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1. INTRODUCTION

Harnessing the full potential of carbon nanotubes (CNTs) hinges
on finding the means to control the electronic properties of an
ensemble of synthesized nanotubes. Much effort has been
directed to controlling the chirality of produced nanotubes
during synthesis, to some extent successfully.1�4 Another possi-
ble way to control the electronic properties of nanotubes is by
substitutional doping with foreign chemical elements. The two
practical candidates are the nearest neighbors to carbon in the
periodic table, boron and nitrogen. Nitrogen in particular has
attracted much attention5�10 because of its suitable atomic size
and envisaged applications for N-doped nanotubes.11,12 Substi-
tutional doping is distinct from other methods of donating
charge to the nanotubes, such as charge transfer by redox-active
molecules (chemical doping), simple gating, or electrochemical
charging.

A variety of methods13 are available for the synthesis of
nitrogen-doped multiwalled carbon nanotubes (N-MWCNTs).
However, synthesis of nitrogen-doped single-walled nanotubes
(N-SWCNTs) is much more difficult,14�16 particularly using
chemical vapor deposition17�20 (CVD).

Apart from their individual electrical character, the positions,
lengths, bundling, and orientations of nanotubes show considerable
variability, whichmakes reliable and cheap fabrication of devices with
reproducible electrical behavior difficult. Therefore random carbon
nanotube networks (CNTNs) have attracted considerable interest as
the first viable technological avenue for CNT applications. In this
context, many promising applications have been demonstrated such
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ABSTRACT: Nitrogen-doped single-walled carbon nanotubes (N-SWCNTs) were
synthesized using a floating catalyst aerosol chemical vapor deposition method, with
carbon monoxide as the carbon source, ammonia as the nitrogen source, and iron particles
derived from evaporated iron as the catalyst. The material was deposited on various
substrates as grown directly from the gas phase as films and subsequently characterized by
Raman and optical absorption spectroscopies, sheet resistance measurements, electron
microscopy, energy-loss spectroscopy, and X-ray photoelectron spectroscopy.

The sheet resistancemeasurements revealed that the doped films had unexpectedly high
resistances. This stands in contrast to the case of N-MWCNT films, where decreased
resistance has been reported with N-doping. To understand this effect, we developed a
resistor network model, which allowed us to disentangle the contribution of bundle�bun-
dle contacts when combined with data on undoped films. Assuming doping does not
significantly change the contacts, the increased resistances of the doped films are likely due
to enhanced carrier scattering by defect sites in the nanotubes. This work represents the
first experimental report on macroscopic N-SWCNT thin films.
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as optically transparent conductors,21,22 transparent transistors,23,24

organic light emitting diodes,25 and chemical sensors.26

It has been expected that doping might enhance the optoelec-
tronic properties of nanotube films, specifically for use as
transparent conducting electrodes (TCEs). There are some
reports on N-MWCNT films where slight enhancement has
been observed.27 The case of N-SWCNTs is much less known.

Here, we present a new approach to directly synthesize thin films
of N-SWCNTs using a gas-phase floating catalyst CVD method,
where carbonmonoxide (CO) acts as the carbon source, ammonia
(NH3) as the nitrogen source, and iron particles derived from
physical nucleation of evaporated iron as the catalyst (dubbed the
“hot wire generator” (HWG) method28). The material is dry-
deposited directly from the reactor as films on various substrates, and
no solution processing, sonication, or centrifugation is applied. This
ensures that the intrinsic properties of the material are preserved,
which we have studied using Raman and optical absorption spectro-
scopies, sheet resistance measurements, electron microscopy, en-
ergy-loss spectroscopy, and X-ray photoelectron spectroscopy.

Most importantly, we analyze the optoelectronic properties of
these films in detail, showing that nitrogen doping seems to cause a
loss of performance compared to undoped films. The analysis shows
that this effect is likely due to an increase in the resistances of the
bundles andnot to the geometric factors related to bundle lengths and
number of contacts. This suggests that the intrabundle resistances are
higher for N-SWCNTs than those for pristine SWCNTs, which may
be due to enhanced carrier scattering by defect sites in the nanotubes.

2. EXPERIMENTAL METHODS

2.1. Synthesis.The synthesis method has been adapted from ref 28.
Briefly, catalyst particles are grown in situ by nucleation from iron vapor
evaporated from a resistively heated iron wire (the HWG) of 0.25 mm
diameter (Goodfellow, 99.5% purity), inserted into an ambient pressure
laminar flow reactor in a ceramic inner tube. The wire is protected by a
400 cm3/min H2/Ar flow (7/93%). An additional outer gas flow of
400 cm3/min CO provides the carbon source. The reactor maximum
wall temperature was set to 890 �C, which has been found22 to be the
optimal temperature to obtain long and high quality pristine nanotubes
using this setup with 1500 ppm of added CO2. Previously, it was also
noticed that even very small amounts of introduced NH3 have a severe
effect on nanotube production in a floating catalyst environment,29 with
the exact maximum usable amount depending on the gas mix and the
catalyst particle production method. To accurately introduce very small
amounts of ammonia, a dilution system was thus used. Set flow rates (0
to 2.0 cm3/min) of ammonia were diluted with 80 cm3/min of Ar.
Before introducing the mixed flow into the reactor, 65 cm3/min was
diverted into vacuum. The resulting inlet flow rates of ammonia were
validated by Fourier transform infrared spectroscopy, and good control
was achieved in the 0�500 ppm range. The role of NH3 is dual, as it acts
as the nitrogen doping source30,31 as well as an etching agent,29 while
CO2 acts only as an etching agent.

32,33 The outlet flow was mixed with a
3000 cm3/min N2 flow using a porous tube dilutor. Samples were
collected directly at the reactor outlet either by an electrostatic
precipitator24 (ESP) onto carbon-coated copper transmission electron
microscopy (TEM) grids or onto SiO2 or by filtering onto microporous
membrane filter papers (Millipore). Optically opaque films could be
collected on 13 mm diameter filters in about 1 h using a 1500 cm3/min
collector flow. Typical collection times were 30 min, and the character-
ization results shown below constitute a representative set of samples.
2.2. Characterization. Raman spectra for samples collected on the

membrane filters were measured at ambient conditions using a 632.81 nm
HeNe laser (Jobin Yvon Labram300, Stigmatic 300 spectrograph).Optical

absorption spectra were measured using a double line UV�vis�NIR
spectrophotometer (Perkin-Elmer lambda 900) after transferring the films
from the filters onto quartz glass plates bymodest pressure (∼103 Pa). The
sheet resistances of the films were determined by 4-probe measurement
(Agilent 34410A multimeter and Jandel Engineering, Ltd. four-point
probe). To study the bundle length distributions, sparse submonolayer
films were concurrently deposited by ESP (30 s collection time, 300 cm3/
min sample flow, 6 kV voltage) onto SiO2 and observed by scanning
electron microscopy (SEM, Jeol JSM-7500F). Additional TEM observa-
tions were conducted on the TEM grid samples collected by ESP (5 min
collection time, 300 cm3/min sample flow, 1.5 kV voltage) using a Jeol
JEM-2200FS double aberration-corrected TEM, which was operated at 80
kV and carefully calibrated with Au reference particles.

Electron energy-loss spectra were recorded using a VG-HB501
dedicated scanning transmission electron microscope (STEM)
equipped with a cold field emission gun (FEG), operated at 100 keV
with an energy resolution close to 0.7�0.8 eV in the core-loss region.
The convergence angle on the sample and collection angle of the
spectrometer were 15 and 24 mrad, respectively. The spectroscopic
information was obtained using the spectrum-imaging (SPIM) acquisi-
tion mode.34,35 For the spectra acquisition, a slightly defocused electron
probe was scanned in a small area of a few nm2.

To determine the overall nitrogen content within the samples, we
employed X-ray photoelectron spectroscopy (XPS) using a PHI 5600
spectrometer equipped with a monochromatic Al KR source (1486.6
eV) operating with a base pressure of 10�9 mbar and an overall spectral
resolution of 0.5 eV.

3. THEORETICAL METHODS

The optical and electrical characteristics of SWCNT films
thicker than a few separate monolayers can be described by bulk
material conductivity laws.22 The quality of transparent conduct-
ing thin films is usually stated as their sheet resistance (Rs) versus
optical transmittance (T%) at a reference wavelength (550 nm).
By starting from the Beer�Lambert law for the absorbance A(λ)
a film of thickness L

AðλÞ ¼ � lnTðλÞ ¼ εðλÞdL ð1Þ
for the wavelength λ, and the definition of sheet resistance Rs (or
sheet conductance, σs)

Rs ¼ 1=σs ¼ Fea=aL ¼ Fe=L ¼ 1=σL ð2Þ
where a is the sheet area, σ is the electrical dc conductance, and Fe
the electrical resistivity, we can relate the two measures to each
other by

Rs ¼ � εF=ðσ ln TÞ ¼ � 1=ðK ln TÞ ð3Þ
where ε is the Beer�Lambert extinction coefficient and F is the
film density, which is not generally known. Nevertheless, we can
use the ratio

K ¼ σ=εF ð4Þ
calculated from eq 3 using experimentally measurable resistance
and transmittance values as a figure of merit for the optoelec-
tronic performance of the films. This relation clearly shows that
for structurally similar films with similar values of ε and F, the Rs/
T ratio is controlled by the conductance σ, which further depends
on factors such as the morphology of the random network
comprising a SWCNT film.36

We studied the dependence of σ on the network morphology
using a random resistor network model. The key assumption in
our model, motivated by measurements of the resistance of
SWCNT bundles37 and bundle�bundle contact resistances,38 is
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that the electrical resistance along SWCNT bundles is low com-
pared to that of the junctions, and that the bundle network can thus
be described by an analogous network of resistors representing the
contact resistances, ideally connected by the bundles.

We represent the network as an equivalent circuit in which the
nodes represent CNT bundles and resistors between them
represent bundle�bundle contacts. The circuit is created by
randomly and isotropically generating line segments with an
experimentally motivated log-normal length distribution in a
square area, registering intersections between the segments and
mapping each segment as a node and each intersection as a
resistor. Finally, intersections with the upper and lower edges of
the square are registered. The resistance is calculated by elemen-
tary circuit analysis via the conductance matrix G, using one
horizontal edge of the square as the ground and calculating the
node voltage at the opposing edge by solving the linear systemGv
= i, where v is the node voltage vector and i is a source vector, and
where i(1) = 1 and 0 otherwise.

We studied the dependence of the conductance and the
network connectivity, defined as the average number of inter-
sections per bundle, on the average bundle length by generating
networks with varying line segment length distributions, aver-
aging over 100 individual simulations per distribution. In all
simulations, a fixed density of (total segment length)/(square
area) was used and set high enough to make the networks nearly
or completely connected and thus far above the percolation
threshold (where only few conducting pathways exist through
the network). To ensure the nonsingularity of G, stray segments
not connected by any path to the ground and reference nodes
were eliminated. Additionally, the dependence of the network
connectivity on average bundle diameter was studied by gen-
erating networks where the bundles are represented by tilted
rectangles instead of simple line segments. Because we have
concentrated in obtaining the general forms of scaling between
the mentioned parameters, the contact resistances in the simula-
tions were normalized to 1Ω in all cases. It is worth noting that
contact resistances have been experimentally shown to change
dramatically with large changes in the diameters of the connected
bundles.38 In our simulation, the bundle diameters were thought
to be fixed and small compared to the lengths and the orienta-
tions perfectly isotropical; therefore, these variations average out.

4. RESULTS

4.1. Characterization. Representative scanning and transmis-
sion electron microscopy images of the 0 and 200 ppm NH3

sample are shown in Figure 1. The SEM images were recorded
directly on the samples deposited on membrane filters. The
optical, spectroscopic, and sheet resistance measurements in the
text below were performed on the membrane filter samples. It
should be again noted that the material has not been treated or
purified in any way, and even so, the optoelectronic properties of
the undoped films are excellent22 (see also Section 4.2). The
tubes were typically found in small bundles, with diameters
determined by TEM to be 6.1 ( 3.0 nm for the 0 ppm NH3

sample and slightly smaller, 3.7( 1.7 nm, for the 200 ppm NH3

sample (50 bundle statistics each). Individual nanotubes could also
be found quite easily (see also Figures S1 and S2 of the Supporting
Information). There seems to be slightly more visible impurities on
the undoped bundles, while the doped samples exhibited somewhat
larger inactive catalyst particles, as well as shorter bundles. The other
doped samples appear similar to the 200 ppm NH3 one.

Collecting statistically sufficient data in TEM is very time-
consuming. Therefore optical absorption spectra (OAS, Figure 2)
were used to evaluate the diameter distributions of the SWCNTfilms
because all types of nanotubes have transitions in the UV�vis�NIR
region.39 As shown in Figure 2, the absorption peaks shift to higher
energy when the N precursor is introduced, implying a decrease in
the diameter of the SWCNTs. TheOASof samples synthesizedwith
200 and 300 ppm NH3 present quite similar profiles, showing
narrower peak widths than the one collected with 100 ppm NH3.
Recently, a newmethod for quantifying the diameter distributions of
SWNTs has been developed on the basis of optical absorption
spectra.40 Following this method, we evaluated the mean diameters
of the nanotubes in the 0, 100, 200, and 300 ppmNH3 samples to be
1.4( 0.3, 1.2( 0.3, 1.1( 0.2, and 1.1( 0.2 nm, respectively. Similar
findings of a decrease in diameter with an increasing N precursor
amount have before been reported.19,20,41 Practically no tubes were
produced with more than 300 ppm NH3.
Because the OAS method has been extensively validated only

for undoped tubes,40 we further verified the diameter distribution

Figure 1. Scanning (a,b) and transmission (c,d) electron microscope
images of nanotube bundles in samples synthesized with (a) and (c) no
NH3 and (b) and (d) 200 ppm NH3.

Figure 2. Optical absorption spectra of samples synthesized with 0, 100,
200, and 300 ppm NH3. The backgrounds have been subtracted
(following ref 40) and the spectra offset for clarity. The inset shows
the raw spectrum for the 200 ppm NH3 sample in the range of 0.5 to 6
eV, along with the background that was subtracted in the main figure.
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of the 200 ppm NH3 sample by independently measuring the
diameters of 56 individual SWCNTs in the sample by HR-TEM.
A representative example can be found in Figure S1 of the
Supporting Information. The corresponding micrographs for the
undoped 0 ppm NH3 sample are shown in Figure S2 of the
Supporting Information. The diameter distributions of the 200
ppm NH3 sample thus obtained by OAS and TEM are shown in
Figure S3 of the Supporting Information. Not only are the mean
diameters and variances equal, even the shape of the distribution
matches remarkably well.
Raman spectra were recorded for samples synthesized with 0,

100, 200, and 300 ppmNH3using a 632.81 nm(1.96 eV) excitation.
Figure 3 contains the features characteristic of SWCNTs.42 The
left panel (Figure 3a) shows the radial breathing modes (RBM).
The peak positions and intensities in the RBM region provide an
idea of the diameters corresponding to nanotubes in resonance
with the specific excitation used. The lowering of the left side
peak supports the conclusion of decreasing nanotube diameter
with increasing NH3 already demonstrated by OAS and TEM
analyses. The middle panel (Figure 3b) shows the disorder-
induced Raman peak (D) and the G band, features which are
observed in various carbon systems, but which are specifically
related to SWCNTs here.
The G0 (2D) band is shown in panel (c) of Figure 3. Changes

of the G0 band have been suggested as a signature of doping in
SWCNTs.43 Although further studies are required on this topic,
we note that there is a downshift of the main peak of the G0 band
ofΔωG

0 ≈�15 cm�1 compared to that of the undoped material
in the samples synthesized with NH3. However, some shift would
also be expected with the changing nanotube diameter. To
roughly estimate this effect for the single excitation used, we
used the relation44

ωG0 ¼ C1 � C2=d ð5Þ

with45 C1 = 2642.8 cm�1 (determined for the 1.96 eV excitation
used) and C2 = 35.4 cm

�1 nm. Inspection of the almost identical
RBM features of the 0 and 100 ppm NH3 samples (Figure 3a),
with a G0 shift of almost �15 cm�1, would suggest that changes

in the Raman resonant nanotubes’ diameters do not explain the
changes in the G0 band.
However, because the resonance window of G0 is broader than

that of the RBM, it is more relevant to look at changes in the
entire diameter distribution. Using the mean diameters deter-
mined from the OAS in eq 5, still a shift of only about �6 cm�1

would be expected with a decrease in diameter from 1.4 to
1.1 nm. This is clearly not enough to explain the observed shift.
Additional spectroscopic studies are required to make conclu-
sions about the possibility of using the G0 signal as a metrological
tool for inspecting bulk samples of doped nanotubes.
As stated above, practically no nanotubes were produced with

more than 300 ppm NH3. However, the Raman spectra
(Figure 3) showed little change with increasing NH3 amount
up to 300 ppm. To understand the sudden disruption of
production with higher concentrations, we deposited sparse
submonolayer networks synthesized with each concentration
of NH3 onto SiO2 and studied the bundle length distributions by
measuring bundle lengths by SEM (50 bundle statistics each).
We found that with increasing NH3, the bundles became
progressively shorter (Table 1), decreasing from 3.0 μm in the
0 ppm NH3 sample to 0.5 μm in the 300 ppm NH3 sample.
The measured sheet resistances as well as the transmittances

(at 550 nm) determined from the OAS spectra are shown in
Table 1, along with the figures of merit K calculated from eq 3.
Note that the films collected with 200 and 300 ppm NH3 are
significantly thinner, indicative of a decreased yield. The analysis
of the optoelectronic properties of the films is discussed in
Section 4.2.
Turning now to the study of N incorporation in the SWCNTs,

panel (a) of Figure 4 displays an EEL spectrum (C� and N�K
edges), which is a sum of 4 EEL spectra with an acquisition time
of 2 s each, recorded on the marked area shown in the high angle
annular dark field micrograph (Figure 4b) of a bundle of
N-SWCNTs synthesized with 200 ppm NH3. The energy loss
near-edge feature of the C�K edge consisted of a π* peak at
∼285 eV and a well-defined σ* band starting at∼292 eV. These
signatures are typical for the sp2 hybridization of the C atoms in a
graphitic network. From the N�K edges (Figure 4a inset for
the 200 ppm NH3 sample), we calculated13,14,34 that the total
nitrogen concentration in different bundles of the 100 ppm NH3

sample ranged from 0.3 to 2.0 at. %, with an average of about 1.2
at. %. A similar analysis for the 200 ppm NH3 sample gave an
estimate of 1.7 at. %. The 300 ppm NH3 sample was not stable
enough under the electron beam to measure EELS.
As an additional analytic technique, XPS was used to estimate

the overall N concentration in our films. For this purpose, we
have specifically taken into account the differing atomic cross
sections of C and N. We carefully considered the carbon core
signal, where it is well established that different carbon molecular
structures have defined and characteristic C1s line shapes, giving
essential information regarding the kind of SWCNT material
studied.46 For this reason, the C1s is used as a prerequisite for any
further measurement of nitrogen heteroatoms. The spectral
deconvolution for the nitrogen core level signal (N1s) contains
approximately equal contributions of 398.6 and 400.5 eV binding
energies, as has been described previously.15,47 The total nitrogen
concentration in the films was determined to be 0.2 at. % in the
100 ppmNH3 sample, 0.7 at. % in the 200 ppmNH3 sample, and
1.1 at. % in the 300 ppm NH3 sample. It is important to remark
here again that the sample produced with 300 ppm NH3 showed
more instability when exposed to the electron beam in

Figure 3. Raman spectra recorded with a 632.81 nm excitation from
samples synthesized with 0, 100, 200, and 300 ppm NH3. The panels
(a)�(c) show the RBM, D and G, and G0 (2D) regions of the Raman
response.
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TEM-EELS. Only in this case a slight upshift was detected in the
C1 line, which suggests the formation of defective sites on
the nanotubes, as reported in other studies related to N-
SWCNTs.15,47 This would explain the observed instability of
that sample under the electron beam.
4.2. Sheet Resistance Analysis. Figure 5 shows an example of

a line segment network generated by our resistor network code
(Section 3). Figure S4 of the Supporting Information shows the
dependence of network conductance σ on average line segment
length Ælæ, exhibiting a linear dependence over the experimentally
relevant range of 1�4μm; simulations with <l> of 0.5 μmdid not
converge. In all cases, random log-normal length distributions

f ðx; μ, sÞ ¼ 1

xs
ffiffiffiffiffiffi

2π
p e�ðIn x � μÞ2=2s2 , x > 0 ð6Þ

were used, where μ and s are the mean and standard deviation of
the natural logarithm of the dimensionless length x, respectively.
The values for the standard deviations were calculated from the
experimental bundle length distributions (Table 1). The nonzero
intercept of the x-axis is to be expected on the basis of percolation

arguments. The network connectivity, defined as the average
amount of contacts per line segment, was likewise found to
depend on Ælæ linearly, suggesting that network conductance is
directly determined on the connectivity.
We also ran simulations with rectangles of finite widths at fixed

length. Even a decrease of aspect ratio from 1000 to 100 resulted
in an increase of connectivity of only 3.5%. This implies that
changes in network connectivity due to changes in the diameter
distribution are negligible compared to changes caused by a
varying length distribution. Thus, the decrease of bundle dia-
meter in the doped nanotube samples from 6.1 (0 ppm NH3) to
3.7 nm (200 ppm NH3) should not cause discernible changes in
the connectivity (and thus figure of merit) on the basis of the
aspect ratio simulations.
To compare the simulations with experimental data, the sheet

resistance and transmittance values for undoped (that is, normal)
SWCNT films were compared to those reported above for the
doped SWCNT films synthesized with 100�300 ppm NH3

(Table 1). As the undoped reference films, two sets of samples
were used. The first were films of varying thickness synthesized
previously with a very similar floating catalyst CVD system

Table 1. Properties of CNT films synthesized with 0, 100, 200, and 300 ppm NH3 and collected for 30 min eacha

average N content (at. %)

NH3 (ppm) EELS XPS mean diameter ( variance (nm) T @ 550 nm (%) bundle length ( std. dev. (μm) 4-point R (kΩ/0) K (0/kΩ)

0 � � 1.4 ( 0.3 43 3.0 ( 1.1 0.2 5.20

100 1.2 0.2 1.2 ( 0.3 45 2.1 ( 0.9 2.3 0.54

200 1.7 0.7 1.1 ( 0.2 72 1.2 ( 0.7 12.3 0.24

300 � 1.1 1.1 ( 0.2 78 0.5 ( 0.4 29.6 0.12
aThe columns show ammonia concentration, average nitrogen content determined by EELS and XPS, mean nanotube diameters determined40 from
OAS (Figure 2), transmittance of 550 nm light, mean bundle lengths determined by SEM, sheet resistances of the films measured by 4-probe
measurement, and optoelectronic figures of merit K for the films calculated from eq 3.

Figure 4. (a) Sum of 4 EEL spectra (C� andN�K edges) with an acquisition time of 2 s each, recorded on themarked area shown in the (b) high angle
annular dark field micrograph of a bundle of N-SWCNTs synthesized at with 200 ppm NH3. The inset of (a) shows a magnification of the N�K edge
after background subtraction.



2206 dx.doi.org/10.1021/cm200111b |Chem. Mater. 2011, 23, 2201–2208

Chemistry of Materials ARTICLE

(so-called ferrocene reactor,22 denoted here by FC), with bundle
length distributions of 1.3 ( 0.8 μm (upward blue triangles in
Figure 6) as well as 3.3( 1.4 μm (downward dark blue triangles),
and bundle diameter distributions of 8.3 ( 3.5 nm and 7.8 (
2.7 nm, respectively. Additionally, four undoped films synthesized
with theHWG reactor using the same conditions as the 0 ppmNH3

sample constituted another undoped sample set (purple circles).
Optical transmittance and sheet resistance data measured from
these undoped films together with fits based on eq 3 are shown as
Figure 6 (see also Table S1 of the Supporting Information).
The figures of merit of the undoped sample sets were

calculated from fits of eq 3 to the data in Figure 6 and are plotted

in Figure 7, along with the values calculated for each of the doped
samples (Table 1). Thus, the undoped sample data points (blue
diamonds and purple circles) are derived from several films
(Figure 6), while the doped sample data points correspond simply
to the samples in Table 1. From Figure 7, we can see that the
figures of merit of the doped samples are lower compared to those
of undoped sample sets with similar length distributions collected
from either the ferrocene reactor (blue dotted line) with a deficit of
68% for the 100 and 200 ppm samples. Furthermore, if we
compare the values of the doped films to the undoped HWG data
(dotted purple line), the deficit is 85�86%. For both kinds of
films, the intercept of the x-axis is around 0.5 μm, which might
indicate the onset of the percolation threshold, in agreement with
the simulations (Figure S4 of the Supporting Information).
Remarkably, the undoped HWG films show even better

optoelectronic properties than the previously reported ferrocene
reactor films.22 The higher performance of the undoped HWG
samples compared to that of the ferrocene samples (with∼3 μm
bundle length) can likely be explained by the smaller bundle
diameter of the HWG samples and thus smaller contact resis-
tances between the bundles. Because the figure of merit K scales
inversely with the contact resistance, we see that the undoped
HWG data point would agree with the ferrocene data if we
assumed that the contact resistances were 50% lower for the
smaller HWG bundles. Nirmalraj et al. estimated38 the resistance
drop to be roughly 70% for the bundle diameters measured here
(7.8 and 6.1 nm for the ferrocene and HWG samples, re-
spectively); though we note that our largest bundles are at the
lower end of their largest diameter category. Most importantly in
the context of this work, we note that should the bundles of
doped nanotubes with even smaller bundle diameters exhibit
smaller contact resistances than the undoped ones, this would
only serve to further increase the deficit observed here.

Figure 5. Simulated bundle network consisting of randomly oriented
line segments with a log-normal length distribution. The red and blue
colors denote segments that form conducting pathways and segments
that do not, respectively. The inset displays how the resistor network is
formed out of line segments and their intersections, with the simulated
input current i and induced voltage v indicated.

Figure 6. Sheet resistance versus transmittance at 550 nm for undoped
sample sets from the ferrocene reactor with two different bundle length
distributions (FC, ref 22) and the hot wire generator reactor (HWG, this
work). Solid lines show fits based on eq 3, with figure of merit K as the
fitting parameter.

Figure 7. Figures of merit versus mean bundle lengths for undoped
sample sets from the ferrocene (blue diamonds, ref 22) and HWG
(purple circles, this work) reactors and nitrogen-doped films from the
HWG reactor (red squares, Table 1). The purple thick dotted line is a
linear fit to the undoped and 300 ppm NH3 doped HWG sample, while
the blue thick dotted line is a linear fit to the undoped ferrocene samples.
The vertical dotted lines represent the deficits of the figures of merit of
the doped films compared to the ferrocene data (blue) and the undoped
HWG data (purple).
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5. DISCUSSION

Considering the optical absorption (Figure 2) and Raman
(Figure 3) spectra of the 100 ppm NH3 sample, they seem to be
intermediate between the 0 and 200 ppm NH3 spectra. By
contrast, there is little change from the 200 to the 300
ppm NH3 spectra, even though the bundles are getting shorter
still (Table 1). Thus, it seems that full modification of nanotube
properties can be achieved already with 200 ppm, while 300
ppm affects the growth excessively. This is also seen in the EELS
measurements, where the 300 ppm sample was unstable under
the electron beam in EELS.

If the nitrogen feedrate was too large (above 300 ppm, in this
case), nanotube growth was terminated. This could be either due
to a saturation and breakdown of the hexagonal carbon network
by nitrogen or to nitrogen blocking the adsorption sites on the
cluster and preventing the sufficient input of further carbon,48

slowing down and eventually stopping the growth. Another
scenario is that NH3 accelerates the production of active gaseous
compounds, which compete with sp2 bond formation (etching
effect). Either possibility could explain the sudden termination of
production with over 300 ppmNH3. The observed shortening of
bundles with increasing ammonia concentration could be attri-
butable either to a decrease in the growth rate or to an earlier
termination of growth as discussed above. The growth mecha-
nism of N-SWCNTs will be addressed in a future publication.

Our theoretical resistor network model suggests that in a
dense network (far from the percolation threshold, i.e., the
minimum density where conducting paths are formed) of
CNT bundles or similar conductors, where the resistance of
bundle-to-bundle contacts dominates, the network conductance
scales linearly with the average bundle length. This result is in line
with earlier electronic measurements of CNT networks far above
the percolation threshold49 and data obtained from the undoped
ferrocene samples.22

As for the electrical properties of the films, the analysis of
Section 4.2 indicates that shortening bundle lengths alone were
not enough to explain the drastically increasing sheet resistances
with increasing levels of ammonia. On the basis of our network
simulations and the undoped samples with different bundle
lengths, we could estimate that the figures of merit K (eq 3) of
the 100 and 200 ppm NH3 films were between 68% and 86%
times smaller than would be expected on the basis of their
measured average bundle lengths. Thus, the measured resis-
tances of the 100 and 200 ppm NH3 films were 5 to 10 times
larger than expected. The 300 ppmNH3 bundles were already so
short that they likely do not form a proper percolating network,
and the analysis is no longer applicable.

If we assume that the N dopants do not increase the junction
resistances (rather, it has been suggested they could even
decrease them50), it seems clear that the conductivities of the
bundles themselves decrease with doping. This can perhaps be
attributed to an increasing number of randomly distributed
scattering centers in the doped nanotubes, which decrease the
mean free paths of the carriers.7,8,51,52 Latil and co-workers have
theoretically shown that the mean free path decreases linearly
with dopant concentration at low (<0.5%) doping levels.53

Whether the experimental effect observed here is due to an
increased number of defects not related to nitrogen or the actual
dopant sites themselves is a topic for further research, though the
nonincreasing intensity of the Raman D band (Figure 3) would
not suggest that the defect density is significantly increased.

However, we note that the bundles of doped tubes seem to show
fewer impurities on their surfaces, which could affect the
measurements.

Because the resistance measurements were conducted in air in
ambient conditions, it is conceivable that the p-type doping from
the environment could affect the results. However, all the
resistance values were measured within hours of collecting the
samples, and because environmental doping is very slow, it can be
disregarded here.

Note that the effect of local dopants can be different in
N-SWCNTs than in the more studied N-MWCNT case, where
it has been demonstrated that the dopants increase the number of
charge carriers and enhance the conductance.27,54 Only very few
studies have tried to experimentally address the issue of the
conductivity of N-SWCNTs.17,41,55 The results thus far are
neither conclusive nor comprehensive, and clearly more work
is needed. Single tube transport or network transistor measure-
ments would likely help elucidate themicroscopicmechanism for
the effect observed here for macroscopic films.

6. CONCLUSIONS

Nitrogen-doped single-walled carbon nanotubes were synthe-
sized using an aerosol floating catalyst CVD method and
deposited on different substrates as grown directly as films. A
variety of spectroscopic methods indicates the presence of
nitrogen in the nanotubes. Analysis of the optoelectronic proper-
ties of the films shows that their sheet resistances are significantly
higher than would be expected from their geometrical connec-
tivity. This suggests that the intratube resistances are higher for
doped tubes than for undoped tubes. Our work represents the
first experimental report on macroscopic films of N-SWCNT of
which we are aware.
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