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n the age of hand-held portable elec-

tronics, the need for robust, lightweight

materials becomes increasingly impor-
tant. Of particular concern are conductive
films that are optically transparent and yield
adequate, reproducible, and uniform elec-
tronic properties for display applications. A
variety of materials have been analyzed for
such conductive films,' 3 and single-walled
carbon nanotube networks (SWNTnts) have
shown the most promise. Although they
can become slightly p-doped in air, single-
walled carbon nanotubes (SWNTSs) are
stable in ambient conditions and can yield
reproducible electronic characteristics. De-
vices composed of SWNTs can obtain ex-
tremely high mobilities and ON/OFF ratios,
while network devices can yield characteris-
tics that are competitive with amorphous
Si.*> Of critical importance is the ability of
these nanotubes to operate at low voltages
and have low threshold voltages (a major
setback for most organic semiconducting
materials).’ Finally, the flexibility and
strength of carbon nanotubes (CNTs) makes
them the most logical candidate for use in
flexible displays and electronics. CNTs have
not yet been implemented in practical de-
vice architectures primarily because of the
difficulty in device fabrication (uniformity
over large areas) and processing. Despite
the impressive properties of single-tube de-
vices, they are difficult to fabricate and vir-
tually impossible to scale up. In addition, as-
grown nanotubes are typically a mixture of
semiconducting and metallic types. Re-
searchers have documented methods of
preferentially growing one type versus the
other, but no synthetic method yields 100%
of one type and yield is relatively low.® Puri-
fication techniques such as density gradi-
ent ultracentrifugation,” polymer wrap-
ping,® electrical breakdown of metallic
tubes,’® surface sorting,'® and others''~'°
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have been shown to be moderately suc-
cessful, but most are difficult for scale up
or some may drastically alter the electronic
properties of the purified tubes. As Kim et al.
show in their article in this issue, these prob-
lems can be readily solved by the use of
nanotube networks where the range of
electronic behaviors can be averaged out.'®
These networks lose the phenomenal elec-
tronic properties of individual nanotubes
but can carry significantly higher currents
and can readily be scaled up. The network
enables multiple percolation pathways be-
tween source and drain, and hence, the
greater the density of SWNTSs, the higher
the maximum current. This density reduces
the mobility of the film due to the large
number of tube—tube junctions, but the re-
sulting devices can still have mobilities
greater than 1 cm? V™' s, which is com-
petitive with amorphous Si and, hence, us-
able in electronic displays. To maximize the
current density of the network, the align-
ment (or randomness) of the SWNTs can be
altered. As shown by Pimparkar et al., the
degree of alignment can dramatically influ-
ence the performance of the network de-
vice." A similar trend was observed with
spin-assembled SWNTnts.'®'® Whereas
alignment is important in reducing carrier
path lengths and hence improving mobili-
ties, perfect alignment reduces the number
of percolating paths, requiring a signifi-
cantly higher density of SWNTs in the net-
work. The higher the density of the network,
the higher the probability of a purely metal-
lic percolation pathway, which would short
the entire device.

Subsequently, the primary restriction
with the use of as-grown random SWNTnts
is the presence of these percolating metal-
lic pathways. As noted above, electrical
breakdown/burnoff of metallic single-
walled carbon nanotubes (M-SWNTSs) can

ABSTRACT Random networks of
single-walled carbon nanotubes show
promise for use in the field of flexible
electronics. Nanotube networks have
been difficult to utilize because of the
mixture of electronic types
synthesized when grown. A variety of
separation techniques have been
developed, but few can readily be
scaled up. Despite this issue, when
metallic percolation pathways can be
separated out or etched away, these

networks serve as high-quality thin-

film transistors with impressive device

characteristics. A new article in this

issue illustrates this point and the

promise of these materials. With more

work, these devices can be
implemented in transparent displays
in the next generation of hand-held

electronics.

See the accompanying Article by Kim et

al. on p 2994.

*Address correspondence to
zbao@stanford.edu.

Published online June 22, 2010.
10.1021/nn101092d

© 2010 American Chemical Society

. . _ . ACS AN
VOL.4 = NO.6 = 2975-2978 = 2010 “"1%%\\\

J

2975



2976

Vv

N

These networks lose the
phenomenal electronic
properties of individual
nanotubes but can carry
significantly higher
currents and can readily

be scaled up.

be used,® but the electrical fields re-
quired cannot realistically reach an
industrial scale. A more practical
method, as discussed by Pimparkar
et al. and Ryu et al.?° and utilized by
Kim et al.,'® is the striping technique,
wherein the random SWNTnt is
etched into individual stripes to cut
off these metallic pathways. In the
article by Kim et al., strips of 5 um
width separated by spacings of 2
pm are fabricated by photoresist
deposition and oxygen plasma ex-
posure. The strip width is chosen
based on percolation theory. De-
pending on the length distribution
and density of the nanotube net-
work, a metallic percolation path-
way could develop that spans the
channel length. Due to the random
growth, this percolation path will
likely span a certain amount of the
channel width, as well. By etching
the device channel into short strips,
these conducting pathways are bro-
ken, leaving primarily semiconduct-
ing strips. The strip and gap widths
are optimized to break all metallic
pathways while still maximizing the
semiconducting pathways to maxi-
mize current carrying capacity.
Upon optimizing this process, Kim
et al. were able to fabricate devices
consistently with ON/OFF ratios
>10% ON currents around —2.5 pA,
mobility around 20 cm? V=571, and
threshold voltage around —0.5 V.
The authors claim that 90% of de-
vices fabricated yielded similar re-
sults, deviating by roughly 10%. This
shows some promise given that re-
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producibility has often been an is-
sue for random SWNTnt devices.
To date, random networks of
carbon nanotubes have been uti-
lized in a variety of applications,
most of which have simultaneously
exploited their transparency and
their conductivity as an electrode
material. In these applications, the
efforts to cut off metallic pathways
are abandoned entirely in order to
maximize the current density of the
film. High densities of nanotubes
(which can be multiwalled, single-
walled, or bundled) are grown or
deposited to allow for a large num-
ber of conductive percolation paths.
The conductivity and optical trans-
mittance are inversely related and
must be balanced by tuning the
nanotube film density and thick-
ness. A thicker, higher density nano-
tube network produces a more con-
ductive film but absorbs more light;
sparse networks can yield extremely
high transmittance but low conduc-
tivity, as shown in Figure 1. High
conductivity and high transmit-
tance are crucial for use in organic
photovoltaic electrode material. Op-
tical transparency allows photons

to reach the active material,
whereas high conductivity is neces-
sary to collect the positive charge
carriers fully and to increase solar
cell efficiency. Film smoothness can
be an issue in this case, as stray
tubes penetrating the active ma-
terial can short the cell.?2 Conduct-
ing nanotube films have also been
implemented in organic light-
emitting diode (OLED) displays,
typically acting as the anode ma-
terial. Such devices can obtain high
transmittance, high flexibility, and
high luminescence, as shown by Li
et al. and Sekitani et al.?* (see Fig-
ure 2).

Most efforts in utilizing SWNT-
nts as transistor materials are car-
ried out using solution
processing—dispersing the nano-
tubes in solvents or polymers, fol-
lowed by deposition on rigid or flex-
ible substrates.*?2%° Similar to as-
grown networks, the striping
technique, as described above, can
be used to improve the perfor-
mance of high-density networks. Ef-
forts to separate the nanotubes in
solution typically leave the nano-
tubes dirty or defective, which can
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Figure 1. Transmittance vs conductivity. (a) Transmittance of spray-coated SWNTnt
layers with different thicknesses. Note that increasing thickness reduces sheet re-
sistance (increases conductivity) but reduces transmittance. Reproduced with per-
mission from ref 4. Copyright 2007 Elsevier. (b) rr-P3HT:CNT composite films on
PET (left) and glass (right). Reproduced with permission from ref 21. Copyright

2009 American Chemical Society.
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Figure 2. Ultimate goal: LED displays on a flexible substrate. Nanotubes are used

as a conductive ink embedded in a conducting rubber in a two-organic transistor,

one-capacitor (2TIC) driving cell. Reproduced with permission from ref 24. Copy-

right 2007 Nature Publishing Group.

dramatically limit the eventual tran-
sistor performance. Polymer disper-
sion/wrapping has promise in sepa-
rating the nanotubes, but
subsequent purification of this com-
posite to obtain the separated
nanotubes from the polymer can
be extremely difficult.® Recent ef-
forts to separate the SWNTs during
deposition by exploiting molecular
interactions with organic functional
groups have shown some
promise.'%181925 |n this surface sort-
ing technique, the SWNTnts are de-
posited and aligned from solution
via spin assembly on amine-coated
surfaces to produce moderately
pure semiconducting networks
(aromatic surfaces produce metallic
networks). The process yields high-
quality and reproducible network
devices and can be readily applied
to flexible substrates.

The plastic substrates to be used
present a problem for most process-
ing of these networks. These sub-
strates cannot survive the tempera-
tures required for the chemical
vapor deposition growth of the
SWNTnt or the oxygen plasma treat-
ment in the striping technique. For
this reason, most work with SWNT-
nts on flexible substrates requires
the use of solution-processed nano-
tubes, which produces its own set
of problems: choice of solvent, pu-
rification from catalyst,?” deposition
technique,'® separation,’? and so
on. Research is ongoing to solve
each problem. Alternatively, trans-
fer printing of these SWNTnt stripes
from quartz to plastic could side
step these problems even though
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it is more difficult to scale up. The
transfer method has been shown to
yield highly reproducible results
with minimal to no damage to the
original device network.23! De-
spite their past difficulties, the hope
of adequately integrating SWNTnts
into modern devices seems to have
come to fruition. High-quality
active-matrix OLED thin-film transis-
tor circuits can be fabricated and
utilized in OLED pixels. Perhaps
within the next decade, these nano-
tube networks will find themselves in
the displays of the next generation
of hand-held electronic devices.

Despite their past
difficulties, the hope of
adequately integrating
SWNTnts into modern
devices seems to have

come to fruition.
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