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S
ubstitutional doping of charged impu-
rities into conventional semiconductor
materials has revolutionized the uses

and applications of these materials in the
past century. Growth of self-assembled na-
nomaterials, with nanostructured compo-
nents individually substitutionally doped,
can yield nanomaterial platforms that col-
lectively operate with greater efficiency
than conventional materials in a broad
range of applications. Carbon nanotubes
(CNT) are ideal for such applications, since
n- or p-type doping has been demonstrated
in both single-walled carbon nanotubes
(SWNTs)1�8 and multiwalled carbon nano-
tubes (MWNTs),9�22 and synthesis of self-
assembled CNT materials has been readily
achieved. This general idea has fostered
excitement about applications, such as for
architectures that could be integrated into
photovoltaics designs9 and applications in
electrocatalysis,10 concepts currently at the
forefront of CNT-based research.
Supergrowth23,24 approaches have ele-

vated the promise of SWNT utility for di-
verse applications. Supergrowth is a general
process by which ultralong, densely packed
(up to several millimeters) SWNTs are grown
in the presence of oxygen-containing spe-
cies (typically H2O), where the precursor
mixture aids to both clean amorphous car-
bon products23,24 and enhance the catalyst
lifetime.25,26 An inherent feature of super-
growth is the fixation of the catalyst layer to
the base of the growing array, allowing
metal-free and removable self-assemblies
of aligned SWNTs for applications,27 a fea-
ture not achievable through many growth

processes yielding poorer quality doped
MWNT arrayswithmetal catalyst distributed
through the network (and often introduced
throughout the growth process). In addi-
tion, the doping of N atoms into the lattice
relies upon precursor chemistry that has not
been well studied or understood. Although
recent studies have emphasized exciting
concepts regarding the species that are
present in CNT growth particularly from
C2H4/H2

28,29 and also demonstrated the
enhancement of growth occurring from
species that form as byproducts of
C2H4,

30,31 fundamental knowledge of effi-
cient routes to dope CNTs or SWNTs with
known precursor chemistries has not yet
been established.
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ABSTRACT We demonstrate the water-assisted supergrowth of vertically aligned single-walled

carbon�nitrogen nanotubes (SWNNTs) using a simple liquid/gas-phase precursor system. In situ

characterization of gas-phase nitrogen-containing precursors and their correlation to growth

identifies HCN as the most active precursor for SWNNT growth, analogous to C2H2 for single-walled

carbon nanotubes (SWNTs). Utilizing Raman spectroscopy, combined with XPS and in situ mass

spectrometry during growth, we demonstrate the ability to probe N atoms at low concentrations

(10�5 at. % N) in the SWNNT. Additionally, we demonstrate sensitivity of SWNNT optical transitions

to N-doping through absorbance measurements, which appear to be a sensitive fingerprint for

SWNNT doping. Finally, we demonstrate the fabrication of SWNT/SWNNT heterojunctions in the self-

assembled carpet morphology that can be printed to arbitrary host substrates and facilitate

potential emerging applications for this material. This work brings together new aspects regarding

the growth, characterization, and materials processing that can yield advanced material

architectures involving electronically tuned SWNNT array networks.

KEYWORDS: chemical vapor deposition . carbon nanotubes . carpets .
nitrogen doping . HCN . heterojunction . Raman spectroscopy
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Furthermore, vertical array growth of doped high-
quality SWNTs has not yet been demonstrated, as
integrating N atoms into the wall of a SWNT represents
a substantiallymore complex issue compared to that of
a MWNT due to the necessity of a controlled precursor
chemistry. However, substitutional doping in SWNTs
grown in entangled morphologies has been achieved
with a variety of dopants, including nitrogen, boron,
silicon, and phosphorus.1�3,7,8 The challenge to study-
ing these materials has been analysis of the dopant
presence and concentration.1,4,5,32 The use of X-ray
photoelectron (XPS) and electron energy loss (EELS)
spectroscopies has proven effective at high dopant
concentrations (>1 at. %),5,13,15 which is already ex-
cessive inmost cases. Recentwork33 has demonstrated
the sensitivity of the G0 mode in Raman to the dopant
presence, but this technique remains qualitative rela-
tive to the dopant concentration.2 Therefore, a number
of issues emerge with respect to advancing this ma-
terial into applications. As a means to understand the
growth process and manipulate it to yield controlled
doping, one must identify “active species” in substitu-
tionally doped SWNT growth to engineer the most
efficient and controllable growth process. As a next
step, one must have multiple tools designed to char-
acterize the doped SWNTs and quantitatively assess
both the dopant concentration over a range of dopant
densities and nanotube physical properties relevant to
applications. Finally, one must envision and employ
techniques to incorporate doped SWNT materials into
the framework of an application. Therefore, the pur-
pose of this work is to provide important progress on
each of these concepts while demonstrating a new
embodiment of supergrowth that acts to produce
high-quality and ultralong nitrogen-doped SWNTs
(SWNNTs). In brief, this work (i) identifies HCN as an
active precursor for N-doped SWNT supergrowth, (ii)
demonstrates sensitivity of optical characterization to
N-doping and emphasizes the use of excitonic signa-
tures to quantitatively characterize N-doping (down to
10�5 at. %N-content), and (iii) demonstrates the robust
nature of supergrowth to easily fabricate SWNT/
SWNNT heterojunctions having built-in rectifying in-
terfaces and with array morphologies that can be
printed to host substrates for direct application
development.

RESULTS AND DISCUSSION

SWNNT Supergrowth. A fundamental principle of
achieving this technique is the controllable introduc-
tion of the N-containing precursor into the gas-phase
chemical vapor deposition system during super-
growth. This is achieved using a similar approach34 to
a recent study where hydrazine was introduced to the
CVD system for low-temperature gas-phase catalyst
reduction and is illustrated in Figure 1a. This technique

utilizes N-containing precursors with high vapor pres-
sures of N-containing small molecules that include
pyridine (C5H5N) and acetonitrile (CH3CN), whose va-
pors can be metered into the reaction gas flow to
achieve controllable and highly reproducible levels of
N-doping by fixing the partial pressure of the precur-
sor. To achieve moderate or low N concentrations,
the N-containing precursor is mixed with acetylene,
whereas for high N concentrations, the N-containing
precursor is the only carbon species present. Shown in
Figure 1b is a scanning electron microscope (SEM)
image of a short SWNNT carpet (∼20 μm) and a longer
(∼1.5 mm) SWNNT carpet obtained in this growth
process with mixtures of CH3CN and C2H2. Details on
these techniques are available in the Methods section,
though we note that both contain ultralong and
N-doped SWNTs. A maximum height of ∼1.5 mm is
achieved in 60 min using this technique, even though
the variation of height near chip edges indicates that
changes in flow direction23 (and carbon precursor)
could substantially increase SWNT length and yield.
Nonetheless, to study the SWNNT array growth pro-
cess, we mainly focus our efforts on the shorter carpet
species (<100 μm), which grow with good homogene-
ity in height and SWNT properties (relative to position
in the carpet) and are therefore easier to controllably
obtain and reproducibly characterize.

Transmission electron microscopy (TEM, Figure 2)
was performed on a variety of as-grown SWNNT sam-
ples, each having different N-concentrations and
grown with different precursors. Overall, TEM images
emphasize that all observed tubes are single-walled
with a standard supergrowth diameter distribution
(1�5 nm, average ∼3 nm) and remain relatively clean
of amorphous carbon species. The latter point is also
evident from Raman spectra (Supporting Information),
which emphasizes a G/D ratio of ∼10, emphasizing
good wall quality that is consistently observed until
very high doping levels. This is also typical of the pure
SWNT product obtained in the supergrowth process
based on previous TEM, AFM, and IR absorbance
measurements.24,27 The at. % of N-content is assigned
on the basis of data and analysis presented later in this
work. Extensive TEM imaging indicates the presence of
only SWNNTs, with no DWNNTs or MWNNTs observed,
and no presence of metal catalyst. In addition, no
observable shift in SWNNT diameter (or wall quality)
with N concentration is evident from this imaging,
which is consistent with the idea that the catalyst
nanoparticle diameter should not change upon N
presence and that the nanoparticle size dictates
SWNNT diameter, similar to SWNT growth. This ima-
ging therefore confirms the presence of SWNNTs,
consistent with SWNT achieved in supergrowth, and
provides the basis for investigations into the growth,
characterization, and applications of these materials
described herein.
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HCN as the Active SWNNT Growth Precursor. One of the
most important things to identify when considering
the growth of SWNNTs is the active carbon species
yielding the most efficient growth and, in this case,
the most efficient N-doping. In recent studies with
pure carbon precursors, it has been demonstrated
that acetylene is significantly more efficient for
SWNT array growth in chemical vapor deposition
(CVD) compared to other known precursors.35�39

Furthermore, recent studies have emphasized that
CVD growth with ethylene produces triple-bonded
carbon (acetylene) species in thermal decomposition
that are most active in promoting high-yield CNT
growth.30 In this spirit, we utilized in situ mass
spectrometry during growth and thermal annealing
to investigate the decomposition of C5H5N and

CH3CN in order to determine whether these precur-
sors are independently responsible for the N-doping
or whether decay routes to prime active species
exists that are products of precursor decomposition.
To perform this, we utilized a mass spectrometer
housed in an ultrahigh vacuum chamber (base pres-
sure 1 � 10�9 Torr) connected to our growth system
with a small bleed line connected to the SWNT
growth furnace exhaust. More details on this experi-
mental setup is discussed in the Supporting Informa-
tion. Results from mass spectrometry (Figure 3) are
shown in three unique cases: (i) a control experiment
with no precursor and only H2/H2O and background
species, (ii) a high partial pressure of N-containing
precursor (T = 750 �C), and (iii) the same case as (ii),
except with a hot tungsten filament. As will be shown

Figure 1. (a) Scheme depicting the experimental approach for supergrowth with gas-phase N-containing precursors and
(b) SEM image of a vertically aligned SWNNT array (with photograph of a 1.5 mm long SWNNT array inset).

Figure 2. HR-TEMcharacterization of SWNNTs and SWNTs grownusing this technique, including SWNNTswith (a) 0.12 at.%N
using a C5H5N precursor, (b) 0.002 at. % N using a C5H5N/C2H2 precursor, (c) 0.015 at. % N using a CH3CN/C2H2 precursor,
(d) 0.4 at. % N using a CH3CN precursor, and (e, f) pristine SWNT using C2H2. Note: scale bar = 20 nm.
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later in this work, the case in (iii) leads to the greatest
N-doping, at least an order of magnitude more than
without the filament use (for CH3CN). However,
detailed analysis of this data emphasizes an inter-
esting feature, which is the presence of am/c ratio of
27 that appears to be significantly enhanced when
the hot filament is energized. The appearance of this
peak only when the hot filament is energized, and
independent of other peaks, suggests it is not a
fragment from the electron ionization mass spec-
trum of a larger species (such as C2H4), but rather it is
HCN. It should be noted that there is possible overlap
of other species in some peaks, such as the m/c = 28
peak. Althoughwe attributemost of this peak to N2, a
small portion of it could also be due to CO presence,
which has an indistinguishable cracking pattern.
Nonetheless, CO should not be reactive with the
catalyst or the precursor species under the condi-
tions described here, and so we have just labeled this
peak independently as N2, as it does not influence
the relative analysis of the peak corresponding
to HCN. For both CH3CN and C5H5N gas-phase
precursors, a significant portion of the thermal

decomposition product is known to be HCN.40,41 In
fact, the toxicity of CH3CN to humans can be related
to secondary HCN production. However, HCN has a
unique triple C�N bond analogous to other known
efficient carbon precursors for CNT growth.30 It is
also perhaps of concern that one can observe a small
C2H2 peak in the mass spectrum (primarily in C5H5N
decomposition), but in both cases, this is invariant
with hot filament exposure and completely ac-
counted for by the cracking pattern of the N-contain-
ing precursor. Control experiments (described at
length in the Supporting Information) to determine
any effect of C2H2 production on growth suggest
that if C2H2 is utilized at a level matching the partial
pressure of the fragment in the electron ionization
mass spectrum, only 50% of the growth is achieved
as compared to an experiment using CH3CN and no
C2H2. This suggests that any secondary C2H2 produc-
tion plays a negligible effect on the catalytic activity
in comparison to the HCN species, since we know
that the majority of the m/c = 26 peak is due to the
cracking pattern of the N-containing precursor spe-
cies. Furthermore, additional control studies were

Figure 3. Mass spectrum analysis for (a�c) CH3CN thermal decomposition and (d�f) C5H5N thermal decomposition. Arrows
point to keypeaks to consider,while C.P. refers to peaks arising fromknownmolecular crackingpatterns. Unlabeledpeaks are
primarily attributed to cracking patterns.
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conducted to correlate the production of HCN
(which is described in Figure 3) to the growth pro-
cess. The results are clear in that growth in both cases
(at 1.4 Torr) without the hot filament is either not
apparent by the eye or else results in a light brown-
ing on the surface. Energizing the hot filament yields
the production of HCN species as demonstrated by
the mass spectrometry (Figure 3b and e) and in both
cases yields good catalytic activity and aligned
N-doped SWNT arrays with CH3CN precursors yield-
ing the best efficiency due to the increased HCN
production (Figure 3b). In these experiments, care
was taken to keep the samples a reasonable distance
from the filament to mitigate the formation of atom-
ic hydrogen from the filament. Therefore, we can
relate efficient SWNNT growth to the production of
HCN active species in the CVD reactor based on these
experiments and analysis. Considering past work
with N-doped SWNTs or MWNTs, standard precur-
sors such as benzylamine15 or pyrizine2 are also
similarly expected to decompose at high tempera-
tures to yield a small percentage of HCN. Recent
studies suggest15 that higher temperatures during
growth lead to more efficient N-doping of few-
walled CNTs. We speculate that this could be con-
sistent with increased HCN production due to

thermal decomposition of the active precursor,
which is the source of HCN production in our growth
system. This provides a universal function of a pre-
cursor for SWNNT growth with these precursors,
which is to efficiently produce HCN. The unique role
in triple-bonded carbon species for efficient CNT
growth is interesting and could be related to C�N
or C�C dimer formation that can migrate across a
catalyst and efficiently fit into vacant sites in a
growing SWNT or SWNNT. However, we only find
SWNNTs having amaximum doping level of 0.4 at. %,
compared to the 50 at. % expected if all N was
retained from HCN. Therefore, we postulate that
efficiently doping CNTs with N is related to (i) the
efficient production of a universal HCN species active
for SWNNT growth and (ii) the kinetics of the C and N
species on the catalyst that dictate the ratio of N
added to the carbon lattice. Thus, this yields a
rational approach to substitutionally dope SWNTs
with nitrogen from triple-bonded C�N species, and
we therefore postulate on the basis of this work that
efficient growth and doping can be achieved from
carbon-containingmolecules with a similar structure
to C2H2 and HCN.

Characterization of SWNNTs. Possibly the most impor-
tant aspect of growing SWNNTs is the ability to

Figure 4. (a) XPS characterization of SWNNTs grown purely with CH3CN (red) and C2H2 (black) to emphasize N presence and
quantitatively determine N-content, with inset plot depicting the extrapolation for N-content assignment based on mass
spectrometry measurements and XPS characterization. (b) Raman spectroscopy characterization of the G0 double resonance
mode with increasing N-content with 633 nm excitations. N-content is assigned in at. % based on combined XPS and mass
spectrometry data. (c) Fitting routine showing the double-Lorentzian peak fitting to quantitatively analyze N-content. (d)
Ratio of the G0 contributions from n-doped SWNTs and that from pristine SWNTs.
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accurately characterize the physical properties of the
tubes (defect quality, diameter, etc.) as well as the
N-content. Presently, quantitative assessment of
N-content is achievable only at high dopant concen-
trations (>∼0.2 at. % N) via XPS and EELS,4,5,13,15

whereas the limit of N by which other qualitative
techniques, such as Raman spectroscopy, are effective
has not been established. Figure 4a shows XPS spectra
from the highest doped SWNNT array in this study,
which yields a concentration of∼0.4 at. %N based on a
comparison of peak heights normalized to the respec-
tive X-ray cross section. We note that lower concentra-
tions (e0.1 at. % N) are below the noise level in the
spectra. The N1s peak position is at∼399.5 eV, which is
between the pyridine (398.5 eV) and sp2 N (400.5 eV)
binding energies,15 suggesting a nearly equal presence
of both types of N coordination in the SWNNT. Utilizing
this information, we can simply relate the HCN con-
centration from mass spectrometry to the nitrogen
content in the SWNNT by correlating the HCN peak to
the XPS data and extrapolating this to lower N con-
centrations that cannot be measured using XPS (inset,
Figure 4a). When C2H2 is cooperatively utilized as a
precursor, we simply assume a dilution of N based on
HCN and C2H2 levels measured in mass spectrometry.

This approach is approximate, but allows us to assign
relative N-content down to levels immeasurable by all
techniques employed here.

Optical characterization of SWNNTs is performed in
this study using two techniques: Raman spectroscopy
characterization and infrared absorption (Figures 4b�d
and 5). Of these, qualitative signatures of N-doping
only recently have been demonstrated using Raman
spectroscopy.33 This is based on characterization of the
double-resonance G0 mode, which is sensitive to elec-
tronic interaction with charged species occupying
SWNT lattice sites. As shown in Figure 4b, these SWNNT
arrays show a strikingly similar red-shift in the G0 mode
(633 nm excitation) with increasing N-content, validat-
ing the concept of controlled SWNNT supergrowth.
However, a distinguishing feature of our work is the
ability to assign SWNT N-content to the onset of a
significant G0

N-doped component of this peak based on
a correlation betweenXPS data andmass spectrometry
results. We therefore find that the G0 mode is sensitive
to N-doping levels down to 10�5 at. % N, nearly 4
orders of magnitude lower than XPS or EELS can
effectively estimate N-content. Furthermore, plotting
the peak area of the G0

N-doped peak compared to the
G0

SWNT peak area as a function of concentration (using
both C5H5N and CH3CN precursors), a somewhat scat-
tered linear relationship is uncovered (Figure 4d) for all
points that are not strongly influenced by fitting error
(all points on the line). This emphasizes not only that
the G0 mode can be an effective tool for quantitative
N-content analysis but that our technique for assigning
at. % N is reasonable. It should be noted that our
analysis is based on the approximation that the rela-
tionship between the active precursor species and the
N-content at high doping levels (>0.4 at. %) is valid at
orders-of-magnitude lower doping levels. Future stud-
ies will need to be conducted to further quantify this
relationship, which is dependent upon the chemical
mechanism for N atom incorporation into the SWNT
lattice. In this spirit, we envision the specific approach
here to give us a crude estimate into N atom content at
levels that were previously immeasurable, and we
emphasize the use of this general technique with
further refined relationships between the N-content
and the active precursor concentration as a highly
accurate way of analyzing dopant concentration in
nanocarbon materials. Nonetheless, based on the re-
sults we present here, it is clear that Raman spectro-
scopic characterization can effectively be utilized as a
sensitive fingerprint for doping at levels in the range of
10�5 at. % N, which covers the range of dopant
concentrations useful for the development of applica-
tions from this material.

As an alternative to Raman spectroscopy, the char-
acterization of SWNTs in the supergrowth diameter
range can be carried out most effectively utilizing
absorption studies.27 Recent pioneering theoretical

Figure 5. (a) Scheme depicting the contact transfer process
utilized for preparing horizontally aligned (HA) SWNNT
samples for polarized optical absorption experiments.
(b) SEM image of upright SWNNT lines following growth.
(c) Optical microscope image of transferred HA-SWNNTs.
(d) Photograph of a ∼1 cm � 1 cm pattern of HA-SWNNTs
transferred to a circular KBr window. (e) Linear dichroism
(scaled on y-axis) for pristine SWNT and two different
SWNNT concentrations, showing the red-shift of the E11

SC

optical absorption.
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advances have predicted the sensitivity of band
gaps and many-body excitonic effects to doping of
SWNTs,42 even though experiments have yet to char-
acterize such materials carefully. This has motivated
our efforts to establish sensitive fingerprints for N-dop-
ing using polarized infrared (IR) absorption studies on
aligned SWNNT species. Recent studies have shown
that IR absorption for pristine SWNTs is capable of
rapidly yielding a diameter distribution by analysis of
optical transition energies of semiconducting SWNTs.27

Here, we perform a similar approach, by utilizing
patterned arrays of SWNNTs, contact transfer of well-
aligned SWNNT films to IR-transparent KBr windows,
and characterizing the linear dichroism (Abs( )) � Abs-
(^)) using polarized absorption. This process and spec-
tra are shown in Figure 5a�e. As noted in Figure 5e,
there is a red-shift of the peak corresponding to the E11
semiconductor (E11

SC) optical transition. This red-shift
is found to be consistently enhanced by increasing
N-content in the SWNNT. The decrease in the linear
dichroism (note that data are stacked in Figure 5e to
emphasize the change in E11

SC peak position) with
N-content can be related to decreased anisotropy
occurring from lower growth rates with higher N-con-
tent. This is likely an artifact of the transfer process,
yielding less alignedmaterial relative to the edge of the
lines of SWNNTs, where the nanotubes are often mis-
aligned due to the nature of the transfer process.
Nonetheless, we observe that for an N-content of 0.006%
and an average SWNT diameter of ∼2.7 nm (which is
generally invariant based on TEM characterization),
a red-shift of∼100 meV is observed relative to pristine
SWNT. It should be noted thatmodification of excitonic
transitions based on N-doping should be a diameter-
dependent phenomenon since more atoms are incor-
porated in the lattice per unit nanotube length for
larger diameter SWNNTs. It is also interesting that
theoretical predictions suggest that doping not
only simply influences gap energies but also modi-
fies many-body effects (such as the exciton binding

energy).42 In any case, the use of well-defined ab-
sorption features consistent with N-doping could
prove to be an important tool, in concert with Raman
spectroscopy, to quantify N-doping at low levels of
N-content in SWNNTs.

SWNNT/SWNT Heterojunctions. An intrinsic feature of
supergrowth is the synthesis of ultralong SWNT from
a catalyst layer that remains pinned at the base of the
substrate during growth. This feature, combined with
the ability to grow SWNNTs and transfer self-as-
sembled patterns of aligned SWNNTs to host surfaces,
yields a unique “bottom-up” approach for growing
nanostructures that can be engineered for applica-
tions. As we show in Figure 5, N-doping can be utilized
as a tunable “knob” for modifying the dopant content,
and hence electronic characteristics, of the SWNNT
arrays. Therefore, we demonstrate the fabrication of a
novel heterostructure format that involves N-doped
and undoped sections along the length of ultralong
SWNTs that are self-assembled into thin (∼1 μm thick,
∼130 μm long) lines transferred and laid over27,43 on
host surfaces (one example shown in Figure 6a). This
structure is made by nucleating with a C2H2 feedstock,
growing for 5 min, and then continuing the growth
with a mixture of C2H2 and CH3CN for 30 min. Such a
routine should not disrupt the growth and should lead
to ultralong continuous SWNTs that are partially doped
with N and partially pristine. The unique feature of this
structure is the abrupt interface between the SWNNT
side and the SWNT side, which is visible in Figure 6a
by contrast in the SEM, but alsomore apparent through
Raman mapping of the G0 mode using 633 nm laser
excitations in Raman spectroscopy (Figure 6b). Although
the Raman mapping is not capable of characterizing
the microscopic interface between the two sides, it is
evident that one side is doped with N, while the other
side is undoped. This uniquely verifies this heterojunc-
tion proof-of-concept based on an N-content of 0.002
at. % extracted from analysis discussed in a previous
section. The use of Raman mapping, based on the

Figure 6. (a) SEM image of a single∼130 μm long HA-SWNNT/SWNT made by rapidly introducing CH3CN into the C2H2 flow.
The contrast difference on each side evidences the presence of self-assembled molecular heterojunctions, with the N-doped
and pristine sides labeled. (b) Raman mapping of the heterojunction in (a), with spots corresponding to the labeled spots in
part (a).
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sensitivity of the G0 mode to the presence of N atoms in
the lattice, is possibly the most sensitive probe for
characterizing the formation of such heterostructures.
Compared to heterojunction concepts that have been
discussed on a single-molecule level, utilizing this self-
assembled material enables the formation of hetero-
junctions that are self-assembled into highly aligned
and densely packed architectures that are comprisedof
ultralongnanotubes. Therefore, theuseof this process for
self-assembled growth and dry transfer opens opportu-
nities to fabricate complex material architectures that
likely could not be assembled or organized utilizing other
techniques (i.e., such as growth and postgrowth solution-
phase processing).

In the classical picture of n-doping of semiconduct-
ing SWNT with N atoms in the SWNNT arrays, one can
envision this material to yield a structure whereby the
Fermi level of the doped SWNT can be engineered such
that the band bending at the interface between the
SWNNT and the SWNT sides can be tuned (Supporting
Information). The demonstration of the controlled
doping levels ranging between 10�5 at. % and
1 at. % N emphasizes a wide range of tunability in
the doping levels, and hence the built-in field at the
interface of this junction. However, the presence of a
minority of metallic SWNTs may act to complicate this
simple picture, as it is unclear what effect N-doping can
have on SWNTs with metallic character. Nonetheless,
we expect that in combinationwith techniques such as
hydrogenation (that acts to localize π electrons), or
selective SWNT growth,44,45 this material geometry

could permit use in a variety of optical or photovoltaic
devices that could be tuned for optimal device perfor-
mance. Therefore, the ability to grow these self-as-
sembled heterostructures and transfer them to large
areas opens up new purely “bottom-up” opportunities
for SWNT- or SWNNT-based applications. Such materi-
als could provide tunable and efficient nanomaterial
alternatives for conventional materials in a variety of
important applications, in addition to creating materi-
als on which new physics and chemistry can be
explored and developed.

In conclusion, we demonstrate here a broad picture
that encompasses the growth, characterization, and
materials processing necessary for applications using
N-doped SWNT arrays. We specifically determine that
HCN plays a primary role as a precursor molecule in the
growth of SWNNT arrays, analogous to the role of C2H2

in SWNT array growth. We then utilize optical charac-
terization to (i) establish that the G0 mode is sensitive to
N-atom concentrations down to 10�5 at. % N and (ii)
establish a dependence of the E11

SC mode in the
optical absorption of the SWNNT arrays on N-content
in the SWNNT. Finally, we demonstrate a framework for
transfer printing of doped�undoped heterojunctions
of SWNNT/SWNT self-assembled structures and verify
this architecture using Raman mapping. This work
opens up new concepts that are important for achiev-
ing controlled growth of self-assembled SWNNTs,
characterizing the SWNNTs quantitatively using optical
techniques, and fabricating complex material architec-
tures that are of interest for advanced applications.

METHODS

C�N SWNT Growth. Nitrogen-doped SWNT arrays were grown
using a modified supergrowth process described in previous
works. This involved the use of 0.5%C2H2, 0.5%H2O, and 99%H2

gas mixture fixed at a pressure of ∼1.4 Torr. As shown in
Figure 1a, gas-phase N-containing precursors were introduced
into the reaction chamber by loading liquid into a vacuum flask,
three cycles of freeze�thawing using an acetone/dry ice bath
under vacuum (to remove dissolved contaminants), and using
the equilibrium vapor pressure of the precursor species when
the vacuum flask is opened to the reaction gas flow. In our
studies, we utilized C5H5N and CH3CN (both purchased from
Sigma-Aldrich, anhydrous 99.8%), which both have high vapor
pressures at room temperature (∼20 and ∼80 mmHg), making
this gas-phase route effective. The partial pressure of the
N-containing precursor was measured assuming all gases be-
have as ideal gases and using a 100 Torr capacitance mono-
meter to calibrate the number of turns on a low-flow Swagelock
metering valve to the partial pressure. The relative amount of
each N-containing precursor was also alternately confirmed
using in situ mass spectrometry. In each case, the catalyst is
reduced prior to growth using a hot tungsten filament, as
described in detail elsewhere for processes designed for SWNT
array growth. For the highest levels of N-doping, no C2H2 was
utilized in the reaction flow, and only CH3CN or C5H5N was
utilized as the carbon and nitrogen source.

For most of our characterization, we utilized the conditions
described here (total reaction pressure between 1.5 and 2 Torr).
However, to achieve the ultralong SWNNT carpets that were
found to grow up to 1.5 mm tall (Figure 1b), the pressure was
elevated to∼25 Torr, which has been described in past work to
yield the ultralong SWNT carpets more commonly associated
with supergrowth (up to 3�4 mm for pristine SWNTs).

Instrumentation. SEM characterization of aligned SWNNTs
was conducted using a FEI Quanta 400 environmental SEM.
TEM characterization of the SWNNT material was performed
utilizing a JEOL 2100 field emission gun TEM using 200 kV
accelerating voltage. TEM samples were prepared by dry adhe-
sion of SWNNTs to a TEMgrid froma SWNNT array sample. In situ
mass spectrometry studies were performed using a Dycor
residual gas analyzer that was connected to the growth system
through a bleed line and housed in an ultrahigh vacuum (∼1�
10�9 Torr) chamber. Raman spectroscopy studies were utilized
using a Renishaw microRaman equipped with 514, 633, and
785 nm lasers. Infrared absorption measurements were carried
out utilizing a ThermoNicolet Nexus 870 FTIR system using an IR
light source, DTGS detector, and KBr beamsplitter. Samples
were prepared as discussed in detail previously,27 and polarized
absorption measurements were made utilizing a ZnSe polarizer
placed in front of a cell where the sample (SWNNT arrays
transferred to a KBr window) was placed between the polarizer
and the detector.

For additional details about the experimental measure-
ments regarding the growth and characterization of species
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using mass spectrometry, the reader is referred to the Support-
ing Information.
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