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O
wing to the attractive physical
properties of carbon nanotubes,
materials and applications involv-

ing carbon nanotubes have been sought

since their discovery. Recently, the ability

to grow both multiwalled1,2 and

single-walled3�6 carbon nanotubes in

aligned arrays perpendicular to a substrate

from which they grow has brought new

ideas toward highly scalable applications in-

volving carbon nanotubes. One major ad-

vantage of vertically aligned arrays of car-

bon nanotubes (carpets) is that the carbon

nanotube alignment is sustained during

growth, leaving the arduous processing to

achieve alignment by wet chemical meth-

ods unneeded.7

Recently, carpets have been receiving in-

creased attention from the standpoint of

applications. Ranging from self-cleaning

“gecko” adhesives8�10 to foundation ma-

terials for the spinning of aligned fibers of

MWNT,11,12 aligned nanotube arrays are

promising for a large range of applications,

spanning many disciplines and fields. Be-

cause of a homogeneous nucleation den-

sity of nanotubes in carpets in addition to

the inherent nanotube alignment that is

present from growth, these materials surely

have promise in the field of thin films. In

the past, the ability to form thin, transpar-

ent films composed of carbon nanotubes

has opened the door for a multitude of im-

portant applications involving single-walled

carbon nanotubes. One of the most attrac-

tive of these is the use of carbon nanotube

films as flexible, lightweight, low-cost alter-

natives for indium tin oxide (ITO) coatings

which are notorious for being fragile and

expensive to produce.13 Currently, ITO coat-

ings are utilized in a wide range of applica-
tions, including touch-screens, flat panel
displays, electronic ink in digital displays,
anode terminals in organic light emitting di-
odes, among many others. The numerous
applications described here emphasize the
technological importance of producing
highly scalable, cheap alternative materials
composed of carbon nanotubes for these
applications.

In this spirit, recent pioneering work by
Rinzler13 has established a method to make
transparent SWNT films based on vacuum
filtration of surfactant suspended SWNTs.
Following filtration, the membrane can be
dissolved away to leave a random network
of SWNTs whose transparent properties can
be varied based upon the thickness of the
network. This work has paved the way for
numerous follow up studies characterizing
the stability and properties of these
films,14�17 including the most recent work
where this method is utilized along with
density gradient centrifugation to produce
films with an enriched metallic SWNT
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ABSTRACT Utilizing aligned carbon nanotube arrays grown from chemical vapor deposition, we present a

highly scalable route toward the formation of ribbons and ultrathin transparent films directly from vertically

aligned single-walled carbon nanotube arrays (SWNT carpets). To “lay-over” the aligned nanotubes to form a

film, we use a roller which acts to compress the film and preserve the alignment of nanotubes within the film.

As we demonstrate, we can control the nanotube-catalyst interaction, leading to highly efficient transfer of the

film to virtually any host substrate by following growth with a controlled H2O vapor etch. In addition, we

demonstrate our ability to grow carpets on patterned substrates leading to upright carpet lines, which can be

rolled over to form transparent films composed of ultralong carbon nanotubes. This work demonstrates a highly

scalable technique to form homogeneous, transparent films of aligned SWNTs that can be ultralong with

absolutely no need for liquid phase SWNT processing.

KEYWORDS: transparent films · carbon nanotubes · chemical vapor deposition
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content.18,19 However, from an industrial perspective,
this technique involves multistep liquid processing that
combines (i) long periods of sonication to suspend
SWNT in surfactant solution, (ii) centrifugation to re-
move impurities from the suspension, (iii) vacuum filtra-
tion to form the film followed by another liquid treat-
ment to dissolve the filtration membrane, and (iv)
vigorous washing to remove excess residual surfactant
from the film. In addition, it has been observed that
even a light exposure to air, among other liquids and
solvents, can result in dramatic changes to the physi-
cal properties of SWNT films.19 At the current time, the
roles of excess ionic surfactant and/or residual mem-
brane species in the SWNT films have not yet been
established.

Other recent pioneering work by Baughman20 has
utilized the alignment in multiwalled carbon nanotube
arrays to produce sheets of aligned nanotubes that can
be drawn directly from the side of the carpet. This pro-
cess involves no liquid treatment to produce MWNT
conducting films, even though it does heavily depend
upon the internal structure of the carpet (i.e., alignment,
density, bundle size, etc.). Because of the known struc-
tural differences between MWNT and SWNT forests,21,22

our experiments to date to make SWNT sheets in this
way have been unsuccessful. More recently, Murakami
and Maruyama23 have developed a method for removal
of intact arrays of vertically aligned SWNT from the
growth substrate by placing a cold carpet in hot water.
They found that this method is effective at removing
pieces of the initial carpet based on the thermocapil-
lary effect. The drawback of this method is that the ma-

jority of those who grow
carpets cannot afford such
a wet processing step, since
water will penetrate into
the array, leaving capillary
forces during the drying
process to form cellular or
monolithic-like structures in
the carpet.24�26 This not
only disrupts the alignment
of the nanotubes, but also
affects their physical
properties.

Therefore, in this article
we have developed a
simple, scalable technique
to form ribbons and ul-
trathin films of aligned
single-walled carbon nano-
tubes of various thicknesses
directly from carpets. As we
demonstrate, by manipula-
tion of the catalyst-film in-
terface, we determine a
mechanism by which film

removal and transfer can take place with no liquid treat-
ments or intermediate steps. We find that transfer to
nearly any host surface is possible, and we observe that
the transfer process preserves the majority of align-
ment that is present in the initial carpet. Combined with
the highly controllable and simplistic nature of a chemi-
cal vapor deposition reactor for SWNT growth, we be-
lieve this method could be a highly efficient route to-
ward large-scale production of ribbons and aligned
transparent films of SWNTs.

RESULTS AND DISCUSSION
Figure 1 shows the typical process that is employed

for compression of the vertically aligned carbon nano-
tube arrays, as well as a film during subsequent stages
of a wet transfer process that can be utilized as one
route to etch the catalyst away and detach the SWNT
film. In Figure 1a, a diagram of the general rolling
method of the carpet is illustrated. In this method, the
roller undergoes rotation and translation as shown in
Figure 1a. In our experiments, the compression takes
place because of an applied downward force by the
hands during the rolling process. For the case where
the catalyst-film interaction mandates that the film re-
main anchored to the surface, a thin sheet of foil be-
tween the roller and the carpet keeps the nanotube ar-
rays from sticking to the roller surface. It should be
also noted that prior to the rolling process, the foil is
sheared along the direction of rolling in order to retain
alignment in the film. This is found to be of greater im-
portance in the longer carpets, where it is easier to
smash the carpet instead of “laying over” the carpet as

Figure 1. General illustration of the roll-over process and one possible route toward detachment by cata-
lyst etching with HCl. (a) Cartoon of the rolling process to form films of aligned single-walled carbon nan-
otubes. The translational direction and rotational direction of the roller are each labeled with arrows (red
and black, respectively). The film is compressed by a downward applied force during the rolling process.
Before (b) and after (c) SEM images of rolled-over carpets. Inset in panel c is a photograph of the carpet
where the film is peeled to image the thickness. (d) Image showing the result from rolling over a carpet,
as the aluminum foil is detached from the carpet. Notice the lack of any transfer to the Al foil. (e,f) Wet
chemical process for detaching films, including (e) detachment by catalyst etching in 1 M HCl solution and
(f) an image of a freestanding film after being soaked in H2O (being held by tweezers).
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intended. When no postgrowth catalyst
treatment is utilized, the carbon nano-
tubes are well-anchored to the substrate
resulting in absolutely no transfer to the
foil regardless of the material utilized.
This was performed with Cu, Al, Ta, and
stainless steel foils, amidst polymer films
such as polyethylene. The result from this
method is a highly compressed film
which retains alignment, as verified by
scanning electron microscopy (SEM) and
Raman spectroscopy. To have a good
measure to the degree to which this pro-
cess compresses the carpet, we studied
a carpet grown at elevated pressure (25
Torr instead of 1.4 Torr), where the
growth averaged 613.6 �m tall in 30
min. After compression, the resulting
film was partially peeled from the sub-
strate in order to measure its thickness.
SEM measurements indicate that the av-
erage thickness of the film is 30.3 �m,
which is over a 20� compression from
the initial carpet. SEM images of the be-
fore and after, as well as an inset of a
photograph of the carpet, are shown in
Figure 1(b�c). The measured density of
the carpet shown in Figure 1b is 20.6 mg/
cm,3 which after a 20� compression is 416 mg/cm.3

Further shown in Figure 1(d�f) are the processes
for wet removal of the film. Later in this article, we will
introduce a process for dry removal of the film, but we
utilize the wet transfer process to emphasize that cata-
lyst etching, that is, breaking C�Fe bonds, results in film
detachment from the surface. In this particular case
(for Figure 1), the carpet is grown by high temperature
exposure to C2H2, H2O, and H2, followed by rapid cool-
ing in this same gas flow environment. We find that this
process results in a film with nanotubes that stay tightly
bound to the growth substrate. In fact, the only way
we find to remove such films is with adhesive tape af-
ter compression. Thus, by compression, we form a
dense film that is adherent to the catalyst that resides
at the base of the nanotubes. To remove the film, we
etch the catalyst with 1 M HCl solution, which subse-
quently releases the freestanding film from the sub-
strate in a matter of several seconds. Images of the com-
pression and wet etch step are shown in Figure 1d,e,
and a demonstration of a freestanding film after re-
moval from the growth substrate is shown in Figure 1f,
where the film is shown supporting not only it is own
weight, but also the weight of water from which it was
taken.

After establishing the process by which films can
be made, it is essential to understand whether the
alignment in the film is retained after compression.
One common way to characterize film alignment is

through polarized Raman spectroscopy, which is shown
in Figure 2 for a carpet before and after compression.
In Figure 2a, a 633 nm laser spot is focused on the side
of the carpet, with the laser light polarization both par-
allel (0°) and perpendicular (90°) to the carbon nano-
tube alignment direction. Since the absorption of laser
light by a SWNT should decrease as the angle between
the laser light polarization and the nanotube axis ap-
proaches 90°,27,28 this is a good measure of the overall
alignment of the carbon nanotubes in the array. As
shown in Figure 2a, the ratio between the intensity of
the G-band in the parallel (0°) configuration is approxi-
mately 3.9� that of the perpendicular configuration,
typical of a carpet. Following the shear/compression
step, the ratio of the G-band at 0° and 90° is about 2,
as shown in Figure 2b, suggesting that some of the
alignment is lost in the process of forming the film. It
should be noted that the compression process in this
work is performed by hand, and an industrially opti-
mized process would fare significantly better in retain-
ing the initial alignment of the carpet.

In addition to Raman spectroscopy, SEM images
shown in Figure 2c,d indicate that the alignment that
is inherent in the carpet (Figure 2c) is retained in a top
view image of the film (Figure 2d). In the film, the car-
pet is transferred onto a piece of carbon tape after the
shear/compression technique, so the image shows the
part of the array that initially is contacting the catalyst
surface. Despite the observed loss of alignment, SEM

Figure 2. (a,b) Polarized Raman spectra (633 nm) of the D and G bands from films formed
by the process illustrated in Figure 1; 0° corresponds to a configuration where the polariza-
tion direction of the laser light is parallel to the alignment in the carpet, while 90° corre-
sponds to a configuration where the alignment is perpendicular to the direction of laser
light polarization. The laser spot is focused on (a) the side of an as-grown carpet, and (b)
the top of a rolled-over SWNT film. (c,d) SEM images of carbon nanotube alignment in (c)
the side of an as-grown carpet and (d) the top of a rolled carpet (same carpet as shown in
panel c). Scale bar in the inset figure is 100 nm.
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images suggest that the nanotube bundles appear to
be well-aligned after compression. We note that align-
ment measurements with Raman spectroscopy could
be influenced by the top layer of the film, which is
sheared by the foil. We tested this by cutting the film
in the longitudinal direction and testing if the align-
ment measurement was any different. We observe the
same ratio in polarized Raman, even though the cutting
process shears the film as well, and may disrupt the ob-
served aligned structure. In any case, this supports
that carbon nanotube alignment is retained in the pro-
cess of laying over the carpet to form thin films.

In terms of scalability of the process of carpet and
film removal, it is favorable in most cases to not utilize
a wet chemical process, but to utilize a dry process that
will detach the nanotubes from the catalyst surface so
that the film can be transferred to a host substrate. This
keeps the nanotubes in a pristine state with no further
effect of capillary forces during drying or else residual
HCl or solvent/surfactant remaining in the film. We find
that such a technique is possible by allowing the car-
pet to rapidly cool in the presence of the acetylene,
turning off the acetylene, and then allowing the carpet
to undergo a H2O/H2 etch at the growth temperature
(775 °C) for up to 5 min. By doing so, we find that the
carpet can now be easily attached to nearly any arbi-
trary surface by nothing more than contact with a host
surface. This ability to transfer to any arbitrary surface is
demonstrated in Figure 3 by showing a picture of a typi-
cal carpet that has been transferred to copper and
stainless steel foils, as well as a thin piece of polyethyl-
ene. We find that the films are very sticky and form
strongly bound flexible layers on all the host surfaces at-
tempted. It should be noted that nearly any clean sur-
face can be utilized for transfer. We were even success-
ful at transferring to polished quartz and sapphire
surfaces, even though a surface such as glass, with
highly nonuniform surface roughness often resulted in
partial film transfer.

In addition, we took the next step to utilize one of
the major strengths of a low pressure CVD reactor,
which is the precise control over short pulses of growth
gas after rapid catalyst reduction with atomic hydro-
gen. To achieve this, a three-way valve system was spe-
cially designed to route the incoming C2H2/H2 toward
a mechanical pump or alternatively toward the furnace.
Utilizing a capacitance monometer, we ensured that
the inlet pressure to the furnace was identical to the
pressure of gas when routed toward the vacuum pump.
This gave us the ability to quickly deliver highly control-
lable, short pulses of carbon the catalyst surface in or-
der to grow well-defined thicknesses of films. Com-
bined with the transfer process described above after
a high temperature H2O treatment, we find that it is a
straightforward process to transfer a transparent thin
film of aligned SWNTs to a polyethylene host substrate.
Utilizing UV�vis�NIR transmittance measurements for

the two films to determine film transparency, we have

plotted the transparency at 550 nm as a function of

growth time in Figure 3b. We did this for growths per-

formed at three different temperatures. To produce

high quality SWNT material, we grew at 765 and 800

°C, where we find that our samples are composed of

purely SWNTs. However, by lowering the growth tem-

perature to 625 °C, we are able to synthesize mostly

double-walled carbon nanotubes (DWNT). The ability

to vary the number of walls on the basis of a constant

CVD carbon flux and decreasing temperature has been

described by Puretzky and Wood.29,30 As is evident

from Figure 3b, the DWNT film is less transparent than

both of the SWNT films for the same amount of depos-

ited carbon. On the basis of our observations of growth

rates in carpets and our estimation of the degree in

which the film is compressed by the rolling method,

the average thickness of a film can be estimated (at 765

°C) to evolve at �0.3 �m/min, or approximately 5 nm/

sec. However, more important in judging the quality of

the behavior of the film is the amount of carbon present

(since the film is not a fully dense structure), for which

transmittance data taken at 550 nm gives a standard-

ized comparison of this quantity for SWNT films.

In addition to transparency, the DC electrical proper-

ties of these two films were tested after the growth took

place. Typical sheet resistances along the alignment di-

rection for as-grown films directly following growth

Figure 3. (a) Images of SWNT films attached to stainless, Cu,
and polyethylene host substrates by H2O etching after
growth. The right-side panel shows the flexible and adher-
ent nature of the films. (b) Percent transmittance at 550 nm
as a function of growth time for films grown at three distinct
temperatures. Two of the temperatures utilized (765 and
800 °C) result in the growth of SWNTs, whereas growth at
625 °C results in the growth of mostly double-walled car-
bon nanotubes. Inset in the figure is a picture of three films
of different transparencies sitting on a Rice logo.
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(less than 1 h air exposure) were �20 and �2.8 k�/sq
for a 60% and 20% transmitting film, respectively. After
doping the films with vapors of HNO3 overnight, we
find that the sheet resistances of these films drop to 1.5
and 0.13 k�/sq, respectively. The sheet resistance val-
ues for the as-grown carpet films are consistent with
previous values for undoped SWNT films, and the 20-
fold decrease in sheet resistance upon doping is consis-
tent with studies which have investigated the effect of
doping on vacuum annealed SWNT films.19,31 We note
that a highly detailed characterization of the electrical
and magneto properties of these films will be published
elsewhere, as this is a topic too extensive in nature to in-
clude in this contribution.

After demonstrating these two methods for film re-
moval from carpets, both a wet process where the cata-
lyst must be etched away to remove the carpet, and a
dry process by which a water vapor etch must be uti-
lized, we focused on understanding the mechanism by
which the films can be removed from the substrate by
only an H2O etch following growth. To study the effect
of catalyst-film interaction, we grew two identical films
(2 min, 750 °C), except one of them was treated with a
H2O etch for 1 min following growth, and one was rap-
idly cooled and removed from the reactor. Following
growth, a droplet of water was placed on the top of

each carpet and allowed to dry. Scanning electron

microscope images of the two carpets after drying are

shown in Figures 4 and 5. It is well-known that drying of

a liquid after wetting an aligned carbon nanotube ar-

ray results in the “collapse” of the carpet into highly

dense mesas or cellular structures due to capillary

forces between adjacent nanotube bundles as the liq-

uid evaporates.24�26 With this in mind, the collapse of

the carpet that was not etched with H2O following

growth (Figure 4) indicates the typical capillary force-

induced drying effect that we are familiar with for our

carpets. This is composed of small mesas of dense car-

bon nanotubes that have spider-web like features indi-

cating that the collapse process occurs by “ripping” the

nanotube bundles from the surface. The weblike fea-

tures are indications of the strong surface interaction

in the process of drying, emphasizing that the interac-

tion between the catalyst and nanotubes is strong.

However, this is not at all what is observed when a

simple 1 min H2O etch is performed following growth

(Figure 5). In this case, the collapse occurs on a larger

scale, with large voids forming between the collapsed

regions. This is a characteristic of a weakly surface-

bound film, isolating the H2O vapor etch as being the

process which is fundamentally responsible for our abil-

ity to transfer the films to any desired host substrate.

Figure 4. Scanning electron microscope (SEM) images of
carpets after capillary force-induced drying occurs in a car-
pet that has not been subjected to a water vapor etch after
growth. Panels a and b are two different magnifications of
the same region.

Figure 5. SEM images of an identical “collapsed” carpet to
that shown in Figure 4, but with a water-vapor etch follow-
ing growth. Again, panels a and b are two different magnifi-
cations of the same region.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 9 ▪ 1871–1878 ▪ 2008 1875



After demonstrating the process by which transfer
from the growth substrate can occur, we decided to in-
vestigate the mechanism behind the observed differ-
ence. Based upon X-ray photoelectron spectroscopy
(XPS) data, shown in Figure 6a, a picture emerges for
the mechanism of this process, which is illustrated in
Figure 6b. In most CVD reactor systems, the catalyst-
coated chip is rapidly inserted in a hot furnace to grow,
and then rapidly cooled by pulling it out of the fur-
nace while the carbonaceous gas is still flowing. As the
catalyst particle cools, it will form a Fe�C compound,
which involves a surface-segregated carbon shell sur-
rounding the catalyst due to the difference in surface
energy between Fe and C. At this point, the nanotubes
in the arrays are fixed to the catalyst particle by C�C
bonds to the C shell, which has mixed Fe�C bonds to
the catalyst. The end result is an array of nanotubes that
are anchored to the catalyst-coated substrate and can
only be removed in a dry process by peeling with a
sticky adhesive material, such as scotch tape or carbon
tape, or else by a brute force method of etching away
the catalyst with an acid (as we demonstrated earlier).

This is why a compression step with a foil on a
carpet that is directly pulled out of the CVD re-
actor will leave the intact film on the chip with
absolutely no transfer of the film to the foil. We
can then proceed to acid etch the Fe catalyst
from the substrate, which will release the intact
film, but will destroy the catalyst layer. However,
in the case where the chip is (i) pulled out of
the furnace, (ii) the C2H2 flow is turned off, and
(iii) the catalyst is exposed to a high tempera-
ture (775 °C) treatment involving a mixture of
H2O and H2, the carbon in the catalyst particle
is precipitated out and etched away by the wa-
ter while the catalyst particle is reoxidized. Me-
chanical stresses in the film are expected to aid
in the “pop-off” mechanism of the nanotube
from the catalyst, and the SWNT film can now
be easily removed by contact with another sur-
face. This picture is verified in XPS data, shown
in Figure 6a, that shows three core-level Fe spec-
tra lines. One is a reference Fe/Al2O3/Si chip
that has a typical 0.5 nm Fe coating on a 10 nm
Al2O3 support layer. The other two cases are af-
ter growth and removal of the SWNT array. In
one case, the carpet was exposed to a H2O etch
after growth and cooling in C2H2 flow, and in
the other case, the carpet was cooled in a C2H2

flow with no etch step. In each of the latter two
cases, the carpets were grown, removed, and
placed in the XPS system with limited air expo-
sure (less than 2�3 min). XPS results are pre-
sented in Figure 6a with binding energy values
relative to the core level adventitious carbon
peak, located at 285.0 eV. One can clearly ob-
serve that the Fe2P3/2 core-level peak positions

for the case of Fe with no growth, as well as the Fe af-
ter growth, H2O etch, and carpet removal are in the
same vicinity of highly oxidized Fe (Fe2O3) with core-
level peaks fit to Gaussians with centers near 711.0 eV.
However, Fe2P3/2 spectra from the carpet that is grown
and cooled in C2H2 before removal is indicative of a
spectrum we have observed numerous times in similar
experiments, with a core-level binding energy peak fit
to 707.8 eV. This is too high for metallic Fe, and best cor-
responds to the formation of a Fe�C compound, as
the binding energy for Fe3C is at 708.1 eV,32 and there
are many possible Fe�C states. This supports the pic-
ture that is illustrated in Figure 6b showing the differ-
ent states of the catalyst in the two cases of film re-
moval presented here.

Finally, it is in our interest to retain full carpet align-
ment after the lay-over process, as well as retain the ul-
tralong nanotubes that can be achieved through car-
pet growth, in an effort to make a thin film. This
motivates us to consider carpets which are grown af-
ter utilizing optical lithography to form narrow 1 or 2
�m lines of Fe/Al2O3, that are separated by a pitch of

Figure 6. (a) Core-level X-ray photoelectron spectroscopy (XPS) results for Fe (Fe2P3/2)
in three different (labeled) cases, corresponding to (i) an as-deposited (and oxi-
dized) Fe/Al2O3 reference, (ii) a catalyst layer, after growth and rapid cooling in
C2H2, followed by carpet removal prior to measurements, and (iii) a catalyst layer
where a 60 s water etch is performed after rapid cool-down in C2H2. Dotted lines
mark peaks at 711.0 and 707.8 eV. (b) Diagram depicting the possible paths toward
carpet removal, both with an H2O etch after carpet growth (top panel) and an HCl
catalyst etch after rapid cooling in C2H2 and air exposure.
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50 �m. As shown in Figure 7, SEM images suggest that

such lines (2 �m thick) can be grown to be self-

supporting to heights near 70 �m. This is done by plac-

ing the direction of the lines perpendicular to the gas

flow in the CVD apparatus (see Supporting Informa-

tion). Since the height of the lines are greater than the

spacing between each subsequent line, the lay-over

process described in Figure 1 can be applied in a

straightforward way. This methodology allows the re-

sulting film to retain the full alignment of the initial car-

pet, be thin enough to appeal to transparent film tech-

nology, and still have nanotubes that are ultralong (50

or more micrometers). Figure 7b shows the lines in Fig-

ure 7a after the layover step (looking from top-down in-

stead of a side view). One can notice that there are over-

lap regions that can be clearly observed corresponding

to the fact that the lines are 20 �m longer than the

spacing between the lines. Also inset in Figure 7b is a

close-up view of the overlapping region of the two

linesO showing that one line is sitting on the other,

and the nanotubes are highly aligned in both cases. Po-

larized Raman spectra (see Supporting Information) for

the before and after lines indicate that 90.5% of the

alignment is retained in this process, with about 5% un-

certainty from the process of manually focusing the la-

ser spot in achieving the G-band intensity. In addition,

we find that the transfer process is just as straightfor-

ward as that previously described, and that highly trans-

parent films of ultralong carbon nanotubes can be

achieved in this way. In fact, we have achieved full

transfer of arrays of lines to the following materials:

KBr, NaCl, quartz (z-cut), sapphire, SiO2, MgO, Kapton,

polyethylene, and glass. Therefore, this is a powerful

method to achieve highly aligned, homogeneous films

composed of ultralong SWNTs that are transparent and

can be easily transferred to a host substrate of choice.

This is important, as the future of sensor and device

technology based on aligned SWNTs will require one

to not be constrained to a supporting substrate or de-

vice that is conducive to SWNT growth.

Finally, in the future we envision that aligned SWNTs

will be grown in a continuous method, with carpets

supported on meters of cheap metal foil substrates. In

the transfer method presented here, the limitation of

how much we can coat by a thin film is not dictated by

the actual transfer process itself, but rather on our abil-

ity to grow on a substrate that will suffice high surface-

area needs. This will surely be realized in the future

when applications such as this introduce a demand for

enhanced production of aligned SWNT. The work we

present here provides a direct route to making thin and

thick films of SWNTs that can be scaled in parallel to

such a high productivity growth system. In addition,

this method allows one to achieve an aligned, transpar-

ent film of as-grown SWNTs, free of metal or impuri-

ties, composed of ultralong nanotubes, and without

any surfactant or solvent treatment.

Acknowledgment. We gratefully acknowledge Doug Natel-
son and his group for use of their evaporator for catalyst deposi-
tion. Special thanks to Sean Pheasant, Nolan Nicholas, Steve Rip-
ley, Mainak Majumder, Steven Ho, Wen-Fang Hwang,
Budhadipta Dan, and Jon Allison for discussions and insight.
This work was partially supported by Air Force OSR Grant No.
FA9550-06-1-0207 and the Lockheed Martin Advanced Nano-
technology Center for Excellence at Rice University.

Supporting Information Available: Additional experimental de-
tails regarding growth of upright carpet lines and Raman spec-
tra of films made from lines. This material is available free of
charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Fan, S.; Chapline, M. G.; Franklin, N. R.; Tombler, T. W.;

Cassell, A. M.; Dai, H. Self-Oriented Regular Arrays of
Carbon Nanotubes and Their Field Emission Properties.
Science 1999, 283, 512–514.

Figure 7. (a) SEM images looking down 2 �m thick lines composed of vertically aligned SWNTs separated by spaces of 50
�m. The lines were grown in such a way as to support upright, vertical growth (see Supporting Information). Inset in panel
a is a high magnification image of the edge of a single line, showing the aligned nanotube bundles inside. (b) SEM image of
the top of a chip after the 2 �m lines shown in panel a are rolled over by the process shown in Figure 1. Note there are
two contrast regions: a thicker overlap region where the lines extend onto each other (illustrated in lower left inset), and a re-
gion between the overlap regions where there is only a compressed 2 �m line. The vertical lines in the images are artifacts
of the rolling process.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 9 ▪ 1871–1878 ▪ 2008 1877



2. Cassell, A. M.; Verma, S.; Delzeit, L.; Meyyappan, M.; Han, J.
Combinatorial Optimization of Heterogeneous Catalysts
Used in the Growth of Carbon Nanotubes. Langmuir 2001,
17, 260–264.

3. Murakami, Y.; Chiashi, S.; Miyauchi, Y.; Minghui, H.; Ogura,
M.; Okubo, T.; Maruyama, S. Growth of Vertically Aligned
Single-Walled Carbon Nanotube Films on Quartz
Substrates and Their Optical Anisotropy. Chem. Phys. Lett.
2004, 385, 298–303.

4. Hata, K.; Futaba, D. N.; Mizuno, K.; Namai, T.; Yumura, M.;
Iijima, S. Water Assisted Highly Efficient Sı́ntesis of
Impurity-Free Single-Walled Carbon Nanotubes. Science
2004, 206, 1362–1364.

5. Eres, G.; Kinkhabwala, A. A.; Cui, H.; Geohegan, D. B.;
Puretzky, A. A.; Lowndes, D. H. Molecular Beam-Controlled
Nucleation and Growth of Vertically Aligned Single-Wall
Carbon Nanotube Arrays. J. Phys. Chem. B 2005, 109,
16684–16694.

6. Xu, Y.; Flor, E.; Kim, M. J.; Hamadani, B.; Schmidt, H.;
Smalley, R. E.; Hauge, R. H. Vertical Array Growth of Small
Diameter Single-Walled Carbon Nanotubes. J. Am. Chem.
Soc. 2006, 128, 6560–6561.

7. Ericson, L. M.; Fan, H.; Peng, H.; Davis, V. A.; Zhou, W.;
Sulpizio, J.; Wang, Y.; Booker, R.; Vavro, J.; Guthy, C.; et al.
Macroscopic, Neat, Single-Walled Carbon Nanotube Fibers.
Science 2004, 305, 1447–1450.

8. Ge, L.; Sethi, S.; Ci, L.; Ajayan, P. M.; Dhinojwala, A. Carbon
Nanotube-Based Synthetic Gecko Tapes. Proc. Natl. Acad.
Sci. U.S.A. 2007, 104, 10792–10795.

9. Qu, L.; Dai, L. Gecko-Foot-Mimetic Aligned Single-Walled
Carbon Nanotube Dry Adhesives with Unique Electrical
and Thermal Properties. Adv. Mater. 2007, 19, 3844–3849.

10. Sethi, S.; Ge, L.; Ci, L.; Ajayan, P. M.; Dhinojwala, A. Gecko-
Inspired Carbon Nanotube-Based Self-Cleaning Adhesives.
Nano Lett. 2008, 8, 822–825.

11. Zhang, M.; Atkinson, K. R.; Baughman, R. H. Multifunctional
Carbon Nanotube Yarns by Downsizing an Ancient
Technology. Science 2004, 306, 1358–1361.

12. Peng, H.; Jain, M.; Li, Q.; Peterson, D. E.; Zhu, Y.; Jia, Q.
Vertically Aligned Pearl-like Carbon Nanotube Arrays for
Fiber Spinning. J. Am. Chem. Soc. 2008, 130, 1130–1131.

13. Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.;
Kamaras, K.; Reynolds, J. R.; Tanner, D. B.; Hebard, A. F.; et
al. Transparent, Conductive Carbon Nanotube Films.
Science 2004, 305, 1273–1276.

14. Kaempgen, M.; Duesberg, G. S.; Roth, S. Transparent
Carbon Nanotube Coatings. Appl. Surf. Sci. 2005, 252, 425–
429.

15. Zhou, Y.; Hu, L.; Gruner, G. A Method of Printing Carbon
Nanotube Thin Films. Appl. Phys. Lett. 2006, 88,
123109–123111.

16. Jung, M.-S.; Choi, T-L.; Joo, W-J.; Kim, J-Y.; Han, I-T.; Kim,
J. M. Transparent Conductive Thin Films Based on
Chemically Assembled Single-Walled Carbon Nanotubes.
Synth. Met. 2007, 157, 997–1003.

17. Lima, M. D.; de Andrade, M. J.; Bergmann, C. P.; Roth, S.
Thin, Conductive, Carbon Nanotube Networks Over
Transparent Substrates by Electrophoretic Deposition. J.
Mater. Chem. 2008, 18, 776–779.

18. Green, A. A.; Hersam, M. C. Colored Semitransparent
Conductive Coatings Consisting of Monodisperse Metallic
Single-Walled Carbon Nanotubes. Nano Lett. 2008, 8,
1417–1422.

19. Miyata, Y.; Yanagi, K.; Maniwa, Y.; Kataura, H. Highly
Stabilized Conductivity of Metallic Single Wall Carbon
Nanotube Thin Films. J. Phys. Chem. C 2008, 112,
3591–3596.

20. Zhang, M.; Fang, S.; Zakhidov, A.; Lee, S. B.; Aliev, A. E.;
Williams, C. D.; Atkinson, K. R.; Baughman, R. H. Strong,
Transparent, Multifunctional, Carbon Nanotube Sheets.
Science 2005, 309, 1215–1219.

21. Wang, H.; Xu, Z.; Eres, G. Order in Vertically Aligned Carbon
Nanotube Arrays. Appl. Phys. Lett. 2006, 88,
213111–213113.

22. Li, Z.; Zhang, L.; Resasco, D. E.; Mun, B. S.; Requejo, F. G.
Angle-Resolved X-ray Absorption Near Edge Structure Study
of Vertically Aligned Single-Walled Carbon Nanotubes Appl.
Phys. Lett. 2007, 90, 103115–103117.

23. Murakami, Y.; Maruyama, S. Detachment of Vertically
Aligned Single-Walled Carbon Nanotube Films from
Substrates and Their Re-attachment to Arbitrary Surfaces.
Chem. Phys. Lett. 2006, 422, 575–580.

24. Li, Q.; DePaula, R.; Zhang, X.; Zheng, L.; Arendt, P. N.;
Mueller, F. M.; Zhu, Y. T.; Tu, Y. Drying Induced Upright
Sliding and Reorganization of Carbon Nanotube Arrays.
Nanotechnology 2006, 17, 4533.

25. Garcia, E. J.; Hart, A. J.; Wardle, B. L.; Slocum, A. H.
Fabrication of Composite Microstructures by Capillary-
Driven Wetting of Aligned Carbon Nanotubes With
Polymers. Nanotechnology 2007, 18, 165602.

26. Huang, X.; Zhou, J. J.; Sansom, E.; Gharib, M.; Haur, S. C.
Inherent-Opening-Controlled Pattern Formation in Carbon
Nanotube Arrays. Nanotechnology 2007, 18, 305301.

27. Duesberg, G. S.; Loa, I.; Burghard, M.; Syassen, K.; Roth, S.
Polarized Raman Spectroscopy on Isolated Single-Walled
Carbon Nanotubes. Phys. Rev. Lett. 2000, 85, 5436–5439.

28. Fantini, C.; Pimenta, M. A.; Dantas, M. S. S.; Ugarte, D.; Rao,
A. M.; Jorio, A.; Dresselhaus, G.; Dresselhaus, M. S. Micro-
Raman Investigation of Aligned Single-Wall Carbon
Nanotubes. Phys. Rev. B 2001, 63, 161405.

29. Puretzky, A. A.; Geohegan, D. B.; Jesse, S.; Ivanov, I. N.; Eres,
G. In Situ Measurements and Modeling of Carbon
Nanotube Array Growth Kinetics During Chemical Vapor
Deposition. Appl. Phys. A: Mater. Sci. Process. 2005, 81, 223–
240.

30. Wood, R. F.; Pannala, S.; Wells, J. C.; Puretzky, A. A.;
Geohegan, D. B. Simple Model of the Interrelation
Between Single- and Multiwall Carbon Nanotube Growth
Rates for the CVD Process. Phys. Rev. B 2007, 75, 235446.

31. Zhou, W.; Vavro, J.; Guthy, C.; Winey, K. I.; Fischer, J. E.;
Ericson, L. M.; Ramesh, S.; Saini, R.; Davis, V. A.; Kittrell, C.; et
al. Single Wall Carbon Nanotube Fibers Extruded from
Super-Acid Suspensions: Preferred Orientation, Electrical,
and Thermal Transport. J. Appl. Phys. 2004, 95, 649–655.

32. Shabanova, I. N.; Trapeznikov, V. A. A Study of the
Electronic Structure of Fe3C, Fe3Al and Fe3Si by X-ray
Photoelectron Spectroscopy. J. Electron Spectrosc. Relat.
Phenom. 1975, 6, 297–307.

A
RT

IC
LE

VOL. 2 ▪ NO. 9 ▪ PINT ET AL. www.acsnano.org1878


