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C
arbon nanotubes (CNTs) have super-
ior electric properties for various
electronic applications including super-

capacitors,1 field effect transistors,2 trans-
parent electrodes,3 and field emission
displays.4 Their significant mechanical elas-
ticity also suggests potential uses in flexible
devices based on polymeric substrates.3,5�9

Vertically aligned carbonnanotubes (VACNTs),
which grow via a self-assembling mechanism,
offer a high degree of directionality that is
highly desirable for controllable arrangement
of this significantly anisotropic material on
flexible substrates. Unfortunately, most poly-
meric flexible substrates are incompatible
with the high temperature required for CNT
growth. In order to incorporate synthesis of
VACNTs into conventional device fabrication
processes, researchershavedevelopedvarious
growth techniques to grow nanotubes at
lower temperatures, mostly using a chemical
vapor deposition (CVD) method.10 Nonethe-
less, most CVD methods still require growth
temperatures that are too high for the poly-
meric substrates. Thus, postgrowth CNT trans-
fer provides a key opportunity to integrate this
fascinating material with polymeric substrates
and into flexible device architectures.
Various transfer techniques have been

proposed to transfer as-grown VACNTs onto

popular polymers such as polymethyl

methacrylate (PMMA), polydimethylsilox-

ane (PDMS), polyethylene terephthalate

(PET), and polycarbonate (PC).5,11�13 Solu-

tion-based transfer is well-established and

versatile (basically compatible with most

substrates), but it is more adequate for

deposition of a random network of nano-

tubes since VACNTs lose alignment in the

dispersion process necessary for solubiliza-

tion, and the subsequent evaporation of the

solvent induces undesirable shrinkage of
nanotubes.11,14 In contrast, dry transfer
methods maintain alignment of VACNTs as
grown vertically or as collapsed horizontally
by postgrowth rolling.11,15,16 In principle,
most dry transfer techniques are based on
differential adhesion; for example, the CNT�
(polymer receiver) interface has greater ad-
hesion than the CNT�(growth substrate
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ABSTRACT

We demonstrate a laser-assisted dry transfer technique for assembling patterns of vertically aligned

carbon nanotube arrays on a flexible polymeric substrate. A laser beam is applied to the interface of

a nanotube array and a polycarbonate sheet in contact with one another. The absorbed laser heat

promotes nanotube adhesion to the polymer in the irradiated regions and enables selective pattern

transfer. A combination of the thermal transfer mechanism with rapid direct writing capability of

focused laser beam irradiation allows us to achieve simultaneous material transfer and direct

micropatterning in a single processing step. Furthermore, we demonstrate that malleability of the

nanotube arrays transferred onto a flexible substrate enables post-transfer tailoring of electric

conductance by collapsing the aligned nanotubes in different directions. This work suggests that the

laser-assisted transfer technique provides an efficient route to using vertically aligned nanotubes as

conductive elements in flexible device applications.

KEYWORDS: carbon nanotube . nanotube transfer . laser patterning . polymer
substrate . flexible electronics
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donor) interface. Coating an additional adhesive layer

on the target surface can promote transfer,17 or some-

times even a van der Waals interaction is strong

enough to detach the VACNTs and sustain the adher-

ence to the receivermaterial, depending on the surface

characteristic of the receiver.11,16 In addition, adhesion

induced by polymerization18 or by heat12,13,19 enables

successful transfer of VACNTs to polymer receivers.

Notably, previous studies focused on the transfer step;

therefore, to fabricate VACNT patterns on the receiver

substrate VACNTs were synthesized on a patterned

catalyst area prior to the transfer, hence requiring

additional metal patterning process steps.
In this paper, we propose a laser-assisted rapid dry

transfer technique for VACNTs where laser-based di-
rect writing is combined with the thermally induced
dry transfer process. This combination allows simulta-
neous VACNT transfer onto flexible polymers as well as
rapid micropatterning under ambient conditions, re-
markably accelerating the overall patterning and trans-
fer process. We also demonstrate the engineered
alignment of the transferred VACNT forest and the
tunability of its electrical conductance by applying a

pressurized mechanical rolling process. Finally, we
discuss the superior bendability of the transferred
nanotubes based on measured electrical resistances
under various bending conditions.

RESULT AND DISCUSSION

Laser-Assisted Transfer and Patterning. In our transfer
procedure (Figure 1a) a general-purpose-grade PC
sheet (McMaster-Carr) is placed on VACNTs grown by
CVD on a silicon substrate, with the target surface of
the PC facing the top of the VACNT forest. In addition, a
glass slide imposes contact and flatness on the
PC�VACNT interface over a laser scanning area (as
illustrated in Figure S2). A simple mechanical clamping
with spacers of a proper thickness is applied to pres-
surize the PC film toward the nanotubes. The mechan-
ical pressure is maintained until the end of the laser
scanning. The piled glass�PC�VACNT assembly is
either translated under laser irradiation through the
fixed objective lens or is held stationary while the
galvanometer mirror system writes pattern lines
(see Methods for the details of the laser system). The
absorbed thermal energy from the laser beam fluidizes

Figure 1. (a) Illustration of the laser-assisted VACNT transfer process. (b) SEM image (top view) of grid-patterned VACNTs on
PC (125 μm thickness). The inset is an enlarged view of the marked area. A gold layer was coated on the sample to improve
conductance for SEM imaging. (c) SEM image (oblique view) of transferred VACNTs on PC. The inset shows a high-
magnification SEM image on the cross section near the VACNT�PC weld interface after tearing the polymer film (scale
bar: 400 nm). Likewise, a gold layerwas coated on the sample. (d) Photo image of the transferred VACNTs on a large scale. The
inset shows the SEM image of the areal patterns in the marked area (scale bar: 400 μm). (e) Photo image (left) of a large-
scale VACNT pattern and the corresponding optical microscope image (right) at the indicated position. The inset (left) shows
the scale of the pattern (unit: cm).
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the PC just adjacent to the interface, and the liquid or
partially viscous polymer promptly wets the tips of
nanotubes by capillary force.12,20 As the laser beam
passes, highly thermally conductive VACNTs rapidly
dissipate the absorbed heat, completing the laser

welding process. Afterward, due to the higher adhesion
at the weld interface, the transplanted VACNTs are
selectively peeled off the nanotube forest by exerting
moderate separation force. All transfer steps are con-
ducted under ambient conditions.

VACNTs were successfully transferred on the PC
substrates (of 125 μm thickness) both by the UV laser
setup (wavelength: 355 nm) with a 39� objective lens
and by the argon laser (wavelength: 514 nm) with a
galvanometer mirror system. The SEM images in
Figure 1b, c show the morphologies of the transferred
VACNTs by the UV laser setup. The inset in Figure 1c
shows the transferred nanotubes whose ends are
embedded in the PC. The smallest line width that we
could reliablywritewas about 30 μmat a laser power of
15�20 mW and a scanning speed of 5 mm/s. Likewise,
the argon laser beam directed by the X�Y galvan-
ometer mirror system was effective in transferring
nanotube patterns. The line width became larger
(generally 50�75 μm) relative to the patterns pro-
duced with the UV laser at the corresponding laser
power because of the enlarged focal spot size (50 μm).
However, the galvanometer mirror system enabled
high-speed patterning on a relatively large scale, high-
lighting practical aspects of the transfer method. For
instance, the maximum scanning speed that allowed
writing of a line pattern of VACNTs was approximately
1 m/s at an increased irradiation power of 220 mW.
Figure 1d shows the various symbols of the transferred
VACNTs that were marked by this scanning system. In
contrast to the line patterns of Figure 1b, areal pattern-
ing (inset of Figure 1d) was produced using a serpen-
tine scanning path that covered the inner area of the
symbols. Scan overlapping guaranteed complete
transfer. Figure 1e shows a centimeter-scale VACNT
micropattern (1.8 cm � 0.9 cm) on a PC substrate,
whose spatial uniformity demonstrates potential use
of this laser-assisted transfer method in large-scale
fabrication.

Transfer Mechanism. We note that the pressure ex-
erted by the upper glass slide improves the contact
between the PC film and the VACNTs, which is critical
for successful transfer. Although the laterally interwo-
ven structure of the top surface gives the as-grown
VACNT forest good height uniformity,21,22 some varia-
tion remains, especially on a relatively large scanning
area. This is a typical issue in CVD growth that results
from inhomogeneity in the CVD environment. More-
over, commercial PC films are prone to contain a
structural curvature that is possibly generated by
deformation during the material fabrication and hand-
ling. Without exerting additional force, an air gap

would form between the PC surface and the top of
the VACNT forest, leading to loss of local contact. In
addition, the glass slide acts as a flat template that is
required when high-magnification far-field illumina-
tion is applied to a translating target. Indeed, a facile
transfer experiment without the pressurizing glass
slide revealed that nanotubes were only partially
transferred into broken patterns where the contact
was lost or the laser beam focus deviated from the
desired depth. Figure S3a shows a top view of the PC
film where the transfer succeeded on the left side,
whereas the transfer failed on the right side, only
leaving evidence of thermal damage.

Even though the flattening glass compensates for
height variation of VACNTs to a degree, the height
uniformity of as-grown VACNTs is still crucial to avoid
the possibility of severe deformation by compression.
As the VACNTs are compressed, structural buckling
may occur by excessive flattening force, resulting in
significant waviness on the lateral morphology of the
nanotubes. For instance, Cao et al.23 reported that axial
compressive strain over ∼22% induced collective and
periodic buckling with a wavelength of∼12 μm in the
VACNTs. In our case, such structural damage will
become inevitable if the height variance of VACNTs is
too large to be elastically restored after relaxation of
the compression. However, our experiment reveals
that the transferred VACNTs do not experience notice-
able buckling (Figure S4). Therefore, we believe that
the height uniformity of the nanotube forest is key to
mitigating the impact of buckling on the transfer
process.

The temperature at the PC�VACNT interface is an-
other key parameter for successful transfer since the PC
film is thermally frail, with glass transition and melting
temperatures of ∼150 and ∼230 �C, respectively.24 For
instance, excessive laser power damaged PC films se-
verely, leaving a white residue without accomplishing
any nanotube transfer. Interestingly, when amoderately
high level of laser power was applied, nanotube transfer
succeeded only on the tail area of the Gaussian energy
profile to write double lines (Figure S3b). Figure 2a
depicts the heat flow paths during laser irradiation for
the nanotube transfer. VACNTs have much higher op-
tical absorptivity than PC, with respect to the laser

Figure 2. (a) Illustration of heat transfer during laser irra-
diation. (b)Mechanicalmodel for the relation of static forces
during the separation process (A: area of transfer pattern, P:
perimeter of the pattern, h: height of nanotube forest).
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wavelengths (λ = 355, 514 nm).25,26 (In general, PC is
known as a UV blocking polymer, but we measured
∼90% transmittance when the UV laser (355 nm) was
applied to the tested PC film of 125 μm thickness.)
Notwithstanding the scattered reported values of ther-
mal conductivity of VACNTs, VACNTs have orders of
magnitude higher thermal conductivity (kCNT,z: 1�250
W/m 3 K)

27,28 than PC (kPC: ∼0.2 W/m 3 K); accordingly,
most of the absorbed heat flows down through the
nanotubes to the silicon substrate that serves as a heat
sink (qz� . qzþ, qx). Thus, the thermal resistances
between the PC and the silicon affect the proper range
of laser power for successful nanotube transfer. In our
sample, we deposited an oxide layer as a diffusion
barrier to promote activity of the catalysts during the
CNT growth, and this layer also poses a thermal resis-
tance. Indeed, we observed that laser power needed to
be decreased to avoid excessive heating when we used
longer nanotubes or a thicker oxide film.

While the laser power is easily adjustable, the far-
field laser illumination can render the temperature of
the CNT�PC interface very sensitive to the laser beam
focal position. One may expect that the interface
should be placed ideally at the focal plane. However,
we intentionally defocused the laser spot by a few
micrometers down into the nanotubes for several
practical reasons. First, in addition to the nonunifor-
mity in VACNT heights and possibly in PC thickness, it is
challenging to maintain the interface level within a
reasonable focal range, especially when high magnifi-
cation is necessary to obtain a smaller beam spot on a
relatively large scanning area. Second, carbon nano-
tubes have greater thermal tolerance compared to
polymers, allowing a wider parametric window. It is
well-known from thermo-gravimetric analysis that na-
notubes can endure up to ∼550 �C even under ambi-
ent air conditions.29 In contrast, when the laser beam is
focused inside the polymer, the polymer temperature
can vary significantly with the scanning speed, due to
the low thermal diffusivity of PC. For instance, when
the scanning speed is transiently decelerated (or
accelerated) at the serpentine pattern turns, the poly-
mer temperature at the focal spot can deviate signifi-
cantly from the proper temperature level. Third,
anisotropic thermal properties of VACNTs are favorable
since axial conduction prevails over the lateral heat
diffusion thatwould causewidening of the pattern line.

The separation process is simple but requires bal-
ancing between the adhesion strengths (N/m2) of laser-
welded PC�CNT (σPC�CNT*), CNT�substrate (σCNT‑SUB),
van der Waals PC�CNT (σPC�CNT), and the shear friction
induced by the characteristic structure of VACNTs that
are bundled and laterally interconnected.30 Due to the
extraordinarily strong interaction of the interwoven
nanotubes at the top of VACNTs,22,30,31 we consider
two shear stress parameters: τCNT‑CNT (N/m

2) on the side
wall and τCNT‑CNT* (N/m) at the top pattern perimeter.

Here we model the top interwoven nanotube mat sur-
face as a very thin two-dimensional network. First of all,
σCNT�SUB should be larger than σPC�CNT so that the area
unaffected by laser does not transfer nanotubes. In this
respect, the water etching, which reduces σCNT�SUB,
prior to transfer11,15 offers no advantage to our process.
In addition, if we simplify the geometry of transfer
pattern as described in Figure 2b, we obtain the follow-
ing relation for successful transfer.

σPC � CNT� > σCNT � SUB þ P

A
(hτCNT � CNT þ τCNT � CNT�)

(1)

where P is the perimeter of the pattern, A is the area of
the pattern, and h is the height of the VACNTs. In the
case of a cylindrical shape of transferring nanotubes, the
geometry term (P/A) reduces to 2/R. Despite the simpli-
fication followed in this derivation, eq 1 suggests im-
portant information on the separation process. Given
the adhesion strengths of σPC�CNT* and σCNT�SUB, the
shear friction comes into play when the thickness of the
VACNTs (h) is high or the shape of the pattern has a high
perimeter to area ratio (P/A). Reversely, the effect of the
shear force decreases by using short VACNTs with a
pattern shape that has a low P/A ratio or by amplifying
the adhesion forces (σPC�CNT*,σCNT�SUB). In this case, the
adhesion relation for successful transfer will reduce to a
simpler form:

σPC � CNT� > σCNT � SUB > σPC � CNT (2)

Although our transfer experiment does not render
quantitative values for the adhesion forces and those
values should also be dependent on the growth con-
ditions of the VACNTs, our results still provide sub-
stantial evidence supporting this model. We observed
that just pressing a PC sheet down to the nanotube
forest did not allow transfer of the nanotubes. The PC
surface of the nonpatterned areawas free of nanotubes,
which clearly satisfies the condition of σCNT�SUB >
σPC�CNT. Interestingly, the separation process generated

Figure 3. SEM images of dual patterns of VACNTs on the PC
target substrate (left) and Si nanotube substrate (right),
reminiscent of decalcomania. Each pattern has a mirror
image with a reversed lithographic sign.
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suspended strands of nanotubes that were pulled out
by shear force but still remained attached to the side
wall of VACNTs (Figure 1c) (also see Figure S5 in the
Supporting Information). Moreover, the shear force
resulted in transfer of extra nanotube material near
acute corners of pattern lines. Indeed, the presence of
suspended strands and the loss of sharpness at the
corners of the patterns were more pronounced with
longer VACNTs, which can be confirmed by comparison
of the inset of Figure 1b (10 μm thick) and Figure 3
(26 μm thick). As a positive side of this observation,
however, we speculate that the shear force helps miti-
gate microscopic inhomogeneity in VACNT heights by
pulling out the interlaced short nanotubes altogether.
The suspended nanotube debris could be removed to a
degree by contacting the surface of the pattern with a
moderately tacky tape. The debris could also be pushed
and attached to the side wall by capillary-driven
shrinkage11 at the expense of morphological reconfi-
guration of the VACNTs (Figure S6).

Our transfer method shares the basic mechanism
and technical advantages with the thermal method
proposed by Tsai et al.,12 but the laser transfer is
distinguished by several features. Above all, it achieves
maskless direct writing simultaneously with the loca-
tion-controlled material transfer, providing a very ver-
satile one-step process for VACNT patterning on
polymeric substrates. Furthermore, laser illumination
confines the heat-affected area and thereby minimizes
the thermal damage so that VACNTs can be transferred
onto thinner polymer films. This advantage was more
noticeable when thermal transfer was conducted on a
hot plate at 155 �C by heating the entire polymer film.
These experiments showed that the thinner PC film
(125 μm) is more vulnerable to heat damage, resulting
in irreversible deformation, whereas the thicker (500 μm)
film allowed nanotube transfer with reasonably small
deformation, as demonstrated by Tsai et al. In contrast,
laser-assisted transfer enabled successful transfer of
VACNTs to both films.

Additionally, the laser transfer produces dual pat-
terns with pairs of mirror images, as shown in Figure 3,
one on the PC and the other on the silicon, in a process
reminiscent of decalcomania. This secondary or rem-
nant nanotube pattern on the silicon side indicates
that the corresponding technique can be applied not
only for patterning on polymer films but also for VACNT
patterning on the Si substrate. Instead, the lithographic
sign gets reversed; on the polymer side, the transferred
VACNTs stay on the scanned area (positive), while on
the silicon substrate side, the irradiated nanotubes are
subtracted from the VACNT forest (negative).

Despite the aforementioned advantages of the
laser-assisted transfer, this method has its limitation
on the selection of substrate materials. While melting
temperatures of most polymers belong to a proper
range for this technique, adhesion between nanotubes

and specific polymers can fail to satisfy conditions for
successful transfer (eq 2). In order to explore material
compatibility, we have examined additional kinds of
polymers: PET, PMMA, PDMS, and polyimide (PI). We
used the green laser (wavelength: 514 nm) to write line
patterns on them. We found that PET and PMMA were
successful for the transfer, but PDMS tended to transfer
even nonscanned nanotubes, possibly due to the
intrinsic tackiness of the PDMS surface (in other words,
relatively large σPDMS�CNT). PI is not as optically trans-
parent as the other polymers, and it did not allow the
laser transfer. When we used a hot plate (415 �C) to
confirm the transfer compatibility, nanotubes could be
transferred to PI. However, the adhesion was poor
(relatively small σPI�CNT*) and the transferred nano-
tubes could be easily detached by other tacky surfaces
such as PDMS.

Tailoring of Electrical Resistance. Notwithstanding the
phenomenal electrical transport properties of indivi-
dual CNTs, VACNTs have in practice several orders of
magnitude lower conductivity than theoretical predic-
tions, due to structural defects on the nanotube walls
and incomplete contact to electrodes.16 Furthermore,
the anisotropic nature of VACNT arrays limits their
lateral conductivity by at least an order of magnitude
lower than that in the axial direction.32 In our case, the
measured conductivity of as-transferred VACNTs (or
V-CNT) was about 0.4�0.6 (Ω�1

3 cm
�1) in the lateral (x-

axis) direction. (Here we designate the transferred
VACNTs on PC as V-CNT.) In this regard, various efforts
have been made to improve electrical conduction of
VACNTs; the most promising one is densification of
VACNTs by capillary-driven shrinkage,14 mechanical
compression using a rigid roller,11 or a combination
of both.16

In this study, we adopted the mechanical roller
method to enhance the conductance of the transferred
VACNTs. More importantly, we also examined the post-
transfer tunability of the resistance by collapsing the
VACNTs in different directions, based on the highly
anisotropic conductivity of VACNTs. Multiple laser
transfers were conducted to prepare a single strip of
V-CNT (75 μm � 70 μm � 3.5 mm, W � H � L) on PC
substrates. After measurement of the intrinsic conduc-
tance (GV), each V-CNT line was directionally com-
pressed by collapsing the vertical nanotubes with a
mechanical roller in different directions, i.e. the longi-
tudinal (H-CNT), perpendicular (P-CNT), and diagonal
(D-CNT) directions, as illustrated in Figure 4a. In accor-
dance with the previous reports,5,14,16,33 an ohmic I�V

relation with increased conductance (dI/dV, Ω�1) was
obtained due to the enhanced connectivity between
neighboring CNTs by the applied packing.

Interestingly, not only did the conductance in-
crease, but directional enhancementwas also obtained
in the order of H-, D-, P-, and V-CNT, as shown in
Figure 4b. For more quantitative comparison, we
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define the conductance enhancement factor as the
ratio of the conductance of the tailored nanotubes to
the prior (intrinsic) value of V-CNT, for example, GH/GV

for H-CNT. The enhancement factor of H-CNT was
highest up to 5-fold (inset of Figure 4b). As the lengths
of the individual nanotubes are much shorter than the
length of the whole V-CNT strip, electron transport via
internanotube channel is inevitable. Accordingly, we
ascribe this directional enhancement to the vectorial
contribution of rapid one-dimensional conduction of
nanotubes along the strip direction (x-axis). We believe
that this postgrowth and post-transfer tailoring of
nanotube conductance paves a new way to adjust
the conductance of aligned nanotubes.

Bendability Tests. There have been various studies on
piezoresistive behavior of carbon nanotubes in the
form of transferred film6,12,34 or composite with
polymers.5,35,36 This property is related to the change
in the collective resistance of nanotubes bymechanical

strain. We also examined this behavior with our trans-
ferred VACNTs (V-CNT). To investigate the resistance
change of a strip of the VACNTs (on 125 and 500 μm
thick PC substrates), we imposed gradually increasing
mechanical bending as the schematics and the photos
in Figure 5 depict. The bending parameter is deter-
mined as a ratio of the distance change (ΔL) to the
original length (L0). The measured resistance variation
(%) is also shown in Figure 5. The convex or concave
mode indicates the shape of the bent PC sheet while
the surface of the transferred nanotubes faces upward.

The resistance variation can be understood in the
context of the aforementioned relation of conduc-
tance and density of VACNTs. In the convex mode,
the strain along the nanotube�PC interface works in a
stretching fashion, resulting in a reduced density. In
contrast, the concave mode induces packing of the
nanotubes. Hence, the resistance increases with bend-
ing in the convex mode, whereas the opposite trend is
the case in the concave mode. It is noted that the
resistance of the concave bending decreases as the
bending curvature increases but converges asympto-
tically to a plateau, indicating that the resistance

Figure 4. (a) Illustration of directional collapse by the mechanical rolling process. The SEM images (top view) show the
directional morphologies of the roller-pressed nanotubes on PC substrates (scale bar: 40 μm). The red arrows indicate
the corresponding directions of rolling. (b) Representative I�V curves of transferred VACNT filaments after the roller process.
The inset indicates the calculated conductance enhancement factors (GH/GV, GD/GV, GP/GV) out of multiple collapsed
nanotube lines.

Figure 5. Normalized resistance change (%) of the trans-
ferred nanotubes on PC sheets (125, 500 μm thick) by
bending. The convex or concave mode indicates the shape
of the transferred nanotube surface. The data fits of the
convex mode are linear, and the fits of the concave mode
are parabolic. The photo images show a series of deforma-
tion by the convex bending.

Figure 6. Normalized resistance change (%) in the cyclic
reliability test. R1 indicates the resistance of the first cycle.
The photo inset (left) shows the examined pad and line
element of transferredVACNTs on a PC sheet (125μmthick).
The bending radius cycles between 0.63 and 0.79 mm for
repeated on and off of the open circuit that the inset
schematic (right) depicts.
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reduction mechanism saturates earlier than its coun-
terpart. Although the obtained data with the 125 μm
thick PC sheet are qualitatively consistent with the
result of Tsai et al.,12 the degree of bending (ΔL/L0) is
about 12-fold extended under the same level of resis-
tance change. As seen in Figure 5, however, the
resistance variation of the VACNT array becomes more
sensitive to the bending parameter with the thicker
(500 μm) PC sheet. The data prove that the tolerance to
bending originates from nothing other than the re-
duced level of strain at the surface of the thinner PC. On
the basis of the above argument, we suggest that
nanotubes on thinner PC sheets are more preferred
for the application of flexible devices, while nanotubes
on thicker sheets have an advantage as a possible
strain gauge.

In order to investigate the electrical contact37 and
bending endurance35 simultaneously, a simple yet
efficient characterization method was designed
(insets of Figure 6). A VACNT (70 μm thick) interconnect
consistingofa lineelementandVACNTpads (1.5� 1.5mm2)
at each end was transferred on a PC substrate (125 μm
thick). One of the pads was fixed for contact to the
one Cu electrode of the circuit, whereas the other
pad was attached to a motorized linear stage to
engage or disengage the pad to the other electrode
for on-and-off of the circuit. As the stage travels, the
VACNT line array was also subject to continuous bend-
ing approximately from the bending radius 0.79 mm
(off) to 0.63 mm (on). Finally, a cyclic test was con-
ducted by moving the stage back and forth, repeat-
edly. The plot in Figure 6 indicates the recorded
resistance during over 1400 cycles in ambient condi-
tions. Due to the extreme degree of bending,35 the
nanotubes underwent an irreversible change in the
resistance up to 14%during the first 10 cycles. After the
test, we observed that even the PC sheet was under
significant plastic deformation. However, the resis-
tance stabilized soon with no significant change in
the value. We attribute this superior bendability and
reliable contact to the strong adhesion of the nano-
tubes to the PC sheet by our laser method and also to
themechanical compliance of nanotubeswith external
force.37

Our tests demonstrate that the laser-transferred
nanotubes on PC sheets could be promising materials
for layer-crossing and foldable interconnects16,18 or
switches for flexible devices, which represents a valu-
able integration of nanomaterials and polymers. We
also suggest that when applied to transfer of semi-
conducting single-walled carbon nanotubes, this tech-
nique can be used for fabrication of flexible field effect
transistor devices.13 Lastly, we note that our straight-
forward approach enables cheap VACNT device fabri-
cation not only as a direct writing process but also as an
area-selective and material-saving process. For in-
stance, the laser-assisted transfer consumes a local
nanotube area on a large-scale VACNT forest, and the
remaining nontransferred VACNTs on the donor sub-
strate can be successively reused for subsequent
transfer processes.

CONCLUSIONS

In conclusion, we have developed a versatile laser-
assisted dry transfer technique for rapid pattering of
VACNTs on polymeric substrates. Our work provides a
direct and fast route to patterning of VACNTs on PC
sheets with no need for conventional photolitho-
graphic processes that are normally used for CVD
growth catalyst patterning. We believe the proposed
method is also scalable to a larger size, while the
maximum pattern and transfer size we obtained was
about 2 � 2 cm2 due to the dimensional limit of the
nanotube growth system. Still, tight control on height
uniformity of VACNTs is necessary to pursue our trans-
fer technique on a wafer scale. Laser-induced strong
adhesion of nanotubes to PC sheets allows the trans-
ferred nanotubes to be mechanically engineered to
produce adjustable conductance. Localized heating by
laser also minimizes thermal deformation and thereby
enables VACNT transfer onto thinner PC sheets. Trans-
ferred VACNTs on thin flexible PC substrates demon-
strate extreme bendability with great repeatability. We
therefore suggest that not only is the laser-assisted
method advantageous for nanotube transfer but also
the resulting integration of VACNTs with polymers
could be used to manufacture reliable conductive
interconnects for flexible devices.

METHODS
CVD Synthesis of VACNTs. VACNTs that consist of single- and

multiwalled nanotubes (2�5 nm diameter) were synthesized at
750 �C by atmospheric pressure chemical vapor deposition.
Thin catalyst films of iron (2 nm)/alumina (30 nm) were depos-
ited on a silicon(100) substrate by e-beam evaporation and
sputtering, respectively. Catalyst patterning was not necessary,
but growth conditions were fine-tuned to obtain a uniform
VACNT forest. The detailed nanotube growth procedure was
described in our previous work.38

Laser Irradiation Setup. In order to examine the feasibility of
the proposed method on various scales, we use two different

vertical laser illumination setups that have different optical
specifications. In the first system, an as-grown nanotube chip
is located on the motorized X�Y stage that is coupled with a
vertical laser illumination setup: yttrium vanadate (Nd:YVO4)
picosecond laser (Spectra-Physics, wavelength: 355 nm, pulse
width (fwhm): 12 ps, repetition rate: 80MHz) via a 39� objective
(NA = 0.5) lens. This setup is used to transfer nanotube patterns
of smaller features. The second setup adopts a galvanometer
mirror system (SCANLAB hurrySCAN II-14) coupled with an
argon laser (Lexel 3000, λ = 514 nm, continuous wave). Galva-
nometer mirror systems are widely used for high-speed laser
marking by controllably reflecting the incoming laser beam
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onto a two-dimensional target plane, instead of moving the
target material. Accordingly, they avoid inertial load of motor-
ized stages, and, thereby, this enables highly dynamic and rapid
scanning with minimal spatial requirement. In this case, the
nanotube chip stays fixed during laser irradiation. (The system
schematics are also shown in Figure S1.)

Measurement of Electric Resistance. A rigid roller (0.5 cm dia-
meter glass rod) was used with a moderate force to collapse the
transferred VACNTs to a desired direction. A sheet of aluminum
foil was mediated between VACNTs and the rod to prevent the
CNT from sticking to the rod.11 After the rolling process, a
constant force (85 N) was applied to further densify the
collapsed nanotubes. The resistance was measured using a
two-probe technique with a HP 4155A semiconductor parame-
ter analyzer at room temperature. To reduce the contact
resistance between the VACNTs and probe tips, silver paste
was applied at each end of the nanotube line.

Bendability Test. For thebendability test, one endof theVACNTs
transferred to a PC substrate was attached to a motorized stage,
while the other end was fixed. The resistance was measured as the
stage moved by an equal distance, increasing the bending curva-
ture gradually. Especially for the bendability test in Figure 5,
gallium�indium eutectic alloy (Sigma-Aldrich) was applied to the
contact interfaceof theVACNT line array and theprobeelectrode to
maintain more reliable and robust electric contact against the
deformation of the PC sheet. For the bendingþcontact test
(Figure 6), the reverse side of the VACNTs pads was attached
respectively to the fixed wall and to the coil spring (ks ∼4.1 N/
mm) thatwas attached to amotorized linear stage. Themovingpad
was compressed until the obtained resistance reduced to a stable
level. As the stage traveled repeatedly back and forth, the VACNTs
were subject to continuous bending while the pads underwent
repetitive contacts to the copper electrodes. The resistance data
were logged in a computer system.
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