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S
ingle-walled carbon nanotubes (SWNTs)
can be either metallic or semiconduct-
ing, dependingon their chiral index,1 but

can be doped with high electron or hole
concentrations by charge transfer reactions
with adsorbed molecules, such that both
types of nanotubes exhibit metallic-like beha-
vior. Controllable p- and n-type doping of
SWNT films can be used to enable many
different technologies, such as field effect
transistors, light-emitting diodes, and solar
cells.2-6 Because most p-type dopants for
SWNTs are environmentally stable, they have
been studied in greater detail and used in far
more applications than their n-type counter-
parts, which tend to be less stable. As a result,
further studies on the fundamental proper-
ties, spectroscopic signatures, and potential
applications of n-type SWNTs are needed.
Although the technological application

of n-type SWNTs thus far has been primarily
relegated to single-tube field effect transis-
tors, other technologies could significantly
benefit frommacroscopic n-type SWNT net-
works. For example, thin conducting films
(TCFs) of SWNTs are seen as a possible
replacement for traditional transparent con-
ducting oxide (TCO) films in photovoltaic
(PV) devices, but first they must achieve
comparable sheet resistances and optical
transmittance over a large range of
wavelengths.2,3,7 p-Type SWNT TCFs have
been incorporated into photovoltaic devices
as hole-collecting electrodes,2,3,7 but evapo-
rated metal electrodes still tend to be used as
the electron-collecting electrode, negating
some of the intended benefits of the solution-
processed SWNT TCF. However, the am-
photeric nature of SWNTs implies that SWNT
networks could be used to collect both types

of carriers. Low work function n-type SWNT
TCFs could also enable flexible, solution-
processed organic light-emitting diodes
(OLEDs), in which a SWNT cathode and anode
are used to injectboth types of carriers. Recent
work has demonstrated the use of SWNT net-
works with equivalent work functions as both
cathode and anode in a light-emitting electro-
chemical cell (LEC).8 In LECs, the diffusion of
mobile ions alleviates the need for a lowwork
function cathode, but also leads to a much
slower response time than is typical forOLEDs.
Finally, other recent studies report the forma-
tion of highly efficient p-n junctions on
individual SWNTs that are chemically doped9

or electrostatically gated10 p- and n-type on
either end, but translating such single-tube
successes intomacroscopicall-SWNTp-n junc-
tion photovoltaic devices will be challenging.
n-Type chemical doping of SWNTs has

been performed by two general ap-
proaches;treatment with alkali metals
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ABSTRACT In this report, we investigate the electrical and optical properties of thin conducting

films of SWNTs after treatment with small molecule and polymeric amines. Among those tested, we

find hydrazine to be the most effective n-type dopant. We use absorbance, Raman, X-ray

photoelectron, and nuclear magnetic resonance spectroscopies on thin conducting films and opaque

buckypapers treated with hydrazine to study fundamental properties and spectroscopic signatures of

n-type SWNTs and compare them to SWNTs treated with nitric acid, a well-characterized p-type

dopant. We find that hydrazine physisorbs to the surface of semiconducting and metallic SWNTs and

injects large electron concentrations, raising the Fermi level as much as 0.7 eV above that of intrinsic

SWNTs. Hydrazine-treated transparent SWNT films display sheet resistances nearly as low as p-type

nitric-acid-treated films at similar optical transmittances, demonstrating their potential for use in

photovoltaic devices as low work function transparent electron-collecting electrodes.

KEYWORDS: single-walled carbon nanotubes . photovoltaics . doping . n-type .
transparent conductor . amine . thin films
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and adsorption/intercalation of small molecules or
polymers. Alkali metal doping relies on either vapor
transport of the metal into a SWNT network or inter-
calation of metal ions in aprotic solvents such as
THF or DMSO.11,12 In some cases, doping by alkali
metals has been observed to introduce irreversible
structural defects as observed by an increased D band
in Raman spectra.13 The majority of molecular n-type
SWNT dopants consist of amine-containing molecules
or polymers, although other organic dopants have
been utilized.14,15 Small molecule amines, such as
hydrazine, and amine-containing polymers, such as
polyethylenimine (PEI), have been used to create
n-type single-tube or sparse-network field effect
transistors.16,17 Other work has used hydrazine to
disperse nanotubes through electrostatic repulsions,18

similar to the case of alkali-metal saturated organic
solvents mentioned above.11 To our knowledge, no
groups have applied n-type doping strategies to thin,
optically transparent SWNT networks. Furthermore,
fundamental spectroscopic studies of n-type SWNTs
are relatively scarce in the literature, motivating the
need for more detailed investigations.
In this study, we investigate the effects of several

amines on thin SWNT films to find an effective n-type
dopant for SWNT TCFs. On the basis of conductivity
and optical transparency, we determine hydrazine
(N2H4) to be more effective than methylamine, ethyle-
nediamine, and polyethylenimine. Then, using hydra-
zine as a case study, we use a combination of Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS),
and nuclear magnetic resonance (NMR) to investigate
the mechanisms underlying the interactions of amines
with SWNT networks. Using a range of macroscopic
samples, from transparent films to opaque buckypa-
pers, allows us to correlate a variety of doping-induced
spectroscopic modifications to the excellent transport
properties obtained by hydrazine doping. Previous
work on the doping effects of hydrazine on SWNTs
has focused on single-tube field effect transistors
(FETs).16,19 In contrast to studies of single-tube FETs
where it is difficult to decouple the carrier density
injected into the nanotube from modification of the
nanotube/contact junction by the dopant,16,20 we un-
ambiguously find physisorbed hydrazine to be an
effective n-type dopant of SWNTs when used in an
inert environment. Moreover, we find that N2H4 can
produce films with nearly the same sheet resistance (at
a given transparency) as p-doped HNO3-treated films
due to the injection of extremely high electron den-
sities into both semiconducting and metallic SWNTs.
These results serve both to increase the knowledge
base in the community regarding the fundamental
properties and spectroscopic signatures of n-type
doped SWNTs and to expand the versatility of func-
tional SWNT network electrodes that have typically
been resigned to high work function p-type SWNTs.

RESULTS AND DISCUSSION

Amine-Doped Transparent Conducting Films. We pro-
duced thin nanotube films by ultrasonic spraying of
SWNTs dispersed in sodium carboxymethyl cellulose
(CMC). An interconnected SWNT network was formed
by removal of CMC in a nitric acid treatment as
previously described.2 After CMC removal, the film is
doped heavily p-type from the nitric acid soak. The film
may be made intrinsic by soaking in 4 M hydrazine
overnight in a helium glovebox and then exposing the
film to air.21 Further details are provided in the Meth-
ods section. We further treated these intrinsic films
with four different amines (hydrazine, methylamine,
ethylenediamine, and polyethylenimine) and com-
pared their sheet resistances and transmittance spec-
tra (Figure 1a) for insights into the relative doping
abilities of the different amines. Injection of carriers by
dopants, whether holes or electrons, quenches the
optical transitions of SWNTs by emptying initial states
or filling final states involved in these transitions.22,23

Due to strong many-body interactions, optical absorp-
tion in SWNTs is dominated by excitonic transitions. In
Figure 1a, these transitions are labeled S11 for the first
transition in semiconducting SWNTs, M11 for the first
transition inmetallic SWNTs, and so on.22,23 The amine-
treated samples each have significantly quenched
intensity for the semiconducting S11 optical transition
(Figure 1a), which is a clear sign of a doping-induced
Fermi level shift. Of the four amines, hydrazine had the
lowest sheet resistance and most significant S11
quenching. It is well-documented that nitric acid low-
ers the Fermi level of SWNT networks by removal of π
electron density,23,24 and conversely the data in
Figure 1a suggest that adsorbed amine molecules
and polymers increase the Fermi level by electron
injection (vide infra).

For many device applications such as solar cells,
touch screens, and LEDs,2,3,6 it is important for SWNT
thin films to have low sheet resistances while main-
taining high visible light transmittance. Previous work
has found that doping SWNT films p-type using nitric
acid or thionyl chloride will drastically lower sheet
resistance for films with relatively high
transmittance,21,24 allowing these films to be incorpo-
rated as hole-collecting electrodes in PV devices. To
investigate how hydrazine compares to nitric acid, a
series of films were sprayed of varying thickness and
were doped either p-typewith nitric acid or n-typewith
hydrazine. Figure 1b shows a plot of sheet resistance
versus transmittance at 550 nm for these two series of
films. We note that these transmittance values have
been adjusted for the transmittance of the glass sub-
strate, shown in Figure 1a, so that the values represent
the percentage of light transmitted through the SWNT
films only. This correction was done in order to provide
values for useful comparison to other literature values
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because this is the most common method of compar-
ison found in the literature. Figure 1b demonstrates
that hydrazine can be used to produce SWNT filmswith
comparable sheet resistances, at a given transmit-
tance, to those treated with HNO3. This reduction in
sheet resistance, along with bleaching of the S11
transition, is strong evidence that hydrazine acts as a
chemical dopant. Furthermore, the performance de-
monstrated by Figure 1b is among the best ever
obtained for p-type SWNT TCFs25-27 (∼50 Ω/sq at
75% T550) and is the only result we are aware of
demonstrating highly conductive n-type SWNT TCFs
(∼70 Ω/sq at 75% T550).

The absorbance and transport measurements
shown in Figure 1 demonstrate that small molecule
and polymeric amines act as strong chemical dopants
on single-walled carbon nanotubes, enabling highly
conductive TCFs. However, these results cannot con-
firm that the amines are acting as n-type dopants since
absorbance quenching can result from state-filling by
holes or electrons. Furthermore, theM11 transitions are
not affected in Figure 1, making it unclear to what
extent the amines interact withmetallic SWNTs. Finally,
Figure 1 yields no information on the mechanism of
amine interaction with the SWNT surface, that is,
whether or not the amine molecules form covalent
bonds with the SWNT or are simply physisorbed to the
SWNT surface. To investigate these questions in more
detail, we performed a variety of spectroscopic char-
acterizations, including X-ray photoelectron spectros-
copy (XPS), Raman spectroscopy, and nuclear
magnetic resonance (NMR) spectroscopy.

X-ray Photoelectron Spectroscopy (XPS). Photoelectron
spectroscopy is a useful tool for understanding molec-
ular adsorption and charge transfer on SWNT surfaces.
Since XPS probes the binding energy of core electrons,
it is sensitive to changes in the Fermi level and can also
be used to reveal the specific bonding environment(s)
of carbon atoms in the doped SWNTs. Moreover, by

comparing the intensities of different atomic core
levels, the overall atomic composition can be deter-
mined, which can yield information on the coverage of
dopants on the SWNT surface. Figure 2 displays core-
level XPS spectra for intrinsic, hydrazine-doped, and
nitric-doped SWNT buckypapers in the C 1s and N 1s
regions. Significant doping-induced changes were ob-
served in both the C 1s and N 1s core levels. Previously
reported results for C 1s peak position in nitric-acid-
treated samples were found to be shifted 0 eV,25 0.1
eV,26 and 0.2 eV28 toward lower binding energy com-
pared to as-prepared samples. Since the binding en-
ergy is measured with respect to the Fermi level, a
change in binding energy for the C 1s peak directly
corresponds to a change in the Fermi level for the
doped SWNTs. As shown in Figure 2a, we find a
downshift of 0.1 eV, in good agreement with the
previous results and consistent with a shift in the Fermi
level toward the valence band edge due to p-type
doping by HNO3.

28 For the hydrazine-treated sample,
we find an upshift of 0.7 eV in the C 1s binding energy,
which is consistent with a sizable Fermi level shift
toward the vacuum level. Importantly, the magnitude
of this shift, 0.7 eV, is larger than the expected energy
difference (ΔELUMO) between the Fermi level for in-
trinsic SWNTs and the first van Hove singularities for
∼1.35 nm diameter semiconducting SWNTs. Taking
the S11 energy of ∼0.73 eV (S11 peak in Figure 1a of
1700 nm) as the average energy of the first excitonic
transition, and an estimate of 0.25 eV as the approx-
imate binding energy for this transition for 1.35 nm
diameter SWNTs,29 we approximate ΔELUMO to be
0.48 eV. Thus, the Fermi level shift of 0.7 eV demon-
strates that N2H4 injects a sufficient electron density
into the SWNT network to raise the Fermi level well into
the conduction band of the semiconducting SWNTs.

The N 1s spectra were examined to determine the
nitrogen bonding configurations present in nitric acid
and hydrazine-treated samples. The as-prepared and

Figure 1. (a) Transmittance spectra of thin SWNTfilmsof similar thickness treatedwith different dopants. The sheet resistance
for each sample is noted, and a spectrum for the uncoated glass substrate is shown for comparison. Four different amines
were testedwith hydrazine showing the best quenching of the S11 transition andhaving the lowest sheet resistance. (b) Sheet
resistance vs transmittance at 550 nm (T550, with the glass substrate subtracted out) for a series of SWNT films. The films were
sprayed at four different thicknesses and treated with either nitric acid or hydrazine. Sheet resistance for hydrazine films was
measured in an inert atmosphere glovebox where they were prepared, while nitric-acid-treated samples were measured in
air.
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nitric-doped samples both have peaks in the 406-407
eV range, consistent with HNO3 and NO2. The presence
of this signal in the intrinsic sample indicates an
incomplete removal of nitrate in the washing proce-
dure used for SWNT purification. The N 1s spectrum of
the hydrazine-treated sample shows a peak at 400.9
eV, which we attribute to hydrazine since it falls within
the expected range for amines of 399-401 eV.30 Two
other small peaks appear between 404.5 and 407 eV,
which could be residual nitrites and nitrates. The
relative area of the 400.9 eV N peak for the hydra-
zine-doped sample indicates that approximately 79%
of the nitrogen comes from hydrazine. On the basis of
this value and the atomic composition found via XPS,
we can approximate a coverage of ∼1.84 hydrazine
molecules for every 100 carbon atoms and accordingly
a density of 6.92 � 1020 hydrazine molecules/cm3.
Taking the number of carbon atoms per nm of SWNT
to be 119.7 � d(n,m), where d(n,m) is the diameter of the
SWNT in nanometers, we find a coverage of approxi-
mately three hydrazine molecules per nanometer of
SWNT.

On the basis of the higher conductivity and stron-
ger quenching of optical transitions in HNO3-doped
films, we expected the downshift in the C 1s core level
for nitric-acid-treated films (Figure 2a) to be similar in
magnitude to, or higher than, the upshift in hydrazine-
treated films. Furthermore, we would expect to see a
higher nitrogen concentration for the nitric-treated
film than is observed. We attribute this discrepancy
to desorption of nitric acid while under vacuum during
XPSmeasurements, as has been seen before.28 Further
evidence of HNO3 desorption was found when mea-
suring sheet resistance. When samples were brought
into a glovebox, they were exposed to vacuum (<100
mTorr) in an antechamber. For nitric-treated samples
exposed to vacuum in the antechamber, even for a
matter of 3-5 min, we observed a significant increase
in the sheet resistance relative to samples kept in air
and not exposed to vacuum. After ∼5 min in vacuum,
the resistance had increased by around 20%, while
after 1 h, the resistance had doubled. In contrast, when
N2H4-treated samples were exposed to vacuum, there
was no noticeable change in sheet resistance, even for

samples kept under vacuum for an hour. Collectively,
these experiments demonstrate that adsorbed hydra-
zine is significantlymore stable on the SWNT than nitric
acid in a vacuum environment, explaining why we are
able to observe a much larger Fermi level shift in the
high-vacuumXPS experiment for the hydrazine-doped
sample. However, we note that the XPS spectra for
both hydrazine- and nitric-doped SWNTs do not show
evidence of additional peaks (relative to the undoped
sample) associated with sp3 carbon, which are ex-
pected in the range of 285-290 eV.31 Thus, it appears
that the mechanism for SWNT doping is based on
charge transfer from physically adsorbed dopant mol-
eculeswithout covalent bond formation, aswe confirm
by NMR measurements below.

Raman Spectroscopy. Raman spectroscopy provides
further insight into the effects of doping on SWNT
samples. For chemical dopants, charge transfer from
electron donors into the SWNT π system softens the
C-C bonds, leading to a red shift of Raman peaks,
while charge transfer from the SWNT π system into
electron acceptors stiffens the bonds and blue shifts
Raman peaks.12,26,32 The G and G0 bands are often used
to investigate charge transfer in doped SWNTs.26,33,34

For example, studies using Li, K, and Rb as electron
donors have found doping-induced red shifts of up to
8 cm-1 in the G band due to electron transfer into the
nanotubes.12,13,32 In contrast, for electron acceptors
like HNO3 and Br2, blue shifts are observed for both the
G andG0 peaks.26,32 Shin et al. investigated p-doped arc
discharge nanotubes treated with HNO3 and report
blue shifts of 9.9 cm-1 in the G0 band when excited
with a 1.96 eV laser, which mainly probes the metallic
SWNTs and blue shifts of 21.6 cm-1 for the G0 band
with a 1.58 eV laser, which primarily excites semicon-
ducting SWNTs.26 Other complexities exist for metallic
SWNTs. For example, the G- component of themetallic
G band stiffens for both electron and hole injection,
because of strong electron-phonon coupling for this
mode.

While photoabsorption and XPS measurements
demonstrate that hydrazine raises the Fermi level into
the conduction band of the semiconducting SWNTs,
these measurements do not address the scope of

Figure 2. XPS spectra of (a) C 1s (normalized) and (b) N 1s (normalized to C 1s peak) core levels for as-prepared, nitric-acid-
treated, and hydrazine-treated buckypapers.
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interaction with metallic SWNTs. To probe metallic
nanotubes, we took Raman spectra using an excitation
laser of 1.96 eV (632.8 nm), which is resonant with the
M11 transition of 1.35 nmdiameter SWNTs. In Figure 3a,
the G bands for three samples of different doping
(intrinsic, n-type with hydrazine, and p-type with nitric
acid) are shown. We observe a significant reduction of
the asymmetric Breit-Wigner-Fano (BWF) line shape
of the G band for metallic SWNTs in the hydrazine- and
nitric-treated samples, which is consistent with pre-
vious work on HNO3- and SOCl2-treated SWNTs that
attribute this decrease to a loss of continuum states
due to doping.26,35 We further find that both the D
(∼1320 cm-1) and M (∼1745 cm-1) bands in the two
doped samples are greatly reduced as compared to the
intrinsic film (Figure 3a). The complexity of theGband at
this excitation wavelength makes the determination of
absolute doping-induced shift (ΔG) difficult. However,
we note that the G band for the hydrazine-doped
sample is red-shifted 8.8 cm-1 relative to the nitric-
doped sample, as expected for samples that are rela-
tively electron-rich and electron-poor, respectively. The
structure of the G0 band at∼2630 cm-1 is less complex
than that of the G band, and the G0 position has been
shown to be very sensitive to charge transfer doping of
SWNTs. Figure 3b shows the G0 band for the same three
samples, showingdramatic quenchingof theG0 for both
N2H4 and HNO3. Furthermore, Figure 3b demonstrates a
red shift for the hydrazine-doped sample of approxi-
mately 11.8 cm-1 and a blue shift of 10.4 cm-1 for the
nitric-doped sample. Since shifts in opposite directions
are expected for the injection of holes and electrons,
these results confirm the conclusion reached through
XPS measurements that hydrazine dopes the SWNTs
strongly n-type by injecting electrons and raising the
Fermi level toward vacuum.

Nuclear Magnetic Resonance (NMR). Solid-state 13C nu-
clear magnetic resonance (NMR) spectroscopy with
magic-angle spinning (MAS) is a powerful tool for
probing the local chemical and electronic environment
of carbon nuclei in SWNTs. While the benefits of NMR

for studying functionalized SWNTs31,36 are widely ap-
preciated due to the obvious tie to traditional aromatic
substitution reactions, NMR is also particularly useful
for studying charge-transfer-induced changes in the
Fermi level.37 The observed chemical shift (δ) for 13C
nuclei can be separated into two parts, the chemical
shift (σ) and the Knight shift (K):

δ ¼ σþK (1)

In eq 1, σ and K are second-rank tensors and consist of
an isotropic and anisotropic part. The chemical shift σ
arises from two primary contributions;so-called Lon-
don ring currents due to delocalized interatomic cur-
rents in the aromatic ring structure, and the intra-
atomic “Pople” contribution arising from the hybridiza-
tion of the carbon atom. The Knight shift K arises from
short- (isotropic) or long-distance (anisotropic) cou-
pling of nuclear spins to the spins of conduction
electrons. The isotropic Knight shift (Kiso) is paramag-
netic (causing a shift to higher frequency) and is related
to the Fermi contact between nuclei and conduction
electrons in orbitals with non-negligible s character.
Thus, Kiso is proportional to the probability density of
conduction electrons at the nucleus ΨF(0)

2 and the
density of states at the Fermi level n(EF):

Kiso ¼ 8π
3
ψF(0)

2μ2Bn(EF) (2)

where μB is the Bohr magneton. In graphite, ΨF(0)
2 is

negligible because conduction electrons only occupy
orbitals with p character. However, curvature-induced
sp2-sp3 rehybridization in SWNTs and fullerenes leads
to a non-negligible s character for conduction elec-
trons, meaning Fermi level changes due to charge
transfer should induce an isotropic Knight shift.37,38

Figure 4a shows solid-state MAS 13C NMR spectra
for the same SWNT sample either in an intrinsic, n-type,
or p-type state. For each doped sample, the 1H-13C
cross-polarization (CP-MAS) NMR spectrum is also
shown. In each case (n- and p-type state), the transfer
of magnetization from protons of the dopant species
to adjacent 13C nuclei on the SWNT was observed.

Figure 3. (a) Raman spectra of G bands for thin SWNT films of different doping types: intrinsic (black), nitric-doped (blue), and
hydrazine-doped (red). The hydrazine- and nitric-treated films have a doping-induced reduction of the BWF line shape as
compared to the intrinsic film, as well as a significant reduction in D and M bands. (b) Raman spectra of G0 band for the same
films show doping-induced shifts. The asterisk indicates background from the substrate and sample holder. Excitation is at
1.96 eV (632.8 nm), primarily resonant with metallic SWNTs.
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The series of spectra in Figure 4a demonstrates several
interesting trends. The isotropic chemical shift for the
intrinsic SWNT sample, directly after degassing, is 121
ppm, the characteristic chemical shift expected for
undoped, highly pure SWNTs.39-41 Upon n-type dop-
ing the SWNT sample with hydrazine, the peak shifts to
higher frequency by 8 ppm and broadens significantly
relative to the undoped SWNT sample.42 The CP-MAS
spectrum for the same n-type SWNT sample shows a
similar broad and shifted peak at 128 ppm. After
exposing the n-type sample to air for several hours,
the peak narrows and shifts back to its original position
at 121 ppm. Finally, when the sample is doped p-type
by soaking in concentrated nitric acid, the peak again
shifts to higher frequency (128-129 ppm) and broad-
ens significantly, a strikingly similar behavior to the
n-type doped SWNT sample.42 Figure 4b compares the
CP-MAS spectra for the hydrazine- and nitric-doped
SWNTs. The isotropic chemical shift of SWNTs, in the
range of 121 ppm (128 ppm for the doped samples), is
due to sp2-hybridized carbon atoms. When aromatic
sp2 systems such as fullerenes or nanotubes are con-
verted to sp3 through the formation of covalent bonds,
new peak(s) appear at lower frequency for the sp3

carbon nuclei, typically in the range of 50-90 ppm.31,43

Figure 4b shows a complete lack of sp3-related peaks in
the spectra for both hydrazine- and nitric-doped
SWNTs. This result clearly demonstrates that the me-
chanism for doping involves physically adsorbed do-
pant molecules and no covalent bond formation, in
agreement with the conclusions reached from XPS
analysis.

Returning to eq 2, the significant paramagnetic
shifts observed for the 13C resonance in doped SWNT
samples are consistent with Knight shifts arising from a
substantial increase in the density of states at the Fermi
level due to injection of electrons or holes from the
physisorbed dopants. This conclusion is consistent
with the absorbance, Raman, and XPS measurements

discussed above and lends further support to strong
charge transfer interactions of SWNTs with amines
such as hydrazine that result in injection of electrons
into the SWNTs. The 7-8 ppm paramagnetic shift
observed for the nitric-acid-doped SWNTs is also con-
sistent with our previous work on SWNTs doped
strongly p-type with sulfuric acid.39 The efficiency of
the spin polarization transfer process utilized in the CP-
MAS experiment is distance-dependent, with a 1/r6

dependence. Thus, CP-MAS NMR can selectively probe
SWNT 13C nuclei in direct proximity of absorbed do-
pantmolecules. In both cases, for hydrazine- and nitric-
acid-doped samples, the CP-MAS spectra are similar in
chemical shift and linewidth to the equivalentMAS 13C
NMR spectra, implying a rather complete intercalation
and coverage of the dopant molecules into the SWNT
buckypapers. Finally, the spectrum of the hydrazine-
treated air-exposed sample confirms that reaction of
the hydrazine sample in air over the course of several
hours returns the doped SWNTs to its intrinsic state and
is completely reversible.44

It is interesting to compare these results to previous
results on other charge-transfer-doped graphite-based
systems. Significant Knight shifts have been consis-
tently observed for electron-doped graphitic systems
such as alkali-doped graphite intercalation com-
pounds (GIC),45-47 C60 compounds,48 and SWNTs.37

However, these shifts (Knight) have not been observed
in hole-dopedGICs,49 a phenomenon that has spawned
much discussion in the GIC community.50 NMR mea-
surements on both oxidized and reduced C60 have
demonstrated doping-induced paramagnetic shifts
that are accompanied by broadening, although the
observed shifts for the oxidized fullerene are smaller
than their reduced counterparts.43,48 Importantly, our
results demonstrate that the coupling of 13C nuclear
spins to the spins of both free electrons in n-type
SWNTs or free holes in p-type SWNTs induces a para-
magnetic shift (of similar magnitude) in the aromatic
13C NMR resonance for intrinsic SWNTs. To equate the
magnitude of the NMR shift to a density of injected
carriers, a rigorous treatment would take into account
the temperature-dependent spin-lattice relaxation
time, which can be related directly to n(EF) via the
Korringa relation,51 but this is beyond the scope of this
article.

Air Stability of Amine n-Type Doping. Now that we have
rigorously characterized the n-type doping effects of
amine molecules on SWNT networks, we return to a
practical consideration for device applications. A short-
coming of nearly all strategies for producing n-type
SWNTs is the lack of air stability. In an attempt to probe
the air stability of our amine-doped n-type SWNT TCFs,
we monitored the doping-induced S11 absorbance
quenching for several different films. As shown in
Figure 5a, we find that the doping effects of hydrazine
are not stable in air for prolonged periods of time. By

Figure 4. (a) Solid-state MAS 13C NMR spectra of 20% 13C-
enriched SWNT sample with 66% s-SWNTs after various
treatments (listed above/below the corresponding spectra).
1H-13C CP-MAS spectra are labeled accordingly. The as-
terisk indicates the 13C resonance from the polyethylene
plugs used to balance the rotor. (b) Comparison of CP-MAS
NMR spectra for hydrazine- and nitric-doped samples,
highlighting the area where peaks are expected for sp3

carbon. Spinning side bands are labeled with asterisks.
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monitoring the strength of the S11 optical transition
over time as the sample sits in air, we can see that the
peak increases in strength with time as in Figure 5a,
indicating a time-dependent de-doping of the film.
This change in absorption is accompanied by an
increase in sheet resistance, which is another indica-
tion that the doping level has decreased. This change
in dopingmay be a result of hydrazine reacting in air,52

compensation by a p-type dopant such as oxygen,
desorption of hydrazine, or a combination of some of
these processes. From our testing of samples in vacuum,
described above, it appears unlikely that hydrazine de-
sorption is the cause. We further find that returning a
sample to an inert atmosphere after brief exposure to air
partially quenches the S11 transition again and reduces
the sheet resistance (see Supporting Information). As
there is no additional dopant addedby allowing a sample
to sit in the helium glovebox, this apparent “re-doping” is
consistent with a decrease in compensation via oxygen
desorption from the SWNT film while remaining in a
glovebox or when in vacuum as the sample is brought
inside. However, after prolonged exposure to air, recovery
of n-type conductivity is no longer possible.

To address stability issues, several groups have
explored the use of the amine-containing polymer
polyethylenimine (PEI), which has been used to pro-
duce n-type FETs.17,53 We performed a series of experi-
ments to probe and compare the air stability of our
hydrazine- and PEI-doped SWNT TCFs. Films treated
with PEI were found to partially quench the S11 optical

transition with sheet resistances several times higher
than comparable hydrazine-treated films (Figure 1).
After exposure to air, we found that the PEI-treated
films also showed signs of decreased doping, indicated
by a time-dependent increase in sheet resistance and
the return of the S11 (Figure 5b). We speculate that part
of the reason that PEI has shown air-stable results in
FETs17 is due to its ability to keepoxygen away from the
nanotubes. To investigate this further, we immersed
a SWNT film, which had already been treated with
hydrazine, in PEI. This film had a sheet resistance
around half that of a sample treated solely with PEI.
In Figure 5c, we show that the S11 transition returns
muchmore slowly than for the other films treated with
only hydrazine or PEI. In fact, the degree of S11 quench-
ing after 90 min of air exposure is nearly equivalent to
the quenching observed for the hydrazine-treated
sample immediately after air exposure. It should be
noted, however, that the results in Figure 5 are indica-
tive of the best air stability achieved and that there can
be significant variability between samples, as well as
variations depending on the type of PEI used (see
Supporting Information). This demonstration of im-
proved air stability is promising and could be improved
upon by optimization of the PEI overcoating, suggest-
ing potential strategies to further develop air-stable
n-type SWNT networks. Ultimately, for n-type SWNT
networks to be adopted in technological applications
such as photovoltaics, significantly improved stability
over what is presented here will be necessary.54

Figure 5. Time-dependent absorptionof SWNTfilms in air after being treatedwith (a) hydrazine, (b) 10%w/v PEI (Mn = 10 000)
inmethanol, and (c) hydrazine and then overcoatedwith 27%w/v PEI (Mn = 600) inmethanol. Spectra in (a-c) are taken every
2-3 min. (d) Time evolution of the integrated optical density of the S11 transition band is given as a percentage of the full
value (seen for an intrinsic sample) for each of the three films. Time 0 is approximate for each.
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CONCLUSIONS
In conclusion, four different amines (hydrazine,

methylamine, ethylenediamine, and polyethylenimine)
were used to treat thin conducting carbon nanotube
networks. We found that all four amines induced a
reduction in sheet resistance and partially quenched
the S11 optical transition, as compared to intrinsic films,
showing signs of n-type doping. n-Type TCFs, prepared
from hydrazine-doped SWNT networks, performed
nearly as well as their p-type counterparts with Rs
values of 70 Ω/sq at T550 of 75%. Hydrazine-doped
SWNTs were studied in depth to ascertain the funda-
mental spectroscopic signatures of n-type SWNTs and
compare them to those of a well-characterized p-type
dopant. Hydrazine-induced spectroscopic changes
clearly demonstrate the n-type doping behavior, as
deduced by an upshift in the XPS-measured C 1s core-
level binding energies, indicating an increase in the
Fermi level toward the vacuum level. Furthermore, we
observed red shifts in Raman bands due to injected
charge from the hydrazine electron donor, an opposite
shift to that observed for p-type SWNTs doped by nitric

acid. NMR results demonstrate that n- and p-type
doping of SWNTs leads to significant paramagnetic
shifts in the isotropic 13C chemical shift. Because n-type
SWNTs generally lack the air stability of their p-type
counterparts, we investigated the use of a polymer
amine for our macroscopic thin film networks that has
seen some success for FETs and single-tube studies.
Although PEI did not display doping characteristics as
favorable as hydrazine, it was successful at prolonging
the stability of our hydrazine-doped n-type film in air,
suggesting potential strategies for the further devel-
opment of air-stable n-type SWNT networks. n-Type
SWNT TCFs, such as the ones developed here, offer the
ability to create efficient photovoltaic devices and LEDs
with transparent SWNTs as both cathode and anode,
and could potentially enable tandem devices which
require transparent electrodes for both contacts.
Furthermore, spatially controlled coating of SWNT net-
works (or forests) with amines as n-type dopants,
in conjunction with molecular p-type dopants, opens
up the possibility for macroscale p-n junction
photovoltaics.

METHODS
Synthesis, purification, and ultrasonic spraying of CMC-dis-

persed SWNTs techniques employed in this paper have been
described previously.2,24 CMC was removed by overnight soak-
ing of the films in 4 M nitric acid, which collapses the isolated
SWNTs into an interconnected conducting network as well as
serves to dope them p-type. These TCFs were used in absorp-
tion, four-point probe, and Raman measurements.
To remove the doping effects of the nitric acid treatment and

create intrinsic films, the samplewas immersed in either 1 or 4M
hydrazine in a helium environment and then exposed to air.
Doping the films n-type involved a two-step process from the
nitric-doped samples. First, the films were immersed in 4 M
hydrazine and then exposed briefly to air (<10 min). Next, the
films were immersed in neat hydrazine and kept in an inert
environment. Soaking times for 1 and 4Mhydrazine lasted from
4 to 24 h, while neat hydrazine was only used for about 4 h.
For the small molecule amine comparison, we started with

intrinsic samples and soaked the films overnight in a glovebox
in either hydrazine (neat), ethylenediamine (neat), or methyla-
mine (33 wt % in ethanol). For PEI-treated samples shown,
intrinsic films were immersed in 10% w/v PEI (Aldrich, Mn =
10 000) in methanol overnight, followed by rinsing in methanol
to match previous work on PEI.55 For PEI used to overcoat
hydrazine in Figure 5, we used 27%w/v PEI (Aldrich,Mn = 600) in
methanol overnight with rinsing.
Sheet resistance measurements were taken on a linear four-

point probe.56 Hydrazine (and other amine)-treated films were
tested with a probe in the glovebox where they were prepared,
while nitric-treated samples were tested in air. Nitric-treated
samples that were brought into the glovebox had higher sheet
resistances because of significant desorption of the dopant
during the vacuum exposure. Raman spectroscopy was per-
formed using a Jobin Yvon 270 M spectrometer with a HeNe
excitation laser at 1.96 eV (632.8 nm) in a backscattering
configuration. The optical absorption spectra were taken on a
Varian Cary 500 spectrometer.
For XPS andNMRmeasurements, thicker “buckypapers”were

used instead of sprayed films. The SWNTs for NMR were
synthesized via laser vaporization as above but used a 20%
13C-enriched graphite target. The 13C-enriched SWNTs were

subjected to density gradient ultracentrifugation to separate
SWNTs by electronic structure and remove residual catalyst
metal (Co, Ni) impurities for the NMR measurements. Several
samples were combined to produce a sample with ∼66%
semiconducting SWNTs, as measured by absorbance spectros-
copy, after which a buckypaper was produced by vacuum
filtration. This sample was degassed by heating to 200 �C on a
temperature-programmed desorption apparatus to remove
adsorbed impurities before doping. The buckypaper for XPS
measurements was formed from unenriched (i.e., no 13C) laser
vaporization SWNT sample that was subjected to our typical
purification. This involves refluxing in nitric acid for 18 h, and
then filtering and washing with water, acetone, and NaOH
remove impurities generated by the reflux. This buckypaper
was then burned rapidly (30 s) in air at 525 �C to remove
amorphous carbon.
NMR samples were prepared in a glovebox under a helium

atmosphere. The SWNT materials (∼0.8 mg) were loaded into
zirconia rotors (7 mm outer diameter) and packed between two
plugs of either polyethylene or Teflon to balance the rotor,
center the small amount of SWNT sample in the NMR coil, and
provide a barrier against exposure to ambient conditions.
Polyethylene plugs were used in single pulse experiments
(35 000 scans) and Teflon plugs in CP experiments (150 000
scans) in order to minimize background signals. Samples were
transferred in a helium bag directly to the NMR spectrometer.
High-resolution, solid-state 13CNMR spectra were collected on a
Bruker Avance 200 MHz spectrometer (4.7 T) operating at 50.13
MHz for 13C at room temperature, with a MAS rotation rate of 7
kHz under a nitrogen atmosphere. The spectra were acquired
under high-power proton decoupling using a π/2 pulse length
of 5.3 μs and a recycle delay of 10 s and were referenced to
adamantane. The features at 115 and 139 ppm are due to
unsaturated impurities in the polyethylene plugs. Ramped-
amplitude CP experiments were carried out at room tempera-
ture using a 5 ms contact time, spinning rate of 7 kHz, and a
pulse repetition rate of 1.0 s.
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