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M
ultilevel and multicomponent hy-
brid nanostructures arranged in a
controllable fashion (e.g., micro-

pattern and heterojunction) have attracted
much attention owing to synergistic proper-
ties arising from these spatially well-defined
different components.1-3 Compared with a
simple single component system, complex
multicomponent nanostructures can attain
novel function not available in their single-
component counterparts, and realize multi-
functionality through integration of differ-
ent functional components into designed
complex structure. The physical and chemi-
cal properties of individual components can
also be tailored by the rational interactions
between those components.
Carbon nanotubes (CNTs), including mul-

tiwalled carbon nanotubes (MWNTs) and
single-walled carbon nanotubes (SWNTs),
especially in an aligned andmicropatterned
array form, have been extensively studied
for various applications, ranging from nano-
scale sensors to electronic circuits.4-7 Al-
though many micropatterning methods, in-
cluding photolithography,8-10 soft litho-
graphy,11,12 block copolymer lithography,13,14

and electron or laser beam lithography,15,16

have been devised for producing single com-
ponent vertically aligned (VA-) CNT micropat-
terns for some years, the effort in making
multicomponent vertically aligned VA-CNT
micropatterns is very recent. In this regard,
wehave reportedpreviously thepreparation
of multicomponent micropatterns of VA-
MWNTs interposed with nanoparticles,17

nonaligned CNTs,18 or VA-SWNTs3 by che-
mical absorption, self-assembly, or direct
chemical vapor deposition. Apart from the
aforementionedmulticomponent patterning

of VA-CNTs, it is also highly desirable to
achieve themultilevel andmulticomponent
micropatterns by using a prepatterned sub-
strate for formation of complex, hierarchical
microarchitectures through multiple con-
tact transfer. However, as far as we are
aware, there is still no discussion in literature
on the fabrication of multilevel multicom-
ponent microarchitectures of aligned CNTs
by a multiple contact transfer approach.
Contact transfer strategy18-20 has been

demonstrated in our previous studies to be
a powerful approach for producing 2-D and
3-D VA-CNT micropatterns with a controlla-
ble region-specific property for diverse
applications. Recently, we have exploited
the contact transfer method to sequentially
extract CNTs from their vertically aligned
arrays on growth substrates, which enabled
us to fabricate the CNT nanoelectrode
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ABSTRACT A simple multiple contact transfer technique has been developed for controllable

fabrication of multilevel, multicomponent microarchitectures of vertically aligned carbon nanotubes

(VA-CNTs). Three dimensional (3-D) multicomponent micropatterns of aligned single-walled carbon

nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs) have been fabricated, which can be

used to develop a newly designed touch sensor with reversible electrical responses for potential

applications in electronic devices, as demonstrated in this study. The demonstrated dependence of

light diffraction on structural transfiguration of the resultant CNT micropattern also indicates their

potential for optical devices. Further introduction of various components with specific properties

(e.g., ZnO nanorods) into the CNT micropatterns enabled us to tailor such surface characteristics as

wettability and light response. Owing to the highly generic nature of the multiple contact transfer

strategy, the methodology developed here could provide a general approach for interposing a large

variety of multicomponent elements (e.g., nanotubes, nanorods/wires, photonic crystals, etc.) onto a

single chip for multifunctional device applications.

KEYWORDS: carbon nanotube . contact transfer . multilevel . multicomponent .
multifunctionality
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arrays with tailor-made surface morphologies and
properties for electroanalysis.21 There is an interesting
recent report about using graphene as the transferable
substrate along with retaining the Ohmic electrical
contact.22 However, the fabrication process for the
transferable samples is very complicated, and the
graphene layer is relatively fragile. In this study, we
present a simple multiple contact transfer method for
fabricating multilevel, multicomponent microarchitec-
tures of VA-CNTs on flexible substrates such as poly-
dimethylsiloxane (PDMS) film and transparent tape
(3M, polypropylene-film-supported acrylic adhesive).
A variety of nanocomponents with different chemical
or physical properties can be arranged into the pat-
terned structures of VA-CNTs. For instance, aligned
SWNTs, ZnO nanorods, and SiO2 microspheres have

been interposed into the patterned structures of VA-
MWNTs to demonstrate the versatility and feasibility of
the newly developedmultiple contact transfer strategy
for tailoring the properties of resultant multicompo-
nent micropatterns for potential applications in micro/
nanophotoelectronic devices.

RESULTS AND DISCUSSION

The multiple contact transfer technique uses pri-
mary contact transferred structures with predesigned
patterns of aligned CNTs on a flexible substrate, such as
PDMS film and transparent tape (Supporting Informa-
tion, Figure S1), for the subsequent contact transfer of
various nanocomponents. Figure 1 shows the forma-
tion of multilevel micropatterns of VA-MWNTs. A prear-
ranged pattern of VA-MWNTs was formed on PDMS

Figure 1. (a) A schematic illustration of the preparation of line multilevel pattern of VA-MWNTs by applying second contact
transfer onto the primarily formedpatterns on PDMS. (b, d, and f) SEM images of the primarypatternedVA-MWNTpatterns on
PDMS by first contact transfer (Supporting Information, Figure S1), and (c, e, and g) the corresponding multilevel patterns
formed after second contact transfer process, respectively.
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through first contact transfer (Supporting Information,
Figures S1 and S2).18 After the formation of primary
micropatterns of VA-MWNTs on PDMS, the second
contact transfer is applied to selectively remove the
aligned MWNTs by a grid mask covered adhesive
substrate (e.g., transparent tape). The adhesives within
the uncovered regions on the transparent tapewill pull
out the nanotubes underneath, and the aligned MWNTs
under the shadow of the grid frame will remain on the
PDMS surface to form subpatterns along the line direc-
tion (Figure 1a-c). Thismultiple contact transfer process
for multilevel micropatterns provides room to tune the
final hierarchical structures by prefabrication of the
primary pattern and an applied second patterning pro-
cess. For example, following the procedure in Figure 1a,
we can obtain interlaced dot line structures (Figure 1e)
by using uniformly distributed MWNT bundles (ca. 5 μm
in size) as theprimary pattern (Figure 1d). The preformed
microsquares of alignedMWNTsonPDMS (Figure 1f) can
alsobe further reformattedby applying a second contact
transfer (Figure 1a) with a fine grid mask. As shown in
Figure 1g, the network pattern of aligned MWNTs is
formed within the prepatterned microsquare regions in
Figure 1f. The formation of multilevel micropatterns on
PDMS will facilitate the further contact transfer to other
substrates for various optoelectronic applications.23,24

Apart from the multilevel micropatterns, the devel-
oped multiple contact transfer process will also allow

us to assemble various components into micropat-
terns. Here, we take the VA-SWNT/VA-MWNT micro-
patterns as one of the examples to illuminate the
detailed procedure for the formation of controlled
multicomponent micropatterns. Figure 2a shows a
schematic representation of the procedures for fabri-
cating 3-D VA-SWNT/VA-MWNT multicomponent mi-
cropatterns. First, we adhered a TEM grid consisting of
square windows (ca. 100-μm wide) onto a commer-
cially available transparent tape as a physical mask
(Supporting Information, Figure S1) for the first contact
transfer of VA-MWNT micropatterns from the as-
synthesized nonpatterned VA-MWNT film.17,20 After
careful removal of the TEM grid, a VA-MWNT micro-
pattern replicated the TEM grid structure formed on
the transparent tape (Figures 2a(i),b and Supporting
Information, Figure S2), which was then used as a
stamp to directly contact with the as-synthesized non-
patterned VA-SWNT array with a different length from
that of the VA-MWNT array for the second contact
transfer (Figure 2a(ii)). Finally, a 3-D multicomponent
micropattern with VA-SWNTs interposed into the VA-
MWNT patterned structure was obtained on the trans-
parent tape (Figure 2a(iii),c). The SEM images under
higher magnifications (Figure 2d and Supporting In-
formation, Figure S3) reveal that both the VA-MWNTs
and VA-SWNTs almost remain perpendicularly aligned
in full lengths even after performing the contact

Figure 2. (a) A schematic illustration of the multiple contact transfer for multicomponent micropatterns of VA-SWNTs/VA-
MWNTs. (b) SEM image of aligned MWNTs transferred onto the transparent tape after the first contact transfer (Supporting
Information, Figure S1). (c) Aligned SWNT/MWNT micropattern on transparent tape after the second contact transfer. (d) An
enlarged view of the selected region in panel c.
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transfer two times, due to the demonstrated excellent
mechanical flexibility of aligned CNTs.25-27 Therefore,
the dry contact transfer did not cause any obvious
detrimental effect on their alignment.17,20

The multiple contact transfer approach developed
here is quite versatile and is able to assemble various
components with specific properties into ordered multi-
component microarchitectures. For example, nanostruc-
tures of inorganic semiconductors such as ZnO nanorods
and nanowires have unique properties for applications in
electronics, optoelectronics, sensors, and electromecha-
nical coupled devices.28,29 In this study, we have fabri-
cated multicomponent micropatterns of ZnO nanorods
and VA-MWNTs by themultiple contact transfer method.
As shown in Figure 3 panels a and b, the ZnO nanorods
(Supporting Information, Figure S4) were interposed into
the windows of VA-MWNT patterns. Similar to the VA-
MWNTs and VA-SWNTs transfer process, the randomly
oriented ZnOnanorods and VA-MWNTs retain their initial
structures in the final pattern (Figure 3b). Similarly, we
have also assembled other nano/microstructures like
SiO2microspheres into theVA-MWNTpatternswithgood
region-specific confinement (Figure 3c). The ordered
arrangement of spherical particles will benefit the poten-
tial applications to the assembly of photonic crystals,30,31

nanosphere lithography,32 and colloidal stamps.33 By
further using themultiple contact transfer, the VA-MWNT
micropatterns can also been interposed into the TiO2 thin
film (Figure 3d).

As we have seen above, themultiple contact transfer
technique developed in this study provides a powerful
tool to build different multilevel or multicomponent
microarchitectures. In fact, the combined 3-D multi-
level multicomponent micropatterns can also be fab-
ricated in a controllable fashion. As an example shown
in Figure 4, VA-MWNT square-type and grid-type mi-
cropatterns with different size were assembled on
PDMS (Figure 4a) and transparent tape (Figure 4b) by
first contact transfer (Supporting Information, Figure
S1). Subsequent contact transfer of the formed micro-
patterns in Figure 4a onto Figure 4b will produce a
new multilevel pattern (Figure 4c). As VA-SWNTs

with different lengths are exploited as the next
contact transfer target, 3-Dmultilevelmulticomponent
micropatterns will form on transparent tape surface
(Figure 4d). The enlarged view of Figure 4d shown in
Figure 4 panels e and f clearly reveals the 3-D struc-
tures. It is notable that the shape, size, and composition
of final micropatterns are determined by the prede-
signed mask and selected nanocomponents beyond
those demonstrated here. An alternative contact trans-
fer method for 3-D multilevel multicomponent micro-
patterns has also been included in the Supporting
Information (Figure S5).
Unlike the 3-D single-component VA-MWNT

micropatterns,20 the 3-D multicomponent micropat-
tern with VA-SWNTs region-selectively interposed into
the VA-MWNT patterned structure showed interesting

Figure 3. (a) SEM image of ZnO nanorods/VA-MWNTs pattern; (b) An enlarged view of the marked area in panel a; (c) SEM
image of SiO2 microspheres/VA-MWNTs pattern; (d) SEM image of the VA-MWNTs pattern embedded into a TiO2 thin film.
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region-specific electronic properties characteristic of
the micropatterned semiconducting SWNTs and me-
tallic MWNTs, respectively.3 Therefore, these 3-D VA-
MWNT/VA-SWNT micropatterns should be useful for
the development of various novel electronic devices
for a wide range of potential applications. To demon-
strate the potential of the newly prepared 3-D VA-
MWNT/VA-SWNT multicomponent micropatterns, we
replaced the transparent tape with a conductive ad-
hesive tape (e.g., copper conducting adhesive tape,
3M) for the double contact transfer (Figure 2) and
placed a conducting ITO glass plate on the top surface
of the resultant 3-D nanotube patterns to form the top
electrode (Figure 5a). As the VA-SWNTs used in this
study are longer than the interposed VA-MWNTs, a
current (I)-voltage (V) curve characteristic of the semi-
conducting VA-SWNTs was observed initially (curve i in
Figure 5c). Upon compression by pressing down the
ITO glass (ca. 100 g loading, Figure 5b), an effective con-
tact between the VA-MWNTs and ITO glass was made
while the VA-SWNTs weremechanically compressed.25

As a result, anOhmic I-V behavior was obtained (curve
ii in Figure 5c) as the metallic VA-MWNTs contributed
the major current flow between the two electrodes in
the compression state. Owing to the reversible me-
chanical compressibility of the VA-SWNTs,25-27 we
found that I-V characteristics of the 3-D multicompo-
nent micropattern with the shorter VA-MWNTs inter-
posed into the longer VA-SWNTs could be reversibly
switched between the metallic and semiconducting
states during the compression-decompression cycles.
Under a constant voltage of 5 V, a strong current re-
sponse (by a factor of 2) to compression-decompres-
sion cycles was observed (Figure 5d), which is appar-
ently fast with a good repeatability (>90% recovery
based on average response current). Inset of Figure 5d
shows an enlarged view for a small portion of the
current response curve. The peak current intensity and
response time can be tuned by developing the 3-D VA-
MWNT/VA-SWNT multicomponent micropatterns with
various patterned geometries and/or nanotube length
differences. These newly developed 3-Dmulticomponent

Figure 4. (a,b) SEM images of VA-MWNT patterns on PDMS (a) and transparent tape (b) by the first contact transfer. (c) SEM
image of transparent tape after contact transfer of VA-MWNT patterns from panels a to b. (d) SEM image of panel c after
contact transfer of VA-SWNTs. (e, and f) SEM images of enlarged view of panel d.
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VA-MWNT/VA-SWNT micropatterns with reversibly
switchable electronic properties can be potentially
useful for many device applications, including touch
sensors, memory storages, and electronic switches.
Because of the flexibility and transparency of the

transfer substrates used, such as PDMSand transparent
tape, the formedmicropatterns of aligned CNTs can be
applied in flexible electronics and optical devices.
Figure 6a shows a photo of multilevel micropatterns
of VA-MWNTs on transparent tape with a forced me-

chanical distortion. The microscopic view inserted in
Figure 6a reveals the integrity of the micropatterns.
Figure 6b schematically illustrated the setup for optical
investigation of the VA-MWNT patterns on transparent
tape. A laser pen is used as light source, and VA-MWNT
patterns on transparent tape plays the role of optical
grid. As we can see in Figure 6c, the microsquare
patterns of VA-MWNTs (Figure 6c inset and Figure 1f)
present a cross of linear light spots. However, the
multilevel micropatterns, the patterned microsquare

Figure 5. (a,b) Schematic illustrations of the 3-D VA-MWNT/VA-SWNT multicomponent micropatterns at the decompression
and compression states, respectively. (c) Current-voltage responses (i) and (ii) corresponding to sketches a and b,
respectively. (d) Current response to the compression-decompression cycles at a voltage of 5 V. Tested pattern area: 1 mm2.

Figure 6. (a) Photo of VA-MWNT pattern on transparent tape (inset: microscopic view). (b) Schematic diagram of light
diffraction through patterned CNTs on tape. (c) Light diffraction frommicrosquare pattern of VA-MWNTs on transparent tape
(corresponding to Figure 1f. Inset shows SEM image, square length = 100 μm). (d) Light diffraction from multilevel
microsquare pattern of VA-MWNTs on transparent tape (corresponding to Figure 1g. Inset shows SEM image, square length =
100 μm). (e) Light diffraction as in panel d from incurved transparent tape (cf. Figure 6a).
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regions (100 μm) in Figure 6d (inset) and Figure 1g,
show a corresponding multilevel light diffraction. The
center main diffraction is surrounded with six well-
proportioned sublight diffractions, and each diffraction
is consistent with that in Figure 6c and is composed
with a cross of linear light spots. Apart from the
efficient regulation of light diffraction through the
CNT micropatterns, the light diffraction behavior can
also be tuned by deformation of flexible VA-MWNT
patterns on transparent tape. We find that the initial
square shape (Figure 6d) of the diffraction pattern
transforms to a rectangle (Figure 6e) due to the
curvature of the transparent tape. The observed de-
pendence of light diffraction on the transfiguration of
the CNT pattern indicates the potential for optical
devices.
In addition to many possible electrical and optical

applications exemplified by the aforementioned
aligned CNT micropatterns, the surface physical and
chemical properties of single component aligned-CNT
micropatterns can also be tailored by the introduction
of new components with specific functionality. For
example, the VA-MWNT arrays or patterned films have
intrinsically superhydrophobic surface properties.34,35

However, in combination with ZnO nanorods within
the VA-MWNT patterns (Figures 3a and b), the wett-

ability of aligned MWNT patterned films can be con-
trolled reversibly between superhydrophobicity and
superhydrophilicity. As can be seen in Figure 7a,b, the
superhydrophobic aligned CNT patterns interposed
with ZnO nanorods (water contact angle of 152�,
Figure 7a) show a superhydrophilic surface property
(0�, Figure 7b) under ultraviolet (UV) irradiation (100W)
due to the change of surface chemistry of ZnO
nanorods.36 Similarly, the TiO2 film infiltrated aligned
CNT patterns (Figure 3d) show reversible photocurrent
generation in response to the light characteristic of
TiO2 (Figure 7c).

37 It is notable that, during the transfer
process, the CNTs within the resultant patterns still
have a density similar to those initial ones. We have not
observed an obvious change in alignment and bundl-
ing of VA-MWNTs and VA-SWNTs during the transfer
process, which, otherwise, may have a possible effect
on the mechanical, electrical, and optical properties of
the final patterned microarchitectures.

CONCLUSIONS

We have developed a multiple contact transfer tech-
nique for controllable fabrication of multilevel, multi-
component microarchitectures of aligned CNTs. The
resultant 3-D VA-MWNT/VA-SWMTmulticomponent mi-
cropatterns with region-specific nanotube lengths have
been demonstrated to have a fast and reversible pulsed
current response to compression-decompression cy-
cles at a constant voltage associated with the intrinsic
semiconducting and metallic state characteristic of the
VA-SWNTs and VA-MWNTs, respectively. The multilevel
micropatterns of VA-MWNTs on transparent tape have
also presented the potential for optical devices due to
the micropattern-dependent light diffraction and its
change with mechanical deformation. Other materials
with specific properties such as ZnO nanorods, SiO2

microspheres, and TiO2 thin film have also been inter-
posed into the patterned structures of aligned CNTs. The
surface physical and chemical properties of these multi-
component aligned-CNT micropatterns have been de-
monstrated to be dependent on the nature of the
constituent components and their spatial distributions,
leading to various responsive smart surfaces. The newly
developed multiple contact transfer strategy should be
applicable for interposing a large variety ofmulticompo-
nent elements beyond those demonstrated in this study
for diverse multifunctional device applications.

METHODS
The nonpatterned VA-MWNT filmswith a homogeneous tube

length of ∼5 μm on a quartz glass plate were synthesized by
pyrolysis of iron phthalocyanine (FePc) in Ar/H2 atmosphere at
1100 �C as we previously reported,19 while nonpatterned VA-
SWNT films with a uniform length of about 10-15 μm were
synthesized by plasma enhanced chemical vapor deposition
according to our published procedure.25 The CNT samples used

in this study have a density of ca. 109-1011 nanotubes per
centimeter square for VA-MWNTs, and ca. 1010-1012 nanotubes
per centimeter square for VA-SWNTs.25 ZnO nanorods with
branch structures were synthesized by thermal evaporation of
Zn on Si wafer.38 Breifly, Zn powders were put into an alumina
cylindrical crucible with one end open and then kept in a quartz
tube (diameter of 1 in and 4 ft long) placed inside of a resistively
heated furnace. The synthesis temperature and duration time
were maintained between 600-700 �C and 10 min, respectively.

Figure 7. (a and b) Photos of a water droplet on a ZnO
nanorod/VA-MWNT micropattern (Figure 3a,b) without or
underUV irradiation, respectively. (c) Light response at 2.5 V
bias voltage of TiO2 infiltrated aligned MWNT pattern film
(Figure 3d).
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Si(100) substrate was kept face inverted on the crucible.
The furnace has open ends on both sides. ZnO nano-
structures as a white film were collected on the Si surface
(Supporting Information, Figure S4). TiO2 thin films with a
thickness of approximate 2 μm were prepared by electrophor-
esis on a Si wafer.37 Photocurrent measurement of TiO2/aligned
MWNT patterns was carried out at 2.5 V bias voltage. It was
shown that the multicomponent TiO2/VA-MWNT micropat-
terned film has a good photoresponse to a pulsed light beam
(λ = 254 nm, 4 W). SiO2 microspheres with a size of about 5 μm
were purchased from Polyscience, Inc. and used as received.
SiO2 microspheres dispersed in water were cast on a glass slide
to form a uniform film for contact transfer process. Scanning
electron microscopic (SEM) images were recorded on a Hitachi
S-4800 high-resolution SEM unit. Current-voltage measure-
ments on the aligned carbon nanotubes were performed using
an EG&G potentiostat (model 263A).
The primary contact transfer process is similar to that re-

ported previously.18 As shown in Supporting Information, Fig-
ure S1, we first put a physical mask (e.g., TEM grid in this study)
on PDMS (or transparent tape) and then put it in contact with
the aligned CNTs. Because of the adhesion interaction between
CNTs and PDMS or transparent tape, the CNTs will be trans-
ferred onto an area of the PDMS or transparent tape corre-
sponding to the region not covered by the mask. After removal
of the physical mask, a pattern of vertical aligned CNTs will form
on the PDMS or transparent tape. Depending on the applied
physical mask with predesigned pattern structure, different
micropatterns of aligned CNTs will be obtained. Supporting
Information, Figure S2 shows one example of microsquare
patterns formed on PDMS (Figure S2,b) and of a microgrid of
aligned MWNTs left on the Si substrate (Figure S2,a). The
micropatterns on the Si substrate can also be further transferred
onto PDMS or transparent tape by one more contact transfer.
For the formation of multicomponent micropatterns, the

pretransferred aligned CNT patterns on PDMS or transparent
tape are put in contact with other components such as ZnO
nanorods, SiO2 microspheres, and even TiO2 thin film. They will
be transferred into the exposed regions surrounded by aligned
CNT patterns.

Acknowledgment. L. Qu is grateful for the financial support
from BIT, NSFC (21004006), the 111 Project B07012 in China,
Research Foundation for the Doctoral Program of Higher Edu-
cation of China (20101101120036), SRF for ROCS, SEM
(20100732002), and the program for the new century excellent
talents in University (NCET-10-0047). L. Dai is grateful for the
support from AFOSR (FA9550-10-1-0546, FA9550-09-1-0331)
and NSF (CMMI-1047655).

Supporting Information Available: Experimental details and
Figures S1-S5. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Zeng, H.; Sun, S. H. Syntheses, Properties and Potential

Applications of Multicomponent Magnetic Nanoparticles.
Adv. Funct. Mater. 2008, 18, 391–400.

2. Guo, X. F.; Whalley, A.; Klare, J. E.; Huang, L. M.; O'Brien, S.;
Steigerwald, M.; Nuckolls, C. Single-Molecule Devices as
Scaffolding for Multicomponent Nanostructure Assembly.
Nano Lett. 2007, 7, 1119–1122.

3. Qu, L. T.; Dai, L. M. Direct Growth of Three-Dimensional
Multicomponent Micropatterns of Vertically Aligned Sin-
gle-Walled Carbon Nanotubes Interposed with Their Mul-
tiwalled Counterparts on Al-Activated Iron Substrates. J.
Mater. Chem. 2007, 17, 3401–3405.

4. Qu, L. T.; Peng, Q.; Dai, L. M.; Spinks, G. M.; Wallace, G. G.;
Baughman, R. H. Carbon Nanotube Electroactive Polymer
Materials: Opportunities and Challenges. MRS Bull. 2008,
33, 215–224.

5. Koehne, J.; Meyyappan, M. Ultrasensitive Label-free DNA
Analysis Using an Electronic Chip Based on Carbon Nano-
tube Nanoelectrode Arrays. Nanotechnology 2003, 14,
1239–1245.

6. Fan, S.; Chapline, M. G.; Franklin, N. R.; Tombler, T. W.;
Cassell, A. M.; Dai, H. J. Self-Oriented Regular Arrays of
Carbon Nanotubes and Their Field Emission Properties.
Science 1999, 283, 512–514.

7. Kang, S. J.; Kocabas, C.; Kim, H. S.; Cao, Q.; Meitl, M. A.;
Khang, D. Y.; Rogers, J. A. Printed Multilayer Super-
structures of Aligned Single-Walled Carbon Nanotubes
for Electronic Applications. Nano Lett. 2007, 7, 3343–
3348.

8. Yang, Y.; Huang, S.; He, H.; Mau, A. W. H.; Dai, L. M.
Patterned Growth of Well-Aligned Carbon Nanotubes: A
Photolithographic Approach. J. Am. Chem. Soc. 1999, 121,
10832–10833.

9. Masarapu, C.; Wei, B. Q. Direct Growth of Aligned Multi-
walled Carbon Nanotubes on Treated Stainless Steel Sub-
strates. Langmuir 2007, 23, 9046–9049.

10. Zhang, Z. J.; Wei, B. Q.; Ramanath, G.; Ajayan, P. M. Sub-
strate-Site Selective Growth of Aligned Carbon Nano-
tubes. Appl. Phys. Lett. 2000, 77, 3764–3766.

11. Xia, Y. N.; Whitesides, G. M. Soft Lithography. Angew.
Chem., Int. Ed. 1998, 37, 551–575.

12. Huang, S.; Mau, A. W. H.; Turney, T. W.; White, P. A.; Dai,
L. M. Patterned Growth of Well-Aligned Carbon Nano-
tubes: A Soft-Lithographic Approach. J. Phys. Chem. B
2000, 104, 2193–2196.

13. Lee, D. H.; Shin, D. O.; Lee, W. J.; Kim, S. O. Hierarchically
Organized Carbon Nanotube Arrays from Self-Assembled
Block Copolymer Nanotemplates. Adv. Mater. 2008, 20,
2480–2485.

14. Lee, D. H.; Lee, W. J.; Kim, S. O. Highly Efficient Vertical
Growth of Wall-Number-Selected, N-Doped Carbon
Nanotube Arrays. Nano Lett. 2009, 9, 1427–1432.

15. Wei, H. Y.; Kim, S. N.; Marcus, H. L.; Papadimitrakopoulos, F.
Preferential Forest Assembly of Single-Wall Carbon Nano-
tubes on Low-Energy Electron-Beam Patterned Nafion
Films. Chem. Mater. 2006, 18, 1100–1106.

16. Hung, W. H.; Kumar, R.; Bushmaker, A.; Cronin, S. B.;
Bronikowski, M. J. Rapid Prototyping of Three-Dimen-
sional Microstructures from Multiwalled Carbon Nano-
tubes. Appl. Phys. Lett. 2007, 91, 093121.

17. Yang, J.; Qu, L. T.; Zhao, Y.; Zhang, Q.; Dai, L. M.; Baur, J. W.;
Maruyama, B.; Vaia, R. A.; Shin, E.; Murray, P. T.; et al.
Multicomponent and Multidimensional Carbon Nano-
tube Micropatterns by Dry Contact Transfer. J. Nanosci.
Nanotechnol. 2007, 7, 1573–1580.

18. Yang, J.; Dai, L. M.; Vaia, R. A. Multicomponent Interposed
Carbon Nanotube Micropatterns by Region-Specific Con-
tact Transfer and Self-Assembling. J. Phys. Chem. B 2003,
107, 12387–12390.

19. Huang, S.; Dai, L. M.; Mau, A. W. H. Patterned Growth and
Contact Transfer of Well-Aligned Carbon Nanotube Films.
J. Phys. Chem. B 1999, 103, 4223–4227.

20. Patil, A.; Ohashi, T.; Buldum, A.; Dai, L. M. Controlled
Preparation and Electron Emission Properties of Three-
Dimensional Micropatterned Aligned Carbon Nanotubes.
Appl. Phys. Lett. 2006, 89, 103103.

21. Qu, L. T.; Zhao, Y.; Hu, Y.; Zhang, H.; Li, Y.; Guo,W.; Luo, H. X.;
Dai, L. M. Controlled Removal of Individual Carbon Nano-
tubes from Vertically Aligned Arrays for Advanced Na-
noelectrodes. J. Mater. Chem. 2010, 20, 3595–3599.

22. Lee, D. H.; Kim, J. E.; Han, T. H.; Hwang, J. W.; Jeon, S.; Choi,
S. Y.; Hong, S. H.; Lee, W. J.; Ruoff, R. S.; Kim, S. O. Versatile
Carbon Hybrid Films Composed of Vertical Carbon Nano-
tubes Grown onMechanically Compliant Graphene Films.
Adv. Mater. 2010, 22, 1247–1252.

23. Zhou, Y.; Hu, L.; Gr€uner, G. A Method of Printing
Carbon Nanotube Thin Films. Appl. Phys. Lett. 2006, 88,
123109.

24. Hu, L.; Gr€uner, G.; Li, D.; Kaner, R. B.; Cech, J. Patternable
Transparent Carbon Nanotube Films for Electrochromic
Devices. J. Appl. Phys. 2007, 101, 016102.

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

A
RTIC

LE



QU ET AL. VOL. 5 ’ NO. 2 ’ 994–1002 ’ 2011 1002

www.acsnano.org

26. Cao, A. Y.; Dickrell, P. L.; Sawyer, W. G.; Ghasemi-Nejhad,
M. N.; Ajayan, P. M. Super-Compressible Foamlike Carbon
Nanotube Films. Science 2005, 310, 1307–1310.

27. Suhr, J.; Victor, P.; Sreekala, L. C. S.; Zhang, X.; Nalamasu, O.;
Ajayan, P. M. Fatigue Resistance of Aligned Carbon Na-
notube Arrays under Cyclic Compression. Nat. Nanotech-
nol. 2007, 2, 417–421.

28. Wang, X. D.; Song, J. H.; Wang, Z. L. Nanowire and
Nanobelt Arrays of Zinc Oxide from Synthesis to Proper-
ties and to Novel Devices. J. Mater. Chem. 2007, 17, 711–
720.

29. Wang, Z. L. The New Field of Nanopiezotronics. Mater.
Today 2007, 10, 20–28.

30. Wijnhoven, J. E. G. J.; Vos, W. L. Preparation of Photonic
Crystals Made of Air Spheres in Titania. Science 1998, 281,
802–804.

31. Yi, G. R.; Moon, J. H.; Manoharan, V. N.; Pine, D. J.; Yang,
S. M. Packings of Uniform Microspheres with Ordered
Macropores Fabricated by Double Templating. J. Am.
Chem. Soc. 2002, 124, 13354–13355.

32. Mikrajuddin, B.; Iskandar, F.; Okuyama, K. Single Route for
Producing Organized Metallic Domes, Dots, and Pores by
Colloidal Templating and Over-Sputtering. Adv. Mater.
2002, 14, 930–932.

33. Xia, Y. N.; Tien, J.; Qin, D.; Whitesides, G. M. Non-photo-
lithographic Methods for Fabrication of Elastomeric
Stamps for Use in Microcontact Printing. Langmuir
1996, 12, 4033–4038.

34. Sun, T.; Wang, G.; Liu, H.; Feng, L.; Jiang, L.; Zhu, D. Control
over the Wettability of an Aligned Carbon Nanotube Film.
J. Am. Chem. Soc. 2003, 125, 14996–14997.

35. Li, H.; Wang, X.; Song, Y.; Liu, Y.; Li, Q.; Jiang, L.; Zhu, D.
Super-”Amphiphobic” Aligned Carbon Nanotube Films.
Angew. Chem., Int. Ed. 2001, 40, 1743–1746.

36. Feng, X.; Feng, L.; Jin, M.; Zhai, J.; Jiang, L.; Zhu, D.
Reversible Super-Hydrophobicity to Super-Hydrophilicity
Transition of Aligned ZnO Nanorod Films. J. Am. Chem.
Soc. 2004, 126, 62–63.

37. Yang, Y. D.; Qu, L. T.; Dai, L. M.; Kang, T. S.; Durstock, M.
Electrophoresis Coating of Titanium Dioxide on Aligned
Carbon Nanotubes for Controlled Syntheses of Photo-
electronic Nanomaterials. Adv. Mater. 2007, 19, 1239–
1243.

38. Son, K. S.; Lee, D. H.; Choung, J. W.; Pyun, Y. B.; Il Park, W.;
Song, T.; Paik, U. Catalyst-free Synthesis and Cathodolu-
minescent Properties of ZnO Nanobranches on Si Nano-
wire Backbones. J. Mater. Res. 2008, 23, 3403–3408.

A
RTIC

LE


