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MULTI-LAYER CONDUCTOR WITH 
CARBON NANOTUBES 

FIELD OF THE INVENTION 

The present invention relates to an electronically conduc 
tive article comprising at least one conductive carbon nano 
tube layer in contact With at least one conductive layer com 
prising electronically conductive polymer. 

BACKGROUND OF THE INVENTION 

Single Wall carbon nanotubes (SWCNTs) are essentially 
graphene sheets rolled into holloW cylinders thereby resulting 
in tubules composed of sp2 hybridized carbon arranged in 
hexagons and pentagons, Which have outer diameters 
betWeen 0.4 nm and 10 nm. These SWCNTs are typically 
capped on each end With a hemispherical fullerene (bucky 
ball) appropriately siZed for the diameter of the SWCNT. 
HoWever, these end caps may be removed via appropriate 
processing techniques leaving uncapped tubules. SWCNTs 
can exist as single tubules or in aggregated form typically 
referred to as ropes or bundles. These ropes or bundles may 
contain several or a feW hundred SWCNTs aggregated 
through Van der Waals interactions forming triangular lattices 
Where the tube-tube separation is approximately 3-4 A. Ropes 
of SWCNTs may be composed of associated bundles of 
SWCNTs. 

The inherent properties of SWCNTs make them attractive 
for use in many applications. SWCNTs can possess high (e.g. 
metallic conductivities) electronic conductivities, high ther 
mal conductivities, high modulus and tensile strength, high 
aspect ratio and other unique properties. Further, SWCNTs 
may be metallic, semi-metallic, or semiconducting dependant 
on the geometrical arrangement of the carbon atoms and the 
physical dimensions of the SWCNT. To specify the siZe and 
conformation of single-Wall carbon nanotubes, a system has 
been developed, described beloW, and is currently utiliZed. 
SWCNTs are described by an index (n, m), Where n and m are 
integers that describe hoW to cut a single strip of hexagonal 
graphite such that its edges join seamlessly When the strip is 
Wrapped into the form of a cylinder. When n:m e.g. (n, n), the 
resultant tube is said to be of the “arm-chair” or (n, n) type, 
since When the tube is cut perpendicularly to the tube axis, 
only the sides of the hexagons are exposed and their pattern 
around the periphery of the tube edge resembles the arm and 
seat of an arm chair repeated n times. When m:0, the resultant 
tube is said to be of the “Zig Zag” or (n, 0) type, since When the 
tube is cut perpendicular to the tube axis, the edge is a Zig Zag 
pattern. Where n¢m and m#0, the resulting tube has chirality. 
The electronic properties are dependent on the conformation, 
for example, arm-chair tubes are metallic and have extremely 
high electrical conductivity. Other tube types are semimetals 
or semi-conductors, depending on their conformation. 
SWCNTs have extremely high thermal conductivity and ten 
sile strength irrespective of the chirality. The Work functions 
of the metallic (approximately 4.7 eV) and semiconducting 
(approximately 5.1 eV) types of SWCNTs are different. 

Similar to other forms of carbon allotropes (e.g. graphite, 
diamond) these SWCNTs are intractable and essentially 
insoluble in most solvents (organic and aqueous alike). Thus, 
SWCNTs have been extremely dif?cult to process for various 
uses. Several methods to make SWCNTs soluble in various 
solvents have been employed. One approach is to covalently 
functionaliZe the ends of the SWCNTs With either hydro 
philic or hydrophobic moieties. A second approach is to add 
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2 
high levels of surfactant and/or dispersants (small molecule 
or polymeric) to help solubiliZe the SWCNTs. 

Lavin et al. in US. Pat. No. 6,426,134 disclose a method to 
form polymer composites using SWCNTs. This method pro 
vides a means to melt extrude a SWCNT/polymer composite 
Wherein at least one end of the SWCNT is chemically bonded 
to the polymer, Where the polymer is selected from a linear or 
branched polyamide, polyester, polyimide, or polyurethane. 
This method does not provide opportunities for solvent based 
processing and is limited to melt extrusion Which can limit 
opportunities for patterning or device making. The chemi 
cally bonded polymers identi?ed typically have high molecu 
lar Weights and could interfere With some material properties 
of the SWCNTs (e.g. electronic or thermal transport) via 
Wrapping around the SWCNTs and preventing tube-tube con 
tacts. 

Connell et al in US Patent Application Publication 2003/ 
0158323 A1 describes a methodto produce polymer/SWCNT 
composites that are electronically conductive and transpar 
ent. The polymers (polyimides, copolyimides, polyamide 
acid, polyaryleneether, polymethylmethacrylate) and the 
SWCNTs or MWCNTs are mixed in organic solvents (DMF, 
N,N-dimethlacetamide, N-methyl-2-pyrrolidinone, toluene,) 
to cast ?lms that have conductivities in the range of 10'5 
10'l2 S/cm With varying transmissions in the visible spec 
trum. Additionally, monomers of the resultant polymers may 
be mixed With SWCNTs in appropriate solvents and poly 
meriZed in the presence of these SWCNTs to result in com 
posites With varying Weight ratios. The conductivities 
achieved in these polymer composites are several orders of 
magnitude too loW and not optimal for use in most electronic 
devices as electronic conductors or EMI shields. Addition 
ally, the organic solvents used are toxic, costly and pose 
problems in processing. Moreover, the polymers used or 
polymerized are not conductive and can impede tube-tube 
contact further increasing the resistivity of the composite. 
Kuper et al in Publication WO 03/060941A2 disclose com 

positions to make suspended carbon nanotubes. The compo 
sitions are composed of liquids and SWCNTs or MWCNTs 
With suitable surfactants (cetyl trimethylammonium bro 
mide/chloride/iodide). The ratio by Weight of surfactant to 
SWCNTs given in the examples range from 1.4-5.2. This 
method is problematic as it needs extremely large levels of 
surfactant to solubiliZe the SWCNTs. The surfactant is insu 
lating and impedes conductivity of a ?lm deposited from this 
composition. The surfactant may be Washed from the ?lm but 
this step adds complexity and may decrease e?iciency in 
processing. Further, due to the structure formed in ?lms 
deposited from such a composition, it Would be very dif?cult 
to remove all the surfactant. 

Papadaopoulos et al. in US. Pat. No. 5,576,162 describe an 
imaging element Which comprises carbon nano?bers to be 
used primarily as an anti-static material Within the imaging 
element. These materials may not provide the highly trans 
parent and highly conductive (loW sheet resistance, R S) layer 
that is necessary in many current electronic devices, espe 
cially displays. 

Smalley et al in US. Pat. No. 6,645,455 disclose methods 
to chemically derivatiZe SWCNTs to facilitate solvation in 
various solvents. Primarily the various derivative groups 
(alkyl chains, acyl, thiols, aminos, aryls etc.) are added to the 
ends of the SWCNTs. The side-Walls of the SWCNTs are 
functionaliZed primarily With ?uorine groups resulting in 
?uorinated SWCNTs. The solubility limit of such “?uoro 
tubes” in 2-propanol is approximately 0.1 mg/mL and in 
Water or Water/acetone mixtures the solubility is essentially 
Zero. The ?uorinated SWCNTs Were subjected to further 
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chemical reactions to yield methylated SWCNTs and these 
tubes have a loW solubility in Chloroform but not other sol 
vents. Such loW concentrations are impractical and unusable 
for most deposition techniques useful in high quantity manu 
facturing. Further, such high liquid loads need extra drying 
considerations and can destroy patterned images due to inter 
mixing from the excess solvent. In addition, the method dis 
closes functionaliZation of the tubule ends With various func 
tionaliZation groups (acyl, aryl, aralkyl, halogen, alkyl, 
amino, halogen, thiol) but the end functionaliZation alone 
may not be enough to produce viable dispersions via solubi 
liZation. Further, the side-Wall functionaliZation is done With 
?uorine only, Which gives limited solubility in alcohols, 
Which can make manufacturing and product fabrication more 
dif?cult. Additionally, the ?uorinated SWCNTs are insula 
tors due to the ?uorination and thereby are not useful for 
electronic devices especially as electronic conductors. More 
over, the chemical transformations needed to add these func 
tional groups to the end points of the SWCNTs require addi 
tional processing steps and chemicals Which can be 
haZardous and costly. 

Smalley et al. in US. Pat. No. 6,683,783 disclose methods 
to purify SWCNT materials resulting in SWCNTs With 
lengths from 5-500 nm. Within this patent, formulations are 
disclosed that use 0.5 Wt % of a surfactant, Triton X-l00 to 
disperse 0.1 mg/mL of SWCNT in Water. Such loW concen 
trations are impractical and unusable for most deposition 
techniques useful in high quantity manufacturing. Further, 
such high liquid loads need extra drying considerations and 
can destroy patterned images due to intermixing from the 
excess solvent. In addition, the method discloses functional 
iZation of the tubule ends With various functionalization 
groups (acyl, aryl, aralkyl, halogen, alkyl, amino, halogen, 
thiol) but the end functionaliZation alone may not be enough 
to produce viable dispersions via solubiliZation. Moreover, 
the chemical transformations needed to add these functional 
groups to the end points of the SWCNTs require additional 
processing steps and chemicals Which can be haZardous and 
costly. Also, the patent discloses a composition of matter 
Which is at least 99% by Weight of single Wall carbon mol 
ecules Which obviously limits the amount of functionaliZa 
tion that can be put onto the SWCNTs thereby limiting its 
solubiliZation levels and processability. 

RinZler et al. in PCT Publication WO2004/009884 Al 
disclose a method of forming SWCNT ?lms on a porous 
membrane such that it achieves 200 ohms/ square and at least 
30% transmission at a Wavelength of 3 um. This method is 
disadvantaged since it needs a porous membrane (e.g. poly 
carbonate or mixed cellulose ester) With a high volume of 
porosity With a plurality of sub-micron pores as a substrate 
Which may lose a signi?cant amount of the SWCNT disper 
sion through said pores thereby Wasting a signi?cant amount 
of material. Also, such membranes may not have the optical 
transparency required for many electronic devices such as 
displays. Further, the membrane is set Within a vacuum ?l 
tration system Which severely limits the processability of 
such a system and makes the roll-to-roll coating application 
of the SWCNT solution impossible. Moreover, the Weight 
percent of the dispersion used to make the SWCNT ?lm Was 
0.005 mg/mL in an aqueous solution. Such Weight percents 
are impractical and unusable in most coating and deposition 
systems With such a high liquid load. Such high liquid loads 
make it virtually impossible to make patterned images due to 
solvent spreading and therefore image bleeding/ destruction. 

Blanchet-Fincher et al in Publication WO 02/080195Al 
and in US 20040065970Al illustrate high conductivity com 
positions composed of polyaniline (PANI) and SWCNTs or 
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4 
MWCNTs and methods to deposit such compositions from a 
donor element onto a receiver substrate. The nitrogen base 
salt derivative of emeraldine polyaniline is mixed With 
SWCNTs in organic solvents (toluene, xylene, turpinol, aro 
matics) and cast into ?lms With conductivity values of 62 
S/cm (1 wt % SWCNT in PANI) and 44 S/cm (2 Wt % 
SWCNT in PANI). These ?lms alternatively may be pro 
duced as part of a multi-layer donor structure suitable for a 
material transfer system. The PANI/SWCNT composite are 
transferred from the donor sheet to a suitable receiver sub 
strate in imageWise form. PANI is a highly colored conductive 
polymer thus resulting in a conductive composite With unsat 
isfactory transparency and color, thus it is not suitable for 
high transparency/high conductivity applications such as dis 
plays. Further, the conductivity values are not suitable for 
many electronic device applications. In addition, the compo 
sitions are made in organic solvents, Which may require spe 
cial handling for health and safety, making manufacturing 
dif?cult and expensive. 
Hsu in WO 2004/029176 Al disclose compositions for 

electronically conducting organic polymer/nanoparticle 
composites. Polyaniline (Ormecon) or PEDT (Baytron P) are 
mixed With Molybdenum nanoWires or carbon nanotubes (8 
nm diameter, 20 um length, 60 S/cm). The compositions 
disclosed in this invention are disadvantaged by marginal 
conductivity. 

Arthur et al in PCT Publication WO 03/099709 A2 disclose 
methods for patterning carbon nanotubes coatings. Dilute 
dispersions (10 to 100 ppm) of SWCNTs in isopropyl alcohol 
(IPA) and Water (Which may include viscosity modifying 
agents) are spray coated onto substrates. After application of 
the SWCNT coating, a binder is printed in imageWise fashion 
and cured. Alternatively, a photo-de?nable binder may be 
used to create the image using standard photolithographic 
processes. Materials not held to the substrate With binder are 
removed by Washing. Dilute dispersions (10 to 100 ppm) of 
SWCNTs in isopropyl alcohol (IPA) and Water With viscosity 
modifying agents are gravure coated onto substrates. Dilute 
dispersions (10 to 100 ppm) of SWCNTs in isopropyl alcohol 
(IPA) and Water are spray coated onto substrates. The coated 
?lms are then exposed through a mask to a high intensity light 
source in order to signi?cantly alter the electronic properties 
of the SWCNTs. This step is folloWed by a binder coating. 
The dispersion concentrations used in these methods make it 
very dif?cult to produce images via direct deposition (inkjet 
etc.) techniques. Further, such high solvent loads due to the 
loW solids dispersions create long process times and di?icul 
ties handling the excess solvent. In addition, these patterning 
methods are subtractive processes, Which unnecessarily 
Waste the SWCNT material via additional removal steps 
thereby incurring cost and process time. This application also 
discloses method to make conductive compositions and coat 
ings from such compositions but it does not teach satisfactory 
methods nor compositions to execute such methods. 

Transparent electronically-conductive layers (TCL) of 
metal oxides such as indium tin oxide (ITO), antimony doped 
tin oxide, and cadmium stannate (cadmium tin oxide) are 
commonly used in the manufacture of electrooptical display 
devices such as liquid crystal display devices (LCDs), elec 
troluminescent display devices, photocells, solid-state image 
sensors and electrochromic WindoWs or as components of 
these devices such as electromagnetic interference (EMI) 
shielding. They are also employed in resistive touch screens. 

Devices such as ?at-panel displays, typically contain a 
substrate provided With an indium tin oxide (ITO) layer as a 
transparent electrode. The coating of ITO is carried out by 
vacuum sputtering methods Which involve high substrate 


































