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ABSTRACT

Ultrathin, uniform single-walled carbon nanotube networks of varying densities have been fabricated at room temperature by a vacuum filtration
method. Measurements of the sheet conductance as a function of nanotube network density show 2D percolation behavior. In addition, the
network transparency in the visible spectral range was examined and the results are in agreement with a standard thin-film model: fits to the
standard theory indicate @z = 6y for transmission measurements at 550 nm. Transmission measurements also indicate the usefulness of
nanotube network films as a transparent, conductive coating. Avenues for improvement of the network conductance are discussed.

Since their discovery in the early 1990s, single-walled carbon uses a random array of long conducting sticks to study the
nanotubes (SWNTSs) have been exhaustively researched, anébrmation of conducting channels across a material. Our data
still only the surface of their potential has been scratched. is in good agreement with predictions made by this particular
Their usefulness in applications stems from their amazing percolative model and expands on previous studies of
physical properties: single tube devices have mobilities as percolation behavior for nanotube-composite fiffig?
high as 100,000 cfVs,! current carrying capacities of 10  Complementing the percolation studies, we have measured
Alcm? (ref 2), and ON/OFF current ratios as large a830  the transparency of these NTNs in the visible spectral range.
However, applications using single nanotube devices, thoughQur findings show agreement with prior optical stuéiemd
superior in some aspects, have the major flaw of irrepro- reveal that NTNs have potential applications as transparent,
ducibility. It is difficult to reproduce single tube devices conductive coatings, with properties comparable to, yet
consistently due to the variations in chirality and geometry pelow, indium tin oxide (ITO), which is the current industry
from tube to tube. However, in a nanotube network (NTN), standard.
the effects due to such individual variations are suppressed There are several methods for fabricating nanotube films,
by the ensemble averaging over a large number of tubes.including drop casting from solvents,spin coating and
Therefore, NTNs can be reprod_u<_:|bly mass _produceq, andquasi-LangmuHLBlodgett depositioft for isotropic films,
cone S0 o o st 870 11 e, kg e e and dip-casing Langmur. Bodgetdeposiont an ges

' flow cells®® for oriented films. These methods can lack,

as thin-film transistors? diodes; field-activated optical however, film homogeneity and uniformity, efficiency of film

modulators, strairf and chemical sensofsfjeld emission . ) : . X
o lod1 : : 1 production, film thickness controllability, and can be subject
devicesi®*and transparent conductive coatirigt/e }? and . g .
to flocculation due to van der Waals interactions between

3 -
another group; have shown that a NTN containing a nanotubes. To produce uniform films of single-walled

significant number of both metallic and semiconducting R :
. . =~ nanotubes, we used a vacuum filtration method that involves
nanotubes can operate as the conducting channel in a fiel - ) ) .
) . . vacuum filtering a dilute suspension of nanotubes in a solvent
effect transistor (FET) configuration. over a porous alumina filtration membrane (Whatman, 20
We have focused on two fundamental physical properties po! . : e
nm pore size, 47 mm diameter). For our experiment, purified

of NTNs: DC conductivity and optical transparency. In HPC b di er 2 nm- lenath 2
particular, for the former case, we have explored the DC 0 nanotubes (avgrage lameter 2 nm, average leng
um) were sonicated in chloroform for 30 min to dissolve

conductivity of the film as the density (nanotubes/area) . . )
changes from a rare, submonolayer network, to a thick film. and debundle the nanotubes, making a solution with 0.2 mg
NT per liter of chloroform. This solution was then quickly

This falls under the marquee of percolation theldry which ) X |
studies the formation of conducting pathways in different Vacuum filtered through a 66m thick alumina membrane

dimensions, using objects of various geometries. One model(time scale of a few seconds). As the solvent falls through
the pores, the nanotubes are trapped on the surface of the

* Corresponding author. E-mail: ggruner@ucla.edu. filter, forming an interconnected network. The density of this
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Figure 1. SEM images of the NTNs on alumina substrates, taken at 1.5 kV aAdeBnission current. (a) Network resulting from filtering

7 mL of NT solution through the membrane. The filter pores are not visible in the scale shown. The network is near the percolation
threshold and has few or no percolative paths through the sample. (b) 10 mL of NT solution for this sample. The network is above the
percolation threshold and has several parallel pathways, allowing conduction across the film. (c) Film resulting from 400 mL of solution.
Film is several layers thick.

network (nanotubes/area) can be controlled with high preci- EE—————————————
sion by simply controlling the volume of dilute suspension 00025 | T |
filtered through the membrane. Our method also has the £ .
benefit that the speed of the vacuum filtering process does
not allow for tube flocculation, creating optically homoge-
neous films. Another factor that aids in homogeneity is that
the denser regions act as a blockade to fluid flow through
the filter, allowing rarer regions to accumulate tubes. The
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method is inexpensive, scalable to large areas, and allows . -
for the transfer of the film to other surfaces by membrane ' o.0010-
dissolution’ o

Figure 1 shows SEM images of three different samples § o000 oo
(a, b, and c) that have been prepared by filtering a volume 5 . - oot
of 7 mL, 10 mL, and 400 mL, respectively, through the . 00000-¢
alumina. Several features can be noted in these images. First, 0.0000 = — . T T
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though not shown here, images taken at various spots along Volume (mL) of NT in Chloroform solution where C=0.2mglL

the filter, sometimes separated by as much as 1 cm, show

no noticeable difference in film characteristics, indicative Figure 2. Sheet conductance vs volume of NT in chloroform

of the spatial uniformity of the film. Also, the nanotubes solution. Notice the onset of conduction when the first percolative

appear randomly oriented with no preferential directions, Path across the sample is formed, indicatedvby= 6 mL on the

allowing application of the percolation theory of a random lower right inset. This inset shows the Eower fit in the percolation
S s " . . region, where the critical exponemt = 1.5. Outside of the

distribution of conducting “sticks.” Notice, however, thatin  ,areolation region one starts to enter a linear regime. The inset in

these networks, each “stick” is actually a small bundle of the upper left is the measured network resistance versus the source

nanotubes, because nanotubes tend to be attracted to eadtvain distance, for networks of the same density.

other through van der Waals interactions. We count each . . . .

W . - of the resistance vs the contact separation; a typical plot is
bundle of nanotubes as one “conducting stick” (CS). Percola- . )
tion theory requires only that the CS has a length that is shown on the left upper inset of Figure 2. The plot shows a

much greater than its diameter (the aspect ratio of the bundles/-Ntercept (resistance at zero channel length) 8 times smaller
is still of order 100). By manually counting the number of than the resistance of the network at 3 mm channel length,
CS present in several images, we arrive at the average density€ typical length used in our DC percolation measurements.
(CS per area) fo¥ = 7 mL is 1.2 CS/urhandV = 10 mL This indicates that the resistance is dominated by the
is 1.7 CS/urd As expected, the CS density is proportional nanotube network, with only small contributions from the
to the volume of solution applied to the filter; i.e., if more gold/nanotube interface at the contacts.

nanotubes are used, a denser film results. Using this fact,
the volume of NT solution used to make each filter can be
directly converted into a CS density, using the conversion

For the percolation study, several samples were made on
identical filters, varying only the volume of solution (and
factor of 0.17 CSkm? mL. Fhere-fore the NTN density). After the samples were prepared,

Before measuring the DC conductivity of the NTN in the identical gold cc_)nta(?ts were evaporateq to produce a NT
percolation region, we verified that all resistances measuredChannel 5 mm in width W) and 3 mm in length1). A

standard two-probe measurement was made to measure the

were due to the nanotubes in the network and not due to the ]
gold/nanotube interface at the contacts. To measure theDC resistanceR) between the two gold contacts. To make

contact resistance, different sets of gold contacts were cOmparisons with other work, resistance was converted to
evaporated onto the same filter, varying only the separation Sheet resistanc&{), which is defined?z = R(WIL). Figure
distance between the contacts (width between contacts held® shows a plot of sheet conductar@gdefined as 1) vs
constant at 3 mm). The resistance between contacts ofvolume of the solution filtered through the alumina mem-
different channel length was then measured, and plots madebrane (proportional to NT density).
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Standard percolation theory predicts that the density 100000 ;7—————F——

dependence of the conductivity is given by
o O(N—NY* 1)

Here, o refers to the conductivity in three dimensions and
the sheet conductand® in two dimensionsN is the CS
density, and\; is the critical density corresponding to the
percolation threshold. For the random distribution of the CS
model!* the critical density is given by

I /7N, = 4.236 )

Here,l is the length of the CS. Equation 1 holds close to the
transition; while well above the critical density, one expects

1 — T={1+(2weR ,)(o,,
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o enter a region of linear dependgnce 0!" deQS|ty. The lecél Figure 3. Transmittance at 550 nm for NTNs of various sheet
expon_ent_pn, depehds Or?ly on the dlmens!onallty of the space, resistances. The solid line is a fit to eq 3. We find that= oyc

for a film in two dimensions, theory prediats= 1.33, while provides the best fit for the NTN data. Our data are in agreement
in three dimensions. = 1.9426 The lower right inset of

with data provided by Manohar et al.
Figure 2 shows a fit of eq 1 to our data in the percolation

region, using a critical volume value of 6 mL. The best fit for by counting errors, or by nanotubes on the film that are
to our data yields an experimentally measured value sf not resolvable by the SEM, thus causing undercounting of
1.5, which is close to but somewhat higher than theory the CS density.

predicts. There are several reasons why the measured and For NTNs that are on the conductive side of the percolation
theoretical values would differ. First, critical exponents hold threshold, a possib|e app”cation exists in the area of
in the limit that one approaches the critical point. Since our transparent, conductive Coatings_ We have evaluated the
measurement must encompass a range of points around thgptical transparency, defined as the measured ratio of the
critical point, the exponent is not guaranteed to be exactly transmitted and incoming radiation power at a chosen
4/3. In fact, as we approach the critical point, including fewer wavelength (our data is presented at 550 nm, for comparison
and fewer points in our fit, the exponent converges to 4/3. with previous work). For the visible spectrum transmission
Discrepancies may also arise because our nanotube film isdata, a Beckman Coulter DU 640 spectrophotometer was
not perfectly two-dimensional, and one could be observing ysed, and measurements collected in the wavelength range
some crossover into three dimensions, where the critical from 400 to 1100 nm. Special care was made to deconvolve
exponent ) is 1.94. Theory also does not account for the the signal from the alumina substrate from the signal due to
fact that both metallic and Semiconducting nanotubes con- the nanotubes by measuring the transmission 5igna| from
tribute to the conducting paths that are formed, with twice each blank substrate before laying down the nanotube film
as many semiconducting as metallic tubes. The resistanceand measuring the transmission of the film plus the filter.
of metallic-metallic tube interconnects has been shown to Fiims of various thickness (and therefore various sheet
be less than the resistance of metatsemiconducting  resistances) were made by the same vacuum filtration method
junctions, due to the presence of a Schottky baffier.rare  as described previously. The transmittance of the films at
networks, the probability of all metallic tube paths is quite 550 nm vs the sheet resistance is plotted in Figure 3. Our
low, so that the conductance is limited by the Schottky data are in good agreement with Manohar et%alvhere a
barriers. However, as the network density increases, moretransmittance of 85% is measured s = 1000 ohms/sq.
pathways involving all metallic tubes are formed, yielding  Equation 3° models the transparendyof a thin metallic

an increase in conduction with film density that is not film in air, assuming that the film thickness is much less
accounted for by standard theory. We note that prior than the wavelength (in our case films are on the order of

experiments on nanotube composites in three dimensions10-20 nm thick and optical wavelengths are around 550
found o values of 1.2 and 1.37° which are substantially  nm):

different compared to theoretical prediction@f= 1.94.

For the CS model of a random distribution of sticks, theory

1

1

predicts the value of the critical densily, given as eq 2. T= o > or 0w )2 3
Assuming an average nanotube length of 2 um (verified by (1 + —Uacd) (1 + )
SEM images), we calculate a theoretical critical density of ¢ € Rade Te

1.43 CS4m?. Using the data we obtain by counting the SEM
images of films made at the critical volume of-8 mL, we
measure a density of 1.2 G&®#? at the critical point. The
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Here,oqc is the DC conductivitygs,. is the optical conductiv-
ity, andd is the film thickness. We assunagd/oq. remains
discrepancy between the data and theory can be accountedonstant for NTNs of different densities in the measured
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0.00045 ——————————T———T———T——T——T——T—— imperfections lead to nonconducting (or poorly conducting)

oo | ™ Optical transmittance =] metallic nanotubes, or if metallic tubes are eliminated through
g — Gopt~v ohmic annealing. However, in rarefied networks, percolation
g "o 4 DC conducﬁance 1 issues can also tend to increase the on/off ratio. For a sample
£ 0.00030- — G~ (V-V) J with very few pathways from source to drain, there is a high
S 000025 1 probability that there will exist no continuous all-metallic
= ] tube paths, therefore yielding a negligible off current, and
§ 0.00020 - . an on/off ratio several orders of magnitude higher than the
'§ 0.00015 ] on/off ratio for a thick film.
E 000010 ] 1 The nanotube network architecture, in addition to being
3 ’ flexible and conductive, is a transparent medium, opening
& 0.00005 LT up new application opportunities. Concerning the optical

0.00000 v / ] transparency of NTNs in the visible spectral range, our

————T experiments indicate that the parameters important for
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applications are close to, but nevertheless below, ITO, which
is the standard material used in transparent conducting

Figure 4. DC and optical sheet conductance at 800 nm vs volume material applications. Significant improvements are expected,

of NT solution. The optical conductance was calculated using eq 3 however, with appropriate materials optimization. The overall
from the measured transmitted power at 800 nm. The arrow .,q,cance is limited by the intertube resistance of 168 M
indicates the DC percolation threshold. The optical conductance is ; .
proportional to nanotube density. about 4 orders of magnitude larger that the resistance of the
tube themselves, 10¢k The same ratio is obtained if one
compares the mobility of single nanotubes (100 00G/cm
Vs) with that of networks (between 10 and 100%tvis).
Reducing the intratube resistance therefore appears to be the
primary avenue for increasing device performance.

optical frequency range. By plottinBqc vs T and fitting

the data to eq 3, one can estimate the value g@&q.. We
find that o,c = gqc provides the best fit (see Figure 3).
Ruzicka et ab! performed conductivity measurements on
NTNs from DC to the optical spectral range and concluded

thatoa. = 3oqc at 500 nm for their films, in broad agreement Materials Creation Training Program (MCTP) DGE—
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Notice that in Figure 3, even for rare networks (high sheet supported by NSF grant 0404029.

resistance), 100% transparency is not observed. To investi-
gate this, we examine the optical conductance of NTNs that paterences
are near the DC percolation threshold. To calculate the optical
conductance, eq 3 was used to convert transparency of the
films at 800 nm to optical sheet conductance. Figure 4 shows (2) Yao, Z.; Kane, C. L.; Dekker, Phys. Re. Lett. 200Q 84, 2941.
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