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Conductive organic and composite films represent the critical component of many areas of technology.
This study demonstrates that highly conductive coatings can be made by layer-by-layer (LBL) assembly
of single-walled carbon nanotubes (SWNTSs). These films reveal electrical conductivitie$tof~200°
S/m at room temperature without doping with nanotube loading as lowl&86. This is indicative of
efficient utilization of SWNT in percolation pathways. Low SWNT loading also makes the coatings
quite transparent with transmission as high as 97% for visible light. Thicker delaminated LBL films
displayed conductivities of 4.1% 10* S/m. The free-standing films were highly flexible and possessed
160 MPa of tensile strength, which makes them the strongest organic conductor. The high strength and
conductivities are attributed to the unique homogeneity of the LBL assembled composites, which opens
the way to future optimization of electrical, mechanical, and optical properties and to fit the needs of
specific applications, which may be exemplified by transparent flexible electronics, light emitting diodes,
smart windows, solar cells, sensors, structural materials, and biomedical devices.

Introduction complexity were developed for SWNPs! As a rule of
o . thumb, the most essential technological properties require
AN |nd|V|du_aI smgle-yvalled f:arbon nanotub_e (SWNT)_ the uniformity of distribution of nanoparticles in the con-
possesses unique electrical, optical, and mechanical propertieq ecting matrix
at:lrlt_)rur':edt to ﬁbhi/b”d'tzhed %°$ds |n,the p:jerlfect ?ragf\}ar\ﬁ_ One of the most reliable nanofabrication methods of
rotl. t? etnsC;(f sbregg; a; 6400232? S modu Ltjs 0 Z th reaching a monomolecular level homogeneity from virtually
alre tta§ |rr|1a N q 0 t'e't' anf thei ta,llrespec A edylmae any nanoscale building block is the sequential deposition of
electrical conductivities ol their metallic ropes are nanometer thick layers of polymer and nanocolloids, known

2 ; . )
x 10° S/m2 The grand challenge of today’s material science as the layer-by-layer (LBL) assembly, which also makes it

Is the transfer of unique propert'les observed in the nanoscalepossible to achieve nanocomposites with exceptional homo-
structures into the bulk materials and macroscale techno-

. . . ) . geneity by overcoming self-aggregation of both single-
Iog|9al elements. It can b_e achieved fairly easny with the walled® and multiwalled nanotubes. In each adsorption layer,
luminescence of nanoparticlébut for other properties such

) . .__the nanotubes in a dilute solution are directly immobilized
as_mechamc_:al strength, electrical, aqd_ ihermal propertles.into a solid with sufficient anchoring interactions on the
This ta;k brings about muc_:h_more difficult challenges_ of previous layer so that no matrbhanotube phase separation
processmglof nanoscale.bundmg blocks (rods, Fubes, WIres, . es place. The same is likely to be applied to other
spheres, triangles, etc.) into macroscale materials. As such

| ity of : thods of vari q fhanocolloids with different geometries other than a¥lalich
alarge variety ot processing methods of various degrees ol planar in the case of cladypr metallic triangles? and

spherical particle$.LBL assembly affords preparation of
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solid film and membranes up to a few tens of micrometers utilization of the unique properties of nanoscale building

in thickness3 This is sufficient to investigate the bulk

properties of the prepared composites. Also, this is the
preferred starting point for a variety of applications, such as

biomedicalt**® optoelectronic and radioelectronic devices,
gas separation membrari€saminated structural composites,
and sensor¥.

blocks with axial geometry.

Results and Discussion

Film Preparation and Structural Characteristics. Fab-
rication of a homogeneous SWNPolymer composite must
start from the preparation of a well-dispersed SWNT solution.

In the past, we studied the strength of LBL nanocomposites The quality of nanocolloids, as it relates to the degree of

and gained substantial improvement over similar matefials.
The conjecture that high uniformity of the SWNT distribution
in the matrix is essential not only for the mechanical

dispersion, can be preserved in the resulting material because
micrometer-scale reorganization of the LBL multilayers is
prevented due to the restricted mobility of the long SWNT

properties, but also for charge transport, served as anfipers® This is also applicable to other nanocolloids as-

inspiration to this work. Recently, Kovtyukhova and Mallouk
reported that LBL films of partially oxidized SWNT and
conductive polymer (polyaniline (PAN)) showed electrical
conductivities with a maximum of & 10* S/m?!8 However,
oxidation partially destroys the conjugation of aromatic rings
of SWNTs with apparent detriment for charge transfer. In
this work, we demonstrate that LBL films can be obtained
from pristine SWNTs which result in more than an order of
magnitude improvement of the conductivity. They are also
mechanically strong and flexible; their tensile strength

sembled by the same techniques. The complete exfoliation
can be achieved by wrapping the nanotubes with charged
aromatic polymers such as poly(sodium 4-styrene-sulfonate)
(PSS) owing tor— and hydrophobic interactiort$.?® This

also avoids the oxidation step for SWNT necessary for
solubilization in older schem&¥25to prevent deterioration

of electrical properties of the individual nanotubes. At the

same time it introduces a dielectric shell around the nano-
tubes. The bottleneck in the conductivity in both wrapped

and oxidized nanotubes may not be the defects in the

significantly exceeds that of typical organic conductors and individual nanotubes but rather their spatial distribution and
is comparable or on par with the tensile strength of materials the probability of charge hopping from one SWNT to

containing 100% SWNT¥ 2! LBL assembly affords one
the ability to control the contents of SWNTSs in the film, the

anothe”~2° A proper balance between the method of
dispersion and electrical conductivity is still to be found. It

overall thickness, and distance between the individual will likely require computer modeling of charge transport
nanotubes. Consequently, one can make films not only in the percolation network of the nanotubes and establishing
conductive, but also transparent, which has significant the charge tunneling parameters for SWASWNT contacts.

technological valué? Importantly, even a few multilayers
were found to be sufficient to create a fully conductive

We hypothesized that better transport properties are more
likely to be found when nanotubes are intact and took

coating with transparency as high as 97%. This is a winning advantage of the methods of tuning of the molecular structure
combination of parameters for optoelectronics and energy of the LBL stacks available to us. So, the LBL assembly
harvesting. As such, such coatings can potentially replacewas realized with a stable 0.1% SWNT dispersion in 0.2%

indium tin oxide (ITO) substrates in solar cells; ITO becomes
quite expensive due to a shortage of indium. Additionally,

PSS as component no. 1 and a 1% solution of poly(vinyl
alcohol) (PVA) as component no. 2. The substrates were

the major outcome of the paper is more complete functional alternatively dipped in these solutions, producing stacks with
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Figure 1. (A) UV —vis absorbance spectra measured every 25th bilayer of [PVA/(SWNBS)} LBL assemblies. The multilayers were formed on both
sides of a glass substrate. The numbers by the curve indicd®) Dependence of the thickness of the [PVA/(SWNTPSS)} film on the number of
deposition cycles. PVA  and SWNT ($) layers with the sama correspond to one deposition cycle. Thickness changes were measured by ellipsometry
as the LBL film was formed on a Si wafer. The displayed thicknesses of each component layer is an average of three ellipsometric measurements.

PVA was chosen over a positively charged polyelectrolyte formation of multiple contacts with other SWNTs and
because this polymer has specific affinity to nanotubes formation of an efficient charge-transfer pathway.
producing high-strength materig#fs3® Regardless of the The state of high degree of debundling of the nanotubes
absence of a traditiondt attractive electrostatic component in the films can also be confirmed by atomic force
in the interactions of PVA and PSS or SWNTSs, bVis microscopy (AFM), scanning electron microscopy (SEM),
monitoring of the dependence endemonstrated a linear and transmission electron microscopy (TEM) studies. The
increment in [PVA/SWNT+ PSS} thickness and light  first layer indeed revealed a limited amount of SWNT
absorbance (Figure 1, parts A and B). adsorbed (Figure 2A) as expected from the ellipsometric
As is often the case with LBL films, there is an initial lag Measurements (Figure 1B). Apparent heights of the SWNT
period in the accumulation of LBL multilayers on the strands visible in Figure 2A are 1 te3 nm, which matches
substrate manifesting in smaller thickness increments (Figurewell with the known information about SWNT diameters,
1B). After n = 2, the ellipsometry readings follow a straight Mostly 1 to~2 nm™® and occasionally reaching as low as
line; the average thickness increments of SWNT layers and0-4 nm and as high as 4 ntd?3* Thicker (bright in AFM)
PVA layers in initial LBL assembly stages were calculated SPots in the midsections of some strands could be due to
to 1.77 and 0.47 nm, respectively. Looking at the t\s spontaneous accumulation of underlying polymers (both PVA
spectra, one should also point out the prominent van Hove and PSS) after adsorption (macromolecular crawling) rather
singularity peaks. Their presence is a strong evidence ofthan SWNT bundles previously observed in nanoparticle
homogeneous dispersion of exfoliated SWNTSs in the polymer multilayers'® The exfoliation of SWNTs in an LBL film was
matrix at the level of individual tubes (Figure 1A). To the corroborated by TEM images of [PVA/(SWNF PSS)}
best of our knowledge, there are only few reported data for (Figure 3, parts A and B) and X-ray diffraction data (Figure
solid composites which display the same level of spectral S4, Supporting Information). The contrast of the TEM images
resolution of the van Hove singu|aritié§5 PVA and PSS is low because of the thinness of SWNTs which can be
are expected to wrap SWNTs in the |ayers in the same WayldentIﬂEd as Iong Straight strands Crossing the image in all
as they might do this in solution. In addition to the exfoliation directions. The low contrast of the images is informative in
of nanotubes into single strands, high-performance electricalits own sense. It is indicative of the absence of SWNT
composites require homogeneity of their distribution. This bunching into much thicker aggregates and size separation
should translate into high probability of their intersection Of hanotube and polymer. The lack of the peak corresponding
and, consequently, into the formation of an extensive network t0 SWNT bundles in small-angle X-ray scattering (SAXS)
of conductive pathways. It is the interdigitation of the andwide-angle X-ray scattering (WAXS) spectra (Figure S4,
multilayers that leads to uniform distribution of the nanotubes Supporting Information) agrees well with the minimal degree
in the matrix and formation of an extensive 3D network. ©Of nanotube bundling in the films.
This feature is a great advantage of LBL composites for  The surface roughness of LBL films measured from AFM
charge transport because it increases the probability ofand SEM images was2.2 nm (Figure 2, parts A and B),
which is similar to the ellipsometric thickness of an
(31) Dalton, A. B.; Collins, S.. Munoz, E.. Razal, J. M. Ebron, V. H.: individual SWNT+ PSS multilayer. One can also contem-
Ferraris, J. P.; Coleman, J. N.; Kim, B. G.; Baughman, RNBture plate that each PVA sublayer is infiltrating the initial

2003 423 (6941), 703. nanoscale nooks and crevices that random absorption of
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C.; Bernier, P.; Poulin, PScience200Q 290 (5495), 1331-1334.
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(5700), 1358-1361. Carbon Nanotubesdmperial College Press: 1998.
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Figure 2. (A) AFM image of [PVA/(SWNT + PSS)] and (B-D) SEM images of [PVA/(SWNT+ PSS)} (top view, B), [PVA/(SWNT+ PSS)}qo (top

view, C), and [PVA/(SWNT+ PSS)}qo (cross section, D).
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Figure 3. (A and B) TEM images of [PVA/(SWNTH- PSS)} over a thin 0 ~ 6500C *‘T/—IT*‘
PVA film.
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Temperature (°C) Temperature (°C)

SWNTs .Creates' We previously Sa.W a Slml,lar process for Figure 4. Thermogravimetric analysis of (A) PVA, (B) SWNTs, (C) PSS,

LBL multilayers made from carbon fibers, which have much ang (D) [PvA/(SWNT+ PSS)poo LBL film. Each sample was analyzed

bigger diameter, i.e., 50100 nm3° When crevices are filled,  both in N> gas and air environment. The:Mir curve at the bottom indicates

SWNTSs are not onIy weII-dispersed but also weII-packed in the Np_air residual gap which contains the LBL components’ characteristic
. . . . eaks.

the composite, which can be observed in a cross-sectional’

image of a 200-layer free—st_anding film, [PVA/(S_WN-FF 330°C, SWNT ~550°C, and PSS-650°C (Figure 4A-
PSS)koo (Figure 2D). The thickness of the LBL film was ¢y These component peaks are also shown in theiN
found to be 420 nm, which gives an average of 2.1 nm film qgiqyal gap analysis of the LBL film (Figure 4D). One can
increment per bilayer. This corresponds very well with the 5iculate the weight fraction of SWNTs asl0% of the
average thickness increment of 2.24 nm calculated from thepeaks by comparing the ratio of SWNT peaks in_alr
ellipsometry measurements (Figure 1B). residual gap curves. This analysis is a more robust and
Substantial accumulation of polymers between the SWNT yepq4ycible tool for estimating the SWNT weight loading
strands can also be inferred from thermogravimetric analysis,4tig in LBL films than classical TGA curves. Knowing the
(TGA) used to estimate the nanotube contents of polymer yansities of PVA and SWNTSs. i.e.. 1.274d.31%and 1.11
composites. However, the TGA data often display the overlap ¢, .1 341 respectively, the volume fraction of SWNTSs can
of decomposition curves characteristic for several compo- pe getermined as-10%. Although higher loadings of
nents. In the case of LBL assembly, one also needs t0gwNTs might be beneficial, at least in some cases, for
remember that the multilayer structure of the LBL composites ¢onqyctance in the composites, structural optimization of the
where the inorganic phase sandwiches the polymers cang\yNT—polymer system including preservation of its elec-

significantly modify (increase) their characteristic decom- yonic structure has actually a much greater effect than the
position temperature. To combat the overlap and related .55 contents.

experimental errors, we analyzed TGA curves obtained in Electrical Conductivity of [PVA/(SWNT + PSS)}, LBL
N2 gas and in air environments. The gap between the dataFiIms. Electrical conductivities in a SWN¥polymer com-
in N> and in air was plotted. After that, one can clearly

observe the characteristic peaks of each component; PVA

(40) Lewis, R. J., SHawley’s Condensed Chemical Dictionafyith ed.;
John Wiley & Sons: 2002.

(39) Shim, B. S.; Starkovich, J.; Kotov, Lompos. Sci. Technad2006 (41) Arnold, M. S.; Stupp, S. |.; Hersam, M. @Glano Lett.2005 5 (4),
66 (9), 1174-1181. 713-718.
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Figure 5. (A) Electrical conductivity measurements of [PVA/SWNTPSS} (n = 1-7, 200); 200-a, 200-b, and 200-c indicate as-prepared,’@0@nd
300 °C treated films of 200 bilayers; LBL films with the van der Pauw measurement setup are shown in the inset. (B) Photograph arev{€)idhv
transmittance of [PVA/SWNTH PSS} (n = 1-5) LBL coatings on both sides of a glass substrate.

posite are based on charge percolation, which is the (Figure 5A inset). For [PVA/(SWNT+ PSS)} LBL as-
spontaneous formation of electrically conductive routes semblies, the thicknesses of thim€ 1—-7) and thick (=
through an insulating matrix by a randomly distributed 200) films were estimated by ellipsometry (Figure 1B) and
conducting filler. Normally, there is a dramatic conductivity direct measurements of cross-sectional thickness (Figure 2D).
change at the percolation threshold concentration of the filler. Even the very thin layered filmsi= 1—2) clearly indicated
In addition, if the density of intersecting pathways above the conductivities much above the percolation thresholdl, 10
the percolation threshold is increasing, which happens whenS/m. As more LBL layers were added £ 3—7, 200), the
both the homogeneity and the volumetric ratio of SWNT conductivities increase to 2 te5 x 10°* S/m (with some
distribution in the matrix are improved, then electrical samples readings as high as<310* S/m) (Figure 4A). A
conductivities still increase significant®j#243As a matter  reasonable explanation to the gradual increase of the overall
of fact, the same effect can be achieved by increasing theconductivity as the number of LBL layers increases is that
specific spot attraction of SWNTSs, i.e., by realization of the SWNTs are adsorbed predominantly parallel to the substrate.
so-called “sticky contacts”, which might be achieved by  The molecularly parallel layered adsorptions are intrinsic
biological conjugatiort} but this property has to be carefully  features of LBL assemblies, and high aspect ratio SWNTs
balanced with maintaining the uniform distribution of naturally lie down on the surface rather than stand up. Thus,
SWNTs. SWNTs in the film have two-dimensionally aligned structures
Electrical measurements were carried out by the van dereven in a thick LBL film. The initial adsorption trends of
Pauw method assuming two-dimensionally isotropic con- SWNTs in Figures 1 and 2 are easily observed.
ductivities and by the formatlon 9f electrical gontapts between The controllability of the thickness with an increment of
the sample and silver wires with conductive silver pastes 2—3 nm implies precise tuning of the light transmission,

i which is important for a variety of optoelectronic devices
(42) Shaffer, M. S. P.; Windle, A. HAdv. Mater. 1999 11 (11), 937 .
941 as a replacement of ITO coating necessary to combat the
(43) Yang, Y.; Gupta, M. C.; Dudley, K. L.; Lawrence, R. Wanotech- shortage of indium. Light transmittance as high as 97% at
nology2004 15 (11), 1545-1548. 600 nm can be achieved for 5 nm films with conductivity in

(44) Lee, J.; Govoroy, A. O.; Kotov, N. Alano Lett2005 5 (10), 2063~ .
2069. the range of 10S/m (Figure 3, parts B and C) made after
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one deposition cycle. Notably, the actual transparency of Mechanical Properties of Conductive LBL Films. The
single SWNT LBL coatings is even better than 97% because strength of the transparent thin films is also an important
the light transmittance measurements in Figure 4, parts B parameter when it comes to device manufacturing. Although
and C, were performed with the samples in which both sides the strength of very thin films cannot be directly quantified,
are coated on a glass substrate, not a single-side coatingthe integrity of the films was not affected at all when we
whereas the conductivity is measured only on one side at arubbed the surface and cut it into a small square (4 rim
time. 4 mm) to fit our van der Pauw measurement setups. To
One can obtain above 90% transmittance in the range ofquantify these empirical observations, mechanical properties
400 to~750 nm and conductivities of 2@ ~2 x 10° S/m. of fairly thick [PVA/SWNT + PSS} films were measured.
Even though SWNT thin film made by filtering techniques The mechanical strength of the thick LBL film was estimated
may have a maximum conductivity of 1@ ~10° S/m with before and after 200C heat treatment by direct sample
moderate transparency, their electrical percolation routesstretching tests (ASTM D 3039). Tensile strengths/strains
deteriorate above 90% of light transmittariéé>“8 For that of the sample were 158 18 MPa/6% before and 159 21
reason only extrapolations based on empirical data at lowerMPa/5% after the heat treatment, respectively (Figure 6,
transparencies are typically provided for these films rather parts A and B). It makes the LBL films around 2 tel0
than the actual measureme?t$>*8 When one looks atthe  times stronger than the bucky pap&4’ They are also
combined structural, optical, and electrical data in conjunc- exceptionally flexible (Figure 6, parts C and D), which can-
tion with each other, it can be concluded that the utilization not be attributed to SWNT mats without the polymer
of SWNTs in LBL films is exceptionally efficient due to  impregnation.
high homogeneity and degree of dispersion of the nanotubes Phenomenological Analysis of Conductivity in LBL
in them (Figure 1). Another noticeable distinction from Films. One of the advantages of LBL films is that one can
SWNT mats is that LBL films can be directly coated on a engineer their nanoscale and molecular structure to obtain
variety of complex surfaces. Examples when this property desirable properties. In this respect, we need to map out
may become very essential include optical fiber, microfluidic potential directions for further improvement of their electrical
channels, and the porous surfaces of flexible moving characteristics. In order to do that let us consider the linear
structures. reversible electrical conductivity decrease with temperature
LBL assemblies of SWNF¥PVA can be expanded to increase in the set composite leading to more fundamental
fabricate a membrane-like flexible free-standing film de- understanding of electrical transport in LBL structures. It
tached from the substrates. The electrical conductivity of the can be explained by taking into account (1) semiconducting
as-prepared 200-layered film measured by the same van decharacteristics of SWNTs and (2) Schottky barriers or
Pauw technique was 6.4 10° S/m. Thermal treatment of  structural mismatch in metallic and semiconducting SWNT
the film at 200°C makes little change in the conductivity, junctions?®* The electrical resistanc&gmposid 0f 8 SWNT—
while increase of the annealing temperature to 3D®oosts polymer composite is associated with intrinsic semiconduct-
it further to 4.15x 10* S/m. After the creation of the ing or metallic SWNT resistanceRdwntd and SWNT-
percolation network, the improvement of the quality of SWNT contact resistance&énac) between the nanotubes
SWNT—SWNT contacts is one of the most important because the polymer matrix in this system is an electrical
requirements to the design of electrically conductive SWNT insulator®® Despite significant improvement of electrical
composites, because the efficiency of electron tunneling parameters, the electrical conductivities of a composite are
through the gap is exponentially dependent on the SWNT below the axial direction measured conductivities of indi-
SWNT distance. So, the effect of heat treatments can bevidual SWNTs, 1 to~3 x 10° S/m3 This leads to the
understood as a gradual closing of intrinsic nano- and conclusion that the SWNTSWNT contact resistances in a
angstrom-scale voids/pores and relaxation of the polymercomposite dominate the total resistance of a composite
conformation to the one that adheres to nanotubes better(Reontact™> Rswntd. The SWNT-SWNT contact resistance
Altogether, this makes better contact between individual (Reontac) is further factored into SWNT junction resistances

SWNTs in the network. The temperature threshold of
conductivity improvement, i.e., 268800 °C, corresponds

very well with the expected melting temperature of PVA in
the LBL films. Although heat treatment effects onto nano-
structures of our SWNT LBL composite were not simple,

including semiconductingsemiconductingRsg), semicon-
ducting—metallic Rsv), and metallie-metallic Rum) which

are much different in their magnitudBdy > Rss > Ruwm).?°
However, SWNT junctions in a well-dispersed SWNT
polymer composite are not simply formed as physically

thickness changes of the film were 5% and 10% reduction perfect contacts. Instead, very thin polymeric layers, which
with 200 °C and 300°C treatments. A more detailed and are essential in an LBL system, are often likely to be
formal description of temperature effect is given in the sandwiched between the tubes preventing the pure ohmic
Supporting Information. contact. Note that the polymer is a necessary part of the
SWNT-based material which allows one to make macro-
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Figure 6. Mechanical stretching test results of the [PVA/(SWMTPSS)}boo LBL film (A) before and (B) after 200C heat treatment. (C and D) Demonstration
of the flexibility of an LBL composite film which is contrasted with brittle SWNT-only mats.

scopic objects. Since the polymers used here are insulatingRsum is much larger thaiRss or Rum andxs, X, andxs are all

one can safely assume tiRybiymer = Rsm. Therefore Reontact the same order of magnitude. However, current technology
can be substituted with one &&s Rsw, Rum, andRooymer can produce only SWNT mixtures so that the semiconduct-
Taking a single electrical conductive route, one can representing—metallic Schottky junctions will remain the main

it as a series of SWNFTSWNT contacts, whose electrical contributors to the remaining electrical resistance until the

resistance is simply a sum of all these resistances. SWNT separation problem is solved. At last, the third stage
is to minimize the magnitude of, the number of SWNT
R = X[Rswnrs T Reontad = contacts, and more specifically, hopping probability of a
XRownts T X1Rss 1 %Rys T XsRum + X4Rooiymer (1) charge carrier. Creating anisotropic nanoscale structures such

as SWNTs layered structures or alignments or using longer
conducting fillers could be options to reducen the other
respect, bundling of SWNTs may dramatically limit the
number of percolation routes, the magnitudeyohumber

of effective conductive routes, although SWNT ropes may

_ ) . generate reduced and, sometimes, the composite to be
polymer composite. Therefore, the reciprocal of total resis- atallic. The reduction of effective conductive routes is a

tance (IRo), conductance Gy, of a composite can be el issue because of structural mismatch of SWNTs

calculated_as a sum of Fhe reciprocals of electrical resistances, pich implies that not every SWNT junction is effective site
from possible conductive routes. for charge carrier hopping.Therefore, exfoliation in single-
1R, = 1R, + 1R, + ...+ 1/Ry =G, @) strqnded SWNT indeed increases the electrigal conductiviFies
by increasing the total numbers of conductive routes with
From this analysis, we can set the priority of the optimization the same SWNT filling ratio.
process for improving electrical conductivity because the  Using the language of this analysis, one can say that the
largest resistance term dominates the total resistance of eheat treatment improves the quality of SWNSWNT con-
composite. The first stage of the optimization is to minimize tacts by partially removing polymer sandwiched between
the term,XsRpoymes Which was achieved here by thermal them. SWNT LBL composites have much biggetthan
treatment tightening (see the Supporting Information, Figure bucky paper because bundled SWNTs of a bucky paper
S1), because it apparently reduced the gap between thecritically decrease the possible number of conductive routes,
nanotubes (Supporting Information Figure S2). The secondy. Hence, SWNT LBL composite with an order of magnitude
stage should be modification &y to Rss or Rum because lower SWNT contents could demonstrate the level of

wherex = x; + Xz + X3 + Xa.

If a composite has anisotropic molecular structures such
as SWNT alignment, the magnitude of significantly
decreases. Numerous electrically conductive routes exist
which are considered as parallel circuits in a SWNT
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electrical conductivities not too far from some SWNT-only
bucky papers.

Conclusion

In this article, we described electrical properties of pristine

SWNT—polymer LBL film and demonstrated effective

Shim et al.

flexible organic electronics and light harvesting to physico-
chemical sensors in biomedical, space, and civil engineering.

Experimental Section

Materials. Poly(vinyl alcohol) (PVA; MW, 70 000 te~100 000)
and poly(sodium 4-styrene-sulfonate), (PSS; MW, 1 000 000) were
purchased from Sigma-Aldrich Co. The purified HiPco SWNTs

reinforcement, unique optical transparencies, and usefulgeq for the experiment were purchased from Carbon Nanotech-

electrical conductivities with small SWNT contents. The
described SWN¥polymer LBL composites created effective
SWNT-SWNT contacts due to a high degree of exfoliation,

nologies Incorporated (CNI).
LBL Assembly. Purified HiPco SWNTs were dispersed in 0.2
wt % PSS solution with 2 days of mild sonication in a VWR model

high homogeneity, and a thermal tightening of gaps between150HT ultrasonic cleané?. The dispersion with 1 mg/mL of

them. The electrical conductivities measured in the LBL films
were substantially higher than most of other PY8WNT

or polymer-SWNT composites which have conductivities
of 1072 to 10" S/m#25253|n comparison to conductivities of
SWNT mats made of pure nanotube¥4549.5458 (10# to
~1C° S/m), the conductivities here are lower. Although not
exceeding the 20S/m record, the LBL films fill the func-
tional property gap between pure SWNT films and SWNT

SWNTs was centrifuged at 5000 rpm, and then the supernatant was
collected, which became one LBL component. PVA solution (1
wt %) was prepared for another LBL partner. Detailed procedures
of LBL assemblies between SWNTs and polymer are described in
the previous publication from our grodpBy charge-transfer
interaction between PSS which are wrapping SWNTs and PVA,
or by hydrogen bonding between possible COOH groups in SWNTs
and OH in PVA, they formed LBL assemblies on a charged
substrate (glass or Si). Each LBL layering process consists of 10

polymer composite system. We should make three points min of dipping in the PVA or in the SWNT solution, rinsing in

about the LBL structures: (1) the SWNT loading is more

than an order of magnitude smaller than in other thin films,

deionized water, and drying. To denote LBL assemblies, [PVA/
SWNT + PSS} was used in which represents the number of

(2) the SWNTs were not doped, and (3) polymers we used repeated dipping processes in PVA and SWNT solutions.

are insulators. The conductivities of the composite can poten-
tially be improved several orders of magnitude by addressing
these aspects in the future structures. The current electrica
and mechanical data demonstrate of effective transfer of

SWNT properties in organic thin films, which could be ap-

Instrumental Analysis. Scanning electron microscopy images
were taken with a Philips XL30 field emission gun scanning electron
fnicroscope and an FEI Nova Nanolab dual-beam FIB and scanning
electron microscope. Atomic force microscopy imaging was
performed with a Nanoscope Il (Digital Instruments/Veeco Metrol-
ogy Group). UV-vis absorption measurements were taken using

plied in numerous fields, from solution-processed transparent,n’agilent 8453€ U\-vis spectrophotometer. An Agilent 34401A
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multimeter was used for electrical measurements. Mechanical tests
were done h a Q systems model 100 (Test Resources). Thermo-
gravimetric analysis was performed by a Perkin-Elmer Pyris 1 TGA.
Ellipsometric measurements were done by an M-44 IR spectro-
scopic ellipsometer (J. A. Woollam Co., Inc.).
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