these states can be viewed as a set of two forward and
two backward propagating states. For pristine systems,
the stationary states have the full symmetry of the
considered nanotubes. In the presence of localized
defects, however, interference between forward and
backward waves are produced, and since |q | < [K|, the
corresponding modulation is driven by K and pro-
duces a +/3a x +/3a periodicity. For a given energy, the
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range of the perturbation is in principle infinite, which
is why it cannot usually be obtained by first principles
calculations such as those shown in Figure 3 which are
limited to small unit cell sizes.

In practice, the presence of other defects and the
energy window used in the CITS (current imaging
tunneling spectroscopy) spectra (10 mV) introduce
damping effects. A full theoretical analysis based on a
Green function formalism shows that the effect should
be enhanced close to van Hove singularities as ob-
served here.3® Additionally, the precise motif of the
V/3a x +/3a modulation should depend on the chiral
angle, which is why various contrast modulations have
been observed in the vicinity of defects.*’**** Such a
modulation is also found to occur for the defect shown
in Figure 2d, the superstructure donut pattern visible in
the magnified image being enhanced thanks to re-
cording conditions at a voltage close to a van Hove
singularity. In the image, the donut shapes can be seen
around the red markers in Figure 2d. It is to be noted
that a similar donut pattern has been evidenced on the
theoretical images calculated by Zheng and co-
workers'” for the back side of a (10,10) nanotube, with
respect to the nitrogen atom. This periodicity is the
same +/3a x +/3a periodicity observed in Figure 4c.

The results reported here bring new experimental
insights on the nature and properties of the doping
sites in N-doped carbon nanotubes, down to the
subnanometer scale. This local picture is complemen-
tary of the mesoscopic or macroscopic characterization
provided by other techniques. From a structural point
of view, XPS'® and EELS'*'* measurements have pro-
vided evidence for the presence of pyridinic and
substitutional nitrogen atoms, which is in agreement
with the STM and STS signatures reported here. More-
over, the random distribution of N-induced defects
illustrated by Figure 1 is consistent with the unhomo-
genous nitrogen concentration along the tubes as
shown by a recent EELS study. In terms of transport
properties, DFT calculations performed for nitrogen
doped nanotubes*® predict a lower quantum conduc-
tance at the energy of the donor state (compared to a
pristine tube), together with a decrease of the elec-
trons' mean free path as a function of dopant's con-
centration. From the experimental point of view, four-
point sheet resistance measurements of thin films of
the N-doped nanotube samples studied here showed
an increase of resistance as the doping level goes up.?’
This behavior may partially be explained by the de-
crease of conductance predicted from DFT*® at the

METHODS

Nanotubes Growth and Sample Preparation. The nitrogen-doped
single-walled carbon nanotubes (N-SWNTs) were synthesized
using a gas-phase floating catalyst CVD method, where carbon
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energy of the donor state, but also by the lower mean
free path in doped nanotubes, which we associate to
the N-induced defects acting as scattering centers.
Independently, the four-point conductivity measure-
ments performed by Villalpando-Paez and co-workers'
provided evidence for the presence of both deep and
shallow levels in N-doped carbon nanotubes prepared by
pyrolysis of a ferrocene/ethanol/benzylamine solution.
These macroscopic measurements are in strong agree-
ment with the nanometer-scale data presented in Fig-
ure 4, which exhibits two peaks at the Fermi level and
close to the van Hove singularity. Finally, it is to be noted
that the current—voltage characteristics measured for
isolated nitrogen-doped nanotubes have demonstra-
ted that n-type doping is achievable, provided that the
concentration of substitutional nitrogen atom, like the
case displayed in Figure 2, is sufficient.”*

CONCLUSIONS

To summarize, we performed a low temperature
STM/STS investigation of nitrogen-doped single-
walled carbon nanotubes. The topography of the point
defects associated with the presence of nitrogen do-
pants appears as hillocks. Furthermore, local spectros-
copy reveals that the doping sites lead to the formation
of electronic states at energies lying between the two
first van Hove singularities. A few nanometers from
these point defects, the LDOS features of the pristine
nanotubes are recovered. The atomic configuration of
the doping sites can vary from substitutional N atoms
to more complex cases. For a single substitutional N
atom, the spectroscopic data agrees closely with our first
principles calculations, showing a broad donor state
slightly below the energy of the van Hove singularity. A
combined point defect, on the other hand, exhibits both
deep and shallow levels, respectively localized (spread
over less than 1 nm) or extended (spread over 3 nm)
around the dopant in a semiconducting tube. The deep
level probably involves pyridinic nitrogen atoms that
were previously detected by EELS and XPS. Finally, we
observed a long-range modulation of the nanotubes'
wave functions corresponding to the scattering by the
point defects corresponding to the doping sites. Our
findings thus not only provide a qualitative explanation
for recent transport measurements, but are also the first
direct identification of the nature and electronic proper-
ties of the nitrogen dopant sites in single-walled carbon
nanotubes. A detailed understanding of the dopant
structures is crucial for the design of nanoelectronic
devices based on these materials.

monoxide (CO) acts as the carbon source, ammonia (NHs) as the
nitrogen source, and iron particles derived from physical nu-
cleation of evaporated iron as the catalyst. The N-SWNTs were
dry-deposited directly from the reactor using an in situ electric
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field collector onto gold-coated glass substrates (Arrandee),
which had been heat treated before collection to form Au(111)
terraces. No solution processing, sonication, or centrifugation
was thus applied, which ensured that the intrinsic properties of
the material were preserved. The synthesis and characterization
of thin films of the N-SWNTSs were reported previously,?® and the
sample discussed here was collected concurrently with the
samples denoted “300 ppm NHs" in that work. For this batch
of tubes, an average diameter of 1.1 £+ 0.2 nm was determined
by an analysis of optical absorption spectra.?®

Scanning Tunneling Microscopy and Spectroscopy. STM/STS mea-
surements were performed using an Omicron Nanotechnology
low temperature (5K) STM operating under UHV conditions (less
than 107'° mbar). Local di/dV spectra were recorded with LT-
STM using a lock-in amplifier with a modulation at ca. 750 Hz
and 20 mV. The samples were introduced into the UHV system
and outgassed for 2 h at a temperature of 420 K to remove
residual adsorbed molecules. All measurements were per-
formed with electrochemically etched tungsten tips.

DFT Calculations. The SIESTA package*® was used for the ab
initio DFT calculations of the electronic structure of the nano-
tube. The description of the valence electrons was based on
localized pseudoatomic orbitals with a double-¢ (DZ) basis.*°
Exchange-correlation effects were handled within the local
density approximation (LDA) as proposed by Perdew and
Zunger.®® Core electrons were replaced by nonlocal norm-
conserving pseudopotentials,®’ and real-space integration per-
formed on a regular grid corresponding to a plane-wave cutoff
around 300 Ry. The atomic structure of the self-supported
doped nanotube was fully relaxed. For the simulation of the
STM images, the standard Tersoff—Hamann's model’** was
implemented."” The simulations were performed on a periodi-
cally repeating system consisting of a (11,5) unit cell (268 atoms,
cell length 20.13 A along the tube axis) with a single substituted
N atom; the influence of the gold substrate is neglected in this
approach. A grid of 40 points in the reciprocal space was used
for the calculation of the density of states (DOS).>%2 No major
atomic relaxation was observed after geometry optimization, in
agreement with previous work."”
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