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ABSTRACT

We report the direct synthesis of strong, highly conducting, and transparent single-walled carbon nanotube (SWNT) films. Systematically,
tests reveal that the directly synthesized films have superior electrical and mechanical properties compared with the films made from a
solution-based filtration process: the electrical conductivity is over 2000 S/cm and the strength can reach 360 MPa. These values are both
enhanced by more than 1 order. We attribute these intriguing properties to the good and long interbundle connections. Moreover, by the help
of an extrapolated Weibull theory, we verify the feasibility of reducing the interbundle slip by utilizing the long-range intertube friction and
estimate the ultimate strength of macroscale SWNTs without binding agent.

Because of their optical transparency and unique electric obtain high conductivity, SWNTs must be well purified and
properties together with mechanical flexibility, film-like dispersed from sootlike morphology, which usually costs
single-walled carbon nanotubes (SWNTSs) are attractive notseveral days and leaves unrecyclable chemical residues.
only for fundamental researches but also potential applica- Besides, the comparative low strength of these films is one
tions. For example, large optical nonlineafityyibpicosecond  of the challenges for their applications, especially in the field
optical responseé and bolometric infrared photorespofse of high-strength enforcement sheets.

have been observed in SWNT films, and the feasibilities of
using SWNT films or networks as senséfsdiodes’ and
field effect transistos have already been demonstrated.
Recently, highly conducting transparent SWNT films (t-
SWNTSs) have also been fabricated by a kind of controlled
filtration-deposition processwhich could be used as trans-
parent electrodes for GaN/InGaN or flexible organic light-
emitting diodes®**However, almost all of the above reports
focused on the post-treated SWNT films, which are obtained
through solution-based filtration processes. As known, to

Here we report the direct synthesis of strong, highly
conducting, and transparent films through a further developed
floating catalyst CVD (FCCVD) technique that is based on
the methods of producing large-scale nonwoven SWNTSs.
As catalyst source, ferrocene/sulfur powder is heated to 65
85 °C and flowed into a reaction zone by the mixture of
1000 sccm argon and-18 sccm methane. The growth rates
of the films are mainly determined by the sublimation rate
of the catalysts. Under typical conditions, after 30 min
growth, thin films with a thickness of 100 nm will form in
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€ 1 omogenous Film i_n the visible region of the spectrum is over 65%. W_h_en the
e films are coated on the other substrate and densified, the
transparent transmittance will increase about30% due to a denser
inhomogenous Fim structure and smoother surface. The absorpti_on peak; in the
- g vy rage of 600 nm to &m come from the electronic transitions
&parem of the semiconductive and metallic SWNTSs, respectively,

i and according to that, the diameters of the nanotubes in the
films could be assigned to between 1.2 and 2.0'ithis
diameter distribution is consistent with Raman spectrum (see
Supporting Information).

The measurements of the sheet electrical resistances of
the as-grown films are carried out on a two-pillar metallic
holder (see Figure 1b) and recorded by a Keithley 4200
system. Although some contact resistance is introduced in
this kind of two-lead measurements, the measured sheet
resistances are intriguingly low (Figure 3b). The sheet
Figure 1. (a) Photo image of an as-grown 250 nm thick film. (b) resistance is 5@/square for the 100 nm thick film, wh|_ch _
A transparent 100 nm thick film freely stands between metallic has transmittance greater than 70% on substrate. Considering
pillars. (c) A 150 nm thick homogeneous (upper one) and that the tested films have not undergone any chemical
inhomogeneous films. The importance of homogeneity is obvious. treatment, which usually increases the conductivity several
(d) Large-scale SEM image of a 250 nm thick film. The inset image times?* this value is remarkable low for such transparent

is taken at higher magpnification. (e) SEM image of SWNT network . . .

in a single Ia;ger. The 8vhite arrow(s i)n the imagg point out the Y-type fllm. To decrea_se the |nﬂue_nce of the t_hl_ckneSSl(_n(_:er—
the sheet resistance vs thickness curve using the foreula
= 1/Rt The best fitted conductivity is 2026 S/cm, over 60
times larger than that of unpurified HIPCO SWNTSs transpar-
| ent films and near 3 times of the purified arc-discharge

SWNTs films!! This value is amazingly low because,

100 nm_|
Monwoven
Film

synthesized films with serials of optical, electrical, and
mechanical tests.

To obtain high-quality transparent films, several crucia
improvements have been made compared with an earlier ) . , >t
preparation procedure: (i) the growth rates are well con- cOmpared with as-produced HiPCO SWNTs, their purities
trolled by precisely controlling the sublimation rates of the a'€ Similar (75-85 wt %).
catalysts, (ii) the impurities in the as-grown films are further ~ Although the axial conductivity of a SWNT rope can reach
reduced compared with our earlier results, (iii) the homo- 10 000-30 000 S/cn? conductivity in films or networks
geneity of the films is ensured by the intentionally stabilized are usually 1 or 2 orders lower. It is believed that the
gas flow in the quartz tube. As seen in Figure la,b, the conductivity of the films is dominated by the intertube
homogeneity of the film is good enough in a typicak5L0 junctions. Purifying or compacting the films have been
cn? area to reach optical transparency. If the films are not proved favorable to increase the conductivity to a certain
well homogeneous, due to the severe diffusion, they will lose degre€:**In our case, we found the unique structure results
high transparency even if they are thin enough (Figure 1c). in the high conductivity: (i) The bundles in the films are
Figure 1d is the SEM image of a 200 nm thick as-grown not randomly distributed but preferentially aligned by the
film, and we can see SWNTs are homogeneously distributedflow when they are growing in the reaction zone. Figure 1e
and entangled with each other, and impurities are at a lowis the SEM image of a single layer of bundles peeled off
level. Because the as-grown films are not compact, the from a 100 nm thick film. It indicates that almost all the
thicknesses are of meaning only for the densified films. We Y-type junctions are along the flow direction. The preferential
sliced a piece from each of the films and densified them by orientation results in anisotropically mechanical property: the
ethanol on silicon substrates and then measured the thick-strength in the flow direction is much higher than that in
nesses by atomic force microscopy (AFM) at step edges.the vertical direction. Because of the anisotropic strength,
Serial validation experiments have shown that the thicknessesall the films suspended between two metallic pillars are
determined by this method are reliable, so all the thickness mounted along the preferential direction, which effectively
values referred to in this paper are obtained by this methodenhances the conductivity as revealed betbréi) The
although most other types of tests are based on the as-growrbundles in the films firmly connect with each other when

samples. The density of the densified film is £3.1 g/cnd, they are growing and forming continuous preferential 2-D
from which we can infer the free volume in the densified web at high temperature, whereas in the films made by
films, is about 26-30% (see Supporting Information). filtration, the contacts are weak and sometimes blocked by

Figure 2a shows the transmittance spectrum for the as-amorphous carbon. In fact, the bondings at the junction parts
grown freestanding films with different thickness, and the are so strong that when we try to disperse the tubes in
spectral range covers from ultraviolet to the mid-infrared acetone, the films still keep their intactness even after hours
region. For 100 nm thick film, which is the thinnest film we  of ultrasonication. Up to now, although many techniques
can intactly peel from the wall of the quartz, the transmittance have been developed to treat SWNTs, few methods are
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Figure 2. (a) Transmittance spectra for as-grown films with different thicknesses. The numbers above the curves notify the thicknesses,
and the uppermost short curve corresponds to the 100 nm thick film on glass substrate. S1,S2 represent the electronic transitions for the

semiconducting SWNTs in the films, and M1 represents that of the metallic nanotubes. (b) Sheet resistance vs thickness of SWNT films.
The solid line is the best fitted curve according to the definition of electrical conductivity.
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Figure 3. (a) SEM image of an unstrained film. (b) Typical SEM image of the film afted 8% strain before broken. (c) SEM image at

the breaking point. (d) Macroscopic SEM image near the breaking point. The film is going to be split. () Schematic diagram of the
structure deformation process during extension. (f) Schematic diagram of one simplified mesh and its morphology after 33% extension. (g)
Drawing a (10,10) SWNT from a (10,10) bundle (upper two images), and the interbundle slipping within a 17 nm wide (10, 10) shared
bundle. It is easy to count out that the area of the slipping surface is about 10% of the total outer surface for the SWNTs in a semibundle.
(h) Low-magnification TEM image for some typical stretched SWNT meshes.

reported to improve the electrical contacts between bundles.3e. On the basis of the observation, we suggest that when
Our result shows that connecting bundles into a continuousthe strain is far below the strain-to-failure, the “meshes” in
net when they are growing is an effective way to obtain better the networks extend continuously and homogeneously; with
contacts and then lower sheet resistance. increasing strain, stress concentrations occur at weak places
Because of the preferentially oriented and firmly connected and become more and more severe; near to the stain-to-
network structure, an unusual mechanical property is ex- failure, extension mainly occurs at the breaking point, where
pected. By the use of a homemade microextensometer semeshes are destroyed and left tubes completely align. Once
inside the SEM chamber, we observed the in situ morphol- the breaking point develops, the concentrated stress will split
ogies when the films were extended along the preferential the films rapidly. To clarify the load transfer mechanism,
direction. The changes of morphology are shown from parts we simplify a mesh as a hexangular basic unit. As seen in
a to d of Figure 3, and a schematic illustration to show the Figure 3f, the maximum extension ratio of the basic unit is
deformation process for a single net layer is plotted in Figure 33%, far higher than the typical strain-to-failure of the films
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Figure 4. (a) Tested strainstress curve for a 200 nm thick film (solid line), and best-fitted curve (circle points) with formula (eq 2). (b)
Calculated strength distribution for the meshes in the film (solid line), and an assumed distribution with shape parameter of 3 (dot line).

(10%). Hence we have good reason to infer the mechanical(10,10) tube from a bundle composed of (10,10) tubes is
property of the macroscopic films is dominated by the basic 0.58+ 0.71L x 103 (eV/A), whereL is the contact length.
units, meshes, rather than straight bundles, and the load is~or a 17 nm wide by lum long (10,10) shared bundle
homogeneously transferred to whole film through shared (Figure 3g), where slipping only occurring at the interface
bundles of adjacent meshes. of the semibundle, the friction force is 61 nN, the corre-

To evaluate the films’ mechanical property exactly, tensile sponding maximum stress on each semibundle is 540 MPa.
tests were performed. The as-grown films were first stuck In our films, the typical contact length isgm (Figure 3h)
onto center-hollow paper cards and then mounted in the and average bundle diameter is 20 nm, so it seems reasonable
tensile test apparatus (Instron 5848 microtester, load cell 5N)that the strength of the macroscopic films lies in the same
with cards. The sheet gauge lengths were fixed to 1 cm, thescale.
widths vary from 3 to 5 mm, and the extension rate was However, strictly speaking, the measured strength of the
1%/min. Figure 4 shows the tensile test result of a 200 nm macroscopic films cannot be directly used to test Ruoff's
thick film, and as expected, the film exhibits high tensile theory because the distributed meshes’ strengths and local
strength and good toughness. The tensile strength is 360 MPastress concentration will dramatically decrease the strength
which is 30 and 10 times higher than typical bulky paper when the scale increases. To create the link between the
and sheets from oleufirespectively; the density-normalized  strength of macroscopic films and that of micromeshes, we
stress is 280 MPa/(g/ciny which is higher than that of  employ Weibull distribution.
undensified MWNT sheets drawn from nanotube array but  Weibull distribution function is introduced by Waloddi
lower than that of the densified on¥sThe Young's modulus ~ Weibull and widely used in the last century to model material
is about 5 GPa. Compared with the theoretical strength of strength, times-to-failure of electronic and mechanical com-
individual SWNT (37 GPa), the film strength is 2 orders ponents or systems. When it is used to describe the
lower. That is because, similar to other engineering materials, mechanical property of a carbon fiber bundle, the broken
the strength of macroscale SWNTSs is dominated by the stresspossibility for each fiber in the bundle under straicould
transfer mechanism rather than individual CNT’s strength. be written as:

As known, despite the high stiffness and strength of
individual SWNTSs, the slips between nanotube surfaces Ple)=1— o L(elem 1)
shadow the prospect of using SWNT bundles as enforcing
material in composite¥:?° To resolve the “slipping prob-
lem”, several routes have been proposed such as reducin
the bundles’ diametef8 bridging adjacent tubes by electron-
beam irradiatior#! or prolonging the contact length between
tubes?? but none of them have been proved feasible at
macroscale. Now, the directly synthesized strong films with
simple and uniform structure offer an opportunity to verify 0(€) = Ee g Hom (2)
the last proposal.

Ruoff et al. pointed 0@t that the change of the intertube’s Considering the wide applicability of Weibull distribution,
binding energy as intertube sliding occurs introduces “in- we tentatively employ eq 2 to describe the mechanical
tertube friction”. Although this type of friction force is 4  property of the films. For the 1 cm long gauge length and 2
orders weaker than that of a covalent carbon bond, theum long typical length of hexangular mesh, the paramieter
accumulated force is also significant if the connected parts can be determined as 5000 in advance. Other paranmers
between bundles are long enough. According to their ¢, andE could be fixed as 11.7, 20.3%, and 4900 MPa,
calculation, the friction force when drawing an individual respectively, from the best-fitted curve in Figure 4a. On the

wheremis the shape parameter thath controls the dispersion
% the distribution,eq the characteristic strain, arid the
dimensionless length. The staistress curve of a fiber
bundle can be expressed as:
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basis of the scalability of Weibull distribution, it is easy to Chaoying Wang, Prof. Gang Wang, Dr. Guangtong Liu, and
figure out that the average strength of the meshes is 950Dr. Hanfu Wang for their assistance, as well as Prof. Rinzler
MPa. Compared with the predicted mesh strength 540 MPa,for his enlightening suggestions.

this value is somewhat higher. This discrepancy may come
from interlayer entanglements among different layers of

Supporting Information Available: Details about the

networks or imply that the interbundle bondings are even measurements of the films’ thicknesses, estimation of the
stronger than the prediction. Further lengthening of sharedvoid ratio, and the Raman analysis. This material is available
bundles will enhance the strength to a certain degree, butfree of charge via the Internet at http://pus.acs.org.

admittedly there lies a limit for the enhancement. Even if

the contact length is so long that the friction force is References

comparable to covalent bonds and the interbundle slidings
are effectively prevented, the limited interbundle surface
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flexibility of carbon nanotubes compared with carbon fibers.
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As shown above, through a simple and environmentally
friendly procedure, large-area transparent SWNT films are
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between bundles not only result in intriguing conductivity
but also determine their strength. Because of thenllong
interbundle connections in the film, the conductivity and
strength both enhance over 1 order compared with the films
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