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Oxidized individual single-walled carbon nanotubes and amine polymers have been assembled into 11-32-
nm-thick well-ordered conductive films. The films show highly anisotropic electrical conductivity, which is
dominated by the nanotubes in the horizontal plane and by polymer-mediated tunneling in the vertical direction.
The ratio of the “along” to “across” conductivity is∼103. The subnanometer thick polymer layers interleaved
with monolayers of nanotubes show conductivity several orders of magnitude higher than films of pristine
polymers.

Introduction

In light of inevitable scaling down of electronic circuits,
carbon nanotubes (CNT) have emerged as a unique material
for use in chemically assembled nanoscale devices.1 Logic
gates1a,b and highly sensitive molecular sensors1g have been
fabricated using a selected rope or individual tube as a single
device, which, however, requires sophisticated techniques for
nanotube selection and manipulation. On the other hand,
significant advances have been made in the fabrication of larger-
scale devices (e.g., network transistors,2a LEDs,2b,cphotovoltaic
devices,2d printable conductors2e) from composite nanotube
networks and films containing polymers, including biologically
active macromolecules.2f This approach is technologically simple
and compatible with the processing methods envisioned for low-
cost flexible electronics.2a,eCNT-polymer devices are usually
prepared using either single-walled nanotube (SWNT) ropes or
multiwalled nanotubes (MWNT).2,3 Because of the relatively
large diameter and micrometer-scale length of these nanotube
blocks, the resulting composite films are rough and thick. Also,
reliable control of components alignment and dispersion within
the films remains a challenge, which to a certain extent makes
it difficult to determine the charge transport mechanism in hybrid
CNT-polymer structures. The enhanced electronic conductivity
of the composite versus pure polymer films is primarily ascribed
to spontaneously formed nanotube percolation networks, al-
though CNTs can also act as hole-injectors2c and dopants2g,h

within the polymer films. An important potential advantage of
composite nanotube-polymer devices is the possibility of
combining the electronic properties of both of the components.
To fully realize this, the controllable separation of CNT and
polymer phases within a single device structure can be useful.2d

To exploit the power of the CNT-polymer composite devices
at the low end of the nanometer-size regime, there is thus a
need for ultrathin well-organized films with controllable struc-
ture, morphology, and electronic properties. Key requirements
here are the availability of relatively monodisperse solutions
of short and thin CNTs, and nanotube wall functionalization,

which enables reliable control over the interfacial chemistry of
the components. Recently, we reported homogeneous aqueous
dispersions of individual single-walled carbon nanotubes, which
were prepared by oxidative exfoliation and shortening of the
SWNT ropes.4 These oxidized nanotubes (SWNTox) contain
significant amounts of oxygen functionalities on their ends and
walls and, therefore, bear negative surface charge and form very
stable aqueous sols and conductive dense films.

Here, we report the electrical properties of ordered SWNTox/
polymer films with thicknesses close to or less than the diameter
of an average SWNT rope. The films show highly anisotropic
conductivity, which is dominated by the polymer component
in the direction perpendicular to the film surface, while the
conductivity in the plane of the film is dominated by SWNTs.
This has been achieved by controllable insertion of nanometer-
thick nanotube monolayers between very thin polymer layers.
We also demonstrate that the conductivity of the polymers can
be increased by several orders of magnitude when they are
assembled in subnanometer thick layers interleaved with layers
of SWNTox. SWNTox-polyaniline (PAN) and SWNTox-
polyethylenimine (PEI) films are grown using the layer-by-layer
assembly technique (LBL), which is a simple route to organized
films from oppositely charged components,5 including SWNT
ropes.3

Experimental Section

Materials. Aqueous sols of individual single-walled carbon
nanotubes (SWNTox) were prepared by complete oxidative
exfoliation of SWNT ropes (provided by Tubes@Rice) as
described previously.4 Also, the characterization of SWNTox
by HRTEM, AFM, XRD, Raman, EELS, XPS, FTIR, UV-
Vis-near-IR methods, and electrical measurements has been
reported.4 Briefly, the SWNTox sols, which are used in this
study, are stable for the period of months and contain only
individual SWNTs of 40-500 nm in length and 0.8-2 nm in
diameter. No noticeable amount of SWNT bundles was found.
The SWNTox contain carboxyl, hydroxyl, and carbonyl groups
on their ends and walls (average C:O ratio is 2.7, but it is
suggested to be higher on the walls and lower on the ends).
When adsorbed onto the positively charged surfaces, these
nanotubes readily form fairly densely packed films. The
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SWNTox films reveal ohmic current-voltage behavior, although
their conductivity is∼3 orders of magnitude lower than that of
nonoxidized SWNTs.

PEI (linear,Mn ca. 423) and poly(acrylic acid) PAA were
purchased from Aldrich and used as 1 wt % aqueous solutions.
Deionized water was used in all experiments. The emeraldine
base form of polyaniline (PAN) was prepared as described by
Chiang and MacDiarmid6 and was used as a 0.015 wt % solution
in N,N-dimethyl formamide (DMF). DMF (99.9+%, HPLC
grade, evaporation residue<0.0005%) was purchased from
Aldrich.

Au-coated glass slides (purchased from EMF) were cleaned
by washing with hexane, methanol, and water. p-Si(100)/SiO2-
(1 µm) wafers (purchased from University Wafer) and glass
substrates were sonicated in hexane, washed with methanol and
water, and then cleaned (20 min) with “piranha” solution (4:1
concentrated H2SO4:30% H2O2. Caution: “piranha” solution
reacts violently with organic compounds.) and rinsed thoroughly
with water.

Synthesis of Multilayer Films. The multilayer SWNTox/
polymer films were prepared by the conventional layer-by-layer
assembly technique. Briefly, a substrate was alternately im-
mersed in a solution of polymer and SWNTox (0.4 g/L) for 15
min. As we have previously shown,4 the adsorption times longer
than 5 min are necessary to ensure a densely packed nanotube
monolayer (see an AFM image below). When adsorption times
of 1-2 min were applied, separated individual SWNTs ran-
domly distributed on the surface were found. After each
adsorption step, the substrate was rinsed with water (or DMF
for PAN) and dried in an Ar stream. Multilayer SWNTox/
polymer films were grown by repeating this two-step adsorption
cycle.

Characterization. Ellipsometric measurements were made
with a Gaertner model L2W26D ellipsometer. The analyzing
wavelength was 632 nm (SWNTox absorption is negligible at
this wavelength), the incident angle was 70°, and the polarizer
was set at 45°. Au and Si refractive indices were determined
from blank samples. The refractive index of SWNTox films
was approximated asNf ) 1.540. X-ray photoelectron spectra
(XPS) were recorded with Kratos Analytical Axis Ultra:
monochromatic Al, spot-size 700-350 µm, X-ray power 280
W, takeoff angle 90°. The spectra were curve-fitted using the
CasaXPS program (Casa Software Ltd.). IR transmission and
UV-Vis-near-IR absorption spectra were obtained using
Perkin-Elmer 1600 Series FTIR and Perkin-Elmer Lambda 900
instruments, respectively. For both spectroscopic measurements,
the films were prepared by drop-casting a solution onto AgCl
or glass slides and drying in a vacuum for 14+ h at ambient
temperature. Atomic force microscopy was performed with a
Digital Instruments Nanoscope IIIa in tapping mode using a
3045 JVW piezo tube scanner.

For electrical measurements, films were deposited on a
p-Si(100)/SiO2(1 µm) substrate with lithographically prepared
200-nm-thick Au pads. The (PEI/SWNTox)15PEI, (PAN/
SWNTox)19PAN, and (PAN/PAA)15PAN films were deposited
by the layer-by-layer method, and films of pure PAN, PEI, and
SWNTox were drop-cast from the starting solutions and dried
in air. Prior to measurement, all samples were dried in a vacuum
for 1 h. I-V characteristics along the film were measured
between two neighboring Au-pads (device area 100× 100µm2

or 50 × 100 µm2). For measurements across the film, Ag
electrodes were lithographically predefined and evaporated on
the top of the film so that they crossed the bottom Au-electrode
at a right angle (device area 3× 3 µm2). The measurements

were performed in dry air at ambient temperature with a HP
4156B Precision Semiconductor Parameter Analyzer.

Results and Discussion

Film Growth. Ellipsometric measurements show linear film
growth on Au (Figure 1) and Si/SiO2 substrates, which implies
that approximately equal amounts of the components are
deposited in each bi-layer cycle. In the case of Au(PEI/
SWNTox)4 films (Figure 1, tr.1), the average thickness of the
nanotube layers is about 1.5 nm, which falls within the range
(0.8-2 nm) of diameters of SWNTox.4 Thinner SWNTox/PEI
films grow on the Si/SiO2 substrate; however, on both of the
substrates, SWNTox/PEI multilayers grow considerably thicker
than SWNTox/PAN films (Figure 1, tr.2), which suggests
weaker SWNTox interaction with PAN than with PEI. Ellip-
sometric thicknesses of both kinds of SWNTox/polymer films
are in agreement with thicknesses measured by AFM. The
similar packing density of SWNTox in each monolayer is also
confirmed by monitoring light absorbance atλ ) 500 nm (PEI
does not absorb at this wavelength) during the LBL deposition
of a multilayer PEI/SWNTox film on a glass substrate (Figure
1, tr.4). The graph shows a linear absorbance increase with each
deposited SWNTox monolayer, and the glass slide gradually
acquires a dark-brown color characteristic for the SWNTox sol.
Also, no significant absorbance decrease, and hence desorption
of SWNTox, is observed in the following PEI deposition cycles
(Figure 1, tr.4,0).

Because LBL deposition is a sequential adsorption technique,
the extent of film growth in each cycle as well as the structural
organization and electrical properties of the resulting multilayer
film strongly depend on the strength of interactions between
components in the adjoining layers. Therefore, a significant part
of this study is focused on examining polymer-SWNTox
interactions by XPS, FTIR, and UV-Vis-near-IR spectroscopic
methods.

XPS and IR Spectroscopy.In the XPS spectra, the sharp
and symmetrical N 1s peak (399.1 eV) in the starting PEI (inset
in Figure 2a), which is characteristic of the amine C-N bonds,
changes when the polymer is assembled in the multilayer
SWNTox/PEI film (Figure 2a). Three higher binding energy
components arise in the spectrum of multilayer SWNTox/PEI
films, which are consistent with the presence of N-CdO (400.1
eV), C-NH3

+ (401.3 eV), and C-NH2
+-C (402.2 eV) groups.7

In the C 1s core level spectrum of the SWNTox/PEI film (Figure
2b), the presence of the C 1s peaks of SWNTox4 and of the
starting PEI (285.6 eV, see inset in Figure 2b) is clearly seen.

Figure 1. Plots of ellipsometric thickness (1-3) and absorbance atλ
) 500 nm (4) versus number of adsorption cycles for multilayer PEI/
SWNTox (1, 4), PAN/SWNTox (2), and PAN/PAA (3) films deposited
on Au (1-3) and glass (4) substrates. Solid dots indicate SWNTox-
terminated surfaces.
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However, the contribution of amine C-N bonds (285.6 eV) is
considerably decreased, and a peak which may be assigned to
amide N-CdO bonds (288.1 eV) is observed. The latter peak
was not found in the C 1s core level spectrum of the starting
SWNTox.4

FTIR spectroscopy shows similar differences between a
SWNTox+PEI film and the individual components (Figure 3a,
sp.1-3). A set of new absorption bands appearing in the range
of 1000-1700 cm-1 (Figure 3a, sp.1) implies the formation of
covalent bonds and resembles the IR spectrum of organic
amides.8,9 The band at about 1260 cm-1 may be assigned to
the C-N stretching vibrations in amides. The intensity ratio of
bands centered at about 1730 and 1584 cm-1 changes dramati-
cally as compared to the SWNTox spectrum. The band at 1584
cm-1 becomes considerably more intense and wider, which
indicates the superposition of several bands. The CdO stretching
modes of deprotonated carboxyl groups of SWNTox, the
bending modes of N-H bonds in neutral and protonated amine
groups in PEI (Figure 3a, sp.2), and theνCdO and δN-H

vibrations of amides may contribute to this band. An IR
spectrum similar to this one was reported for SWNTs modified
with tetradecylaniline through the formation of amide moieties.10

While ionic carboxyl-amine interactions are expected for
SWNTox assembly with amine polymers, appearance of new
peaks in the XPS and IR spectra of the SWNTox/PEI films
cannot be adequately interpreted in terms of only electrostatic
interaction. The formation of other bonds is evident. To study
the possibility of covalent bond formation in a simpler model
system, we prepared aqueous blends of SWNTox with propy-
lamine (PA) and dipropylamine (DPA), and then treated them
with NaOH to ion-exchange the amines. The initial and alkali-
treated blends were drop-cast onto CaF2 or AgCl slides and dried
in a vacuum for 16 h to remove the unreacted and exchanged
PA and DPA. FTIR spectra of the initial SWNTox+PA and
SWNTox+DPA blends (not shown) are almost identical to the
SWNTox+PEI spectrum (Figure 3a, trace 1). In the spectra of
the NaOH-treated blends, one can still see bands in the ranges
of 2960-2840 cm-1 (νC-H), 1280-1240 cm-1, and a band at
1144 cm-1, which are present in the spectra of the untreated
blends. Upon treatment with NaOH, the carboxyl-related
vibrations at 1770-1700 cm-1 disappear, but broad bands
centered at 1579 cm-1 (for DPA) and 1588 cm-1 (for PA) with
shoulders at 1630-1680 cm-1 are still present. The shape and
position of these bands suggest that besides the SWNTox
carboxylate groups other groups may exist. Because the N-H
deformation bands of neutral and protonated amines (PA and
DPA) are expected to vanish after treatment with NaOH, it is
reasonable to suggest contributions fromνCdO and δN-H

vibrations of amides orνCdN vibrations of imine groups. The
imines, however, do not appear in the XPS spectra of the
multilayer SWNTox/PEI film, and hence their formation is less
likely. In either case, the fact that some amount of PA and DPA
molecules remain bound to SWNTox after treatment with NaOH
establishes that covalent interactions of the aliphatic amines with
SWNTox functionalities are possible under these conditions.
This may shed some light on the SWNTox-PEI interactions
as well. For example, in the spectrum of the NaOH-treated
SWNTox+PA blend, the band at 1588 cm-1 is much more
pronounced than that in the SWNTox DPA spectrum, which
implies that the PEI terminal primary amine groups may be more
reactive toward the SWNTox carboxyl groups.

In contrast to the SWNTox-PEI system, absorption bands
in the FTIR spectrum of a SWNTox+PAN blend (Figure 3a,
sp.4) may be interpreted as the superposition of bands appearing
in the spectra of the individual components. The main difference
between the PAN (Figure 3a, sp.5) and SWNTox+PAN spectra
is seen in the C-H bending vibrations of the quinoid ring:11 a
band centered at 1310 cm-1 shifts to 1299 cm-1, and the band
at 1140 cm-1 becomes more intense in the SWNTox-PAN
spectrum. A less pronounced difference is also observed between
N 1s XPS spectra of the multilayer SWNTox/PAN and PAN
films (Figure 2c,d). Both of the envelopes can be fitted with
four components characteristic of the PAN emeraldine state:12

neutral imine CdN-C (398.8-399.0 eV), neutral amine
C-NH-C (399.7-399.8 eV), and protonated amine (400.6 eV)
and imine (402.0-402.1 eV) groups. The intensity ratio of the
protonated to neutral amine groups is almost the same in both
spectra, which allows one to rule out a condensation reaction
for neutral amine groups. However, the intensity ratio of the
protonated to neutral imine bonds in the SWNTox/PAN
spectrum is approximately 3 times that in the spectrum of PAN.
These data suggest that ionic interactions between the protonated
imine and amine nitrogens and SWNTox carboxyl groups do

Figure 2. N1s (a, c, d) and C1s (b) core level X-ray photoelectron
spectra (XPS) of multilayer SWNTox/polymer films (a-c) and pure
PAN (d): (a, b) Au(PEI/SWNTox)15PEI; (c) Au(PAN/SWNTox)5PAN;
(d) PAN film drop-cast on Au substrate from 0.015 wt % solution in
DMF. Insets in (a) and (b) show N1s and C1s spectra, respectively, of
PEI film drop-cast on Au substrate from 4% aqueous solution.

Figure 3. (a) FTIR transmission spectra of SWNTox+PEI (1), PEI
(2), SWNTox (3), SWNTox+PAN (4), and PAN (5) films. b) UV-
vis-near-IR absorption spectra of SWNTox+PEI (1), SWNTox+PAN
(2), SWNTox (3), and PAN (4) films. The inset shows details of the
SWNTox spectrum. SWNTox+PEI, a blend (1:1) of aqueous SWNTox
(0.4 g/L) and PEI (0.01%) solutions; PEI, 0.01 wt % aqueous solution;
SWNTox, 0.4 g/L aqueous sol; SWNTox+PAN, a blend (1:1) of
SWNTox (0.4 g/L) and PAN (0.015 wt %) solutions in DMF; PAN,
0.015 wt % solution in DMF.
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occur. The important role of the carboxyl groups is indirectly
confirmed by the growth of thicker PAN multilayers with
polyacrilic acid (PAA), which has a higher density of carboxyl
groups (Figure 1, tr.3) than SWNTox. Because the PAN
benzenoid-amine and quinoid-imine groups are considerably less
basic than the PEI alkylamines, weaker ionic interactions are
expected between the neighboring SWNTox and PAN layers.
The probable types of interactions between SWNTox and PEI
and PAN are illustrated in Schemes 1 and 2.

UV-Vis-Near-IR Spectroscopy.We also examined the
possibility of charge-transfer complex formation in the SWN-
Tox-PAN systems suggested by other groups.13,14An absorp-
tion band at 2.1 eV, which is found in the UV-vis-near-IR
spectrum of PAN (Figure 3b, sp.4) and is characteristic for the
PAN emeraldine state, does not appear in the SWNTox+PAN
spectrum. This “exciton” band has been ascribed to electronic
transitions between the highest occupied energy level centered
on the benzenoid rings and the lowest unoccupied energy level
centered on the quinoid rings.15 Quenching of this absorbance
by interaction with SWNTox may result either from depletion
of the “benzenoid band” or from filling of the “quinoid band”.
However, IR and XPS data suggest that the imine-quinoid units
are most strongly affected. By analogy with the interaction of
aromatic hydrocarbons with the basal plane of graphite,16 and
the sidewalls of carbon nanotubes,14 we postulate the formation
of charge-transfer complexes between theπ-systems of SWN-
Tox and PAN.

Comparing UV-vis-near-IR spectra of SWNTox+PEI and
SWNTox films (Figure 3b, sp.1,3), we find that interaction with
PEI causes a considerable increase in the intensity of peaks
assigned to the interband transitions between the first (S11) and
second (S22) sets of density of states singularities of the
semiconducting nanotubes (Figure 3b, sp.1,3). This is particu-
larly evident for the S11 peak, which is also shifted∼0.02 eV
to lower energy relative to SWNTox (see inset in Figure 3b).
As we previously showed,4 SWNTox contains a significant
amount of sp3-hybridized carbon atoms inserted into the
sidewalls, which leads to lower intensities of the S11, S22, and

M11 peaks relative to unoxidized SWNTs. This change in
electronic structure can be explained by partial depletion of the
valence band of the semiconducting nanotubes.17,18 The in-
creased intensity and lower-energy shift of the S11 peak resulting
from the interaction with PEI suggest some refilling of the
valence band.17 This may be caused by deprotonation of the
SWNTox carboxyl and hydroxyl groups and negative charging
of the nanotubes in the basic PEI solution. A similar suggestion
was made by Zhao et al. to explain the gradual intensity increase
of the S11 peak with an increase in pH.19 Our observation that
significantly less basic PAN does not noticeably affect the
intensity of the interband transitions of the semiconducting
nanotubes (Figure 3b, sp.2,3) is consistent with their findings.

The XPS, FTIR, and UV-vis-near-IR data show that the
polymer-SWNTox interaction in the multilayer films is com-
plex and involves the formation of several bond types. While
Coulomb attraction between the oppositely charged components
is the long-range driving force in the films assembly, addition-
ally, the formation of covalent bonds (in the case of PEI) and
charge-transfer complexes (in the case of PAN) becomes
possible between closely packed SWNTox and polymers in the
neighboring layers.

AFM. AFM images of the Au(PEI/SWNTox)4 and Au(PAN/
SWNTox)5PAN films (Figure 4) are relatively featureless and
give an average roughness in the range of 2.3-1.3 nm, which
is comparable to the range of SWNTox diameters. The Au-
(PEI/SWNTox)4 film shows denser packing (Figure 4a) con-
sistent with the ellipsometry data. The morphology of the
SWNTox monolayers (Figure 4d) suggests the formation of
∼1.5 nm-thick dense network of the nanotubes, which are in
so close contact that individual features are undistinguishable.
Such morphology is typical for the SWNTox monolayers
prepared using adsorption times longer than 5 min4 and is
expected to enable good conductance of the SWNTox mono-
layers. The morphologies of both multilayer films (Figure 4a,b)

SCHEME 1

SCHEME 2

Figure 4. Tapping mode AFM images of the films layer-by-layer
deposited on Au (a-c) and Si/SiO2 (d) substrates. (a) Au(PEI/
SWNTox)4; (b) Au(PAN/SWNTox)5PAN; (c) Au(PAN/PAA)4; (d) Si/
SiO2/SWNTox: the substrate was primed with aminobutyldimethyl-
methoxysilane; the 15 min adsorption cycle was followed by rinsing
with water and drying in an Ar stream.

Ultrathin Anisotropic Films J. Phys. Chem. B, Vol. 109, No. 7, 20052543



resemble that of the SWNTox monolayer (Figure 4d) and differ
from the morphology of the Au(PAN/PAA)4 films (Figure 4c).
This suggests that SWNTox lateral organization in the mono-
layers mainly determines the multilayer structure and that the
polymer chains are extended along the nanotube network.

Electrical Properties. Conductivity measurements were
performed across and along the multilayer SWNTox/polymer
films as shown schematically in Figure 5 (top). For both (PEI/
SWNTox)15PEI and (PAN/SWNTox)19PAN films, I-V char-
acteristics measured across the films are nonlinear with break-
down voltages in the range of((0.5-1) V, while the
characteristics measured along the films show ohmic behavior
in the voltage range of(10 V (Figure 5). The ratio of the
“across” to “along” resistivities (F⊥/F|) is ∼103 for each film
(Table 1). These data suggest that the conductivity along the
films is dominated by metallic nanotubes of the SWNTox layers,
while the polymer layers contribute to the resistivity measured
across the films as resistors connected in series (see scheme in
Figure 5). The resistivities of the SWNTox and polymer layers
in the films were estimated at roughly 0.5 and 1.7Ω cm for
SWNTox in the multilayers with PEI and PAN, respectively,

103-104 Ω cm for PEI, and 104-105 Ω cm for PAN (Table 1).
Comparing these results to resistivities of the pure components
shows that: (i) in the (PEI/SWNTox)15PEI film, the SWNTox
resistivity is similar to that of pristine SWNTox, and the PEI
resistivity is∼6 orders of magnitude lower than that of pure
PEI; (ii) in the(PAN/SWNTox)19PAN film, the SWNTox
resistivity is ∼3.5 times that of the pure SWNTox film, and
the PAN resistivity is 2-3 orders of magnitude lower than that
of the PAN film.

The conductivity data are consistent with the idea that the
packing density of the SWNTox monolayers in the PEI/
SWNTox films is higher than that in the PAN/SWNTox films
and is close to that of the pure SWNTox films.4 It also should
be noted that reproducible ohmic I-V behavior along the (PAN/
SWNTox)19PAN film is observed for 2-3 times shorter
distances between the electrodes as compared to the (PEI/
SWNTox)15PEI film, which implies smaller lateral size of well-
organized domains in the former. Both conclusions are consistent
with the ellipsometry data. The considerably higher conductivity
of the PEI and PAN assembled in the multilayer films relative
to the pure polymers is an interesting finding. While the 3-4
orders of magnitude increase in conductance of CNT-PAN
composite films has now been reported by several groups (see,
e.g., ref 2e,i), it mainly resulted from the formation of nanotube
percolation networks. In our case, this increase cannot be
explained by the existence of random electrical contacts between
neighboring SWNTox layers or some intermingling of nanotubes
in the polymer monolayers. Both of these factors would lead to
linear I-V characteristics and are more likely to be found in
the more poorly organized PAN/SWNTox film, which, however,
is less conductive. Polymer-SWNTox interactions along the
nanotube walls may enable more parallel chain orientation and/
or better lateral packing in the polymer monolayers than in the
pure polymer films. In the case of PAN, doping by SWNTox
acidic carboxyl groups may also improve the polymer conduc-
tivity. Some support for this idea can be found in the 1-order-
of-magnitude decrease in resistivity of the multilayer (PAN/
PAA)15PAN film as compared to the pure PAN film (Table 1).
An increase in the PAN conductivity has also been reported
for composite PAN-MWNT films.2h However, the UV-vis-
NIR spectrum of SWNTox+PAN film does not provide
noticeable evidence for the formation of a more conductive PAN
redox form.

It is also important to note that in the very thin polymer layers
sandwiched between the conductive SWNTox layers, there is a
high probability that an electron can transfer to the nanotube
faster than it is localized by chain defect sites. The formation
of covalent bonds (for PEI) or charge-transfer complexes (for
PAN) should enhance electronic coupling between the polymers

Figure 5. Top: Schematic representation of the multilayer SWNTox/
polymer film structure and electrode positioning for electrical measure-
ments across (left) and along (right) the films. Red arrows indicate
charge pathways through the films. Bottom: I-V characteristics of Au-
(PAN/SWNTox)19PAN/Ag (1, 3) and Au(PEI/SWNTox)15 PEI/Ag (2,
4) thin film devices measured across (1, 2) and along (3, 4) the films.

TABLE 1: Electrical Resistivity of the SWNTox/Polymer and Polymer Films Measured Across and Along the Films

across the film along the film

film
film thicknessa

(nm)
F⊥film

(Ω cm)
Fpolymerlayer

c

(Ω cm)
film thicknessa

(nm)
F|film

(Ω cm)
FSWNToxlayer

c

(Ω cm)

Au(PEI/SWNTox)15PEI/Ag 32( 1 2.8( 1 × 103 103-104 22 ( 1 0.9( 0.4 0.5
Au(PAN/SWNTox)19PAN/Ag 11( 0.8 2.5( 2 × 104 104-105 14 ( 0.8 3.6 1.7
Au/SWNTox/Ag 58( 4 0.35( 0.1 58( 4 0.35( 0.1
Au/PEI/Ag ∼12 1010-1011

Au/PAN/Ag ∼15 6× 107

Au(PAN/PAA)15PAN/Ag 32( 0.7 3× 106 27 ( 0.7 ∼1013b

Si/SiO2 substrate n/a ∼1013b

a Film thickness was estimated by ellipsometry and AFM and corrected for the roughness measured by AFM.b Resistance,Ω. c Resistivity of
PEI and PAN in the multilayer films was determined asFpolymer ) F⊥Lf/Lp, whereLf is the thickness of the film andLp is the sum of thicknesses
of the polymer monolayers. SWNTox resistivity in the multilayer films was determined asFSWNTox ) F|LSWNTox/Lf, whereLSWNTox is the sum of
thicknesses of the SWNTox monolayers in the film. All thicknesses were estimated by ellipsometry.
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and nanotubes. Surprisingly, lower resistivity is found for the
single layers of insulating PEI than for layers of semiconducting
PAN (Table 1). Although the transport mechanism in these
multilayer systems is not well understood, it seems reasonable
that electron transfer occurs by tunneling through the polymer
chains with a relatively small number of the repeat units between
the electrical contacts and that SWNTox/PEI covalent-bond
contacts provide higher conductivity. It has been shown that
the chemical bonding between organic SAMs and metal or
semiconductor electrodes dramatically increases electronic
coupling (see, for review, ref 20 and references therein). An
alternative transport mechanism, which is operative in thin films
of metal nanoparticles cross-linked with organic molecules,21

involves activated hopping between nearest electron-rich neigh-
bors. This mechanism implies a decrease in conductivity with
increasing interparticle distance (in our case, SWNTox layers)
because of the exponential decay of the tunneling probability
and contradicts our experimental results which show higher
conductivity through the thicker PEI versus PAN layers.

Conclusions

Oxidized individual SWNTs have been assembled layer-by-
layer with amine polymers into well-ordered conductive ultrathin
films. Lateral and vertical film organization reveals itself in
highly anisotropic conductivity, which is dominated by the
metallic nanotubes in the horizontal plane and by polymer-
mediated tunneling in the vertical direction. Although LBL
assembly has been routinely used to combine a wide variety of
building blocks with very different electrical conductivity, the
strongly pronounced anisotropy in LBL-derived structures is
rather unique. It is the small size and strong adhesion to each
other of the SWNTox blocks4 that enables their good lateral
organization within the ultrathin dense and conductive mono-
layers. The subnanometer thick polymer layers interleaved with
the layers of SWNTox show conductivity several orders of
magnitude higher than films of pristine polymers. To our
knowledge, such a strong increase in conductivity of the polymer
component has not been found in other types of CNT-polymer
composites. Even though conductance of the reported compos-
ites is quite high, it is basically assigned to the nanotube
percolation networks. This finding should allow one to consid-
erably extend the range of polymers, including insulating ones,
that can be explored for potential nanoscale electronics and
sensing applications. Because short individual nanotubes with
uniform diameters of molecular size are used, the resulting
SWNTox/polymer films are thin and smooth enough to be
integrated as p-type conductive layers into nanometer-sized
electronic devices, such as nanowire diodes.22 It should also be
interesting to use SWNTox for the fabrication of carbon-derived
structures for testing and exploiting the electronic properties of
individual organic molecules. Such structures would preclude
the formation of metal nanofilaments across the molecular gap,
which have been invoked as the cause of switching effects in
some metal/molecule/metal junctions.23
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