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M
aterial fabrications are progress-
ing into a phase where well-
defined structures created using

nanoscale materials becomes a key technol-

ogy.1 To facilitate such progress, self-

assembly is an efficient and often preferred

process to build micro- and nanomaterials

into ordered macroscopic structures.2 For

example, Li et al.3 utilized a self-assembly

process to synthesize large-scale aligned

carbon nanotube (CNT) honeycomb struc-

tures that exhibit superhydrophobic prop-

erty. CNTs with their unique mechanical,

electrical, and optical properties4�7 are suit-

able for a wide variety of applications. As

such, it is essential to be able to control the

architecture of the CNTs on the substrates

since such controlled assembly is crucial for

applications in micromechanical actuators

and composites.8 Implementing an elegant

water-assisted assembly process as re-

viewed by Liu et al.,9 the structures at which

the CNTs are defined can be divided into

negative (CNTs are removed to form the

pattern) and positive (where CNTs remained

as the building block of the pattern)

structures.

Chakrapani et al.10 and Liu et al.11 re-

ported on the use of long-range capillary ef-

fect of water to assist the assembly of CNTs

into desired negative structures. To do so,

both groups introduced artificial vacant

sites into as-grown vertically aligned CNT

arrays. Once water was introduced to the

system, it would be guided into the spaces

between the CNTs. The resulting capillary

action forces the water to reach and spread

across the hydrophilic substrates (silicon/

quartz), creating a hydrostatic dilation

stress. The presence of the hydrostatic

stress caused the CNTs to be flattened in

the regions with lower CNT density, while

allowing the CNTs to become tightly

packed along the regions with higher CNT

density.11

While both groups used similar water-

assisted-assembly technique, different

treatments were carried out on the CNT

samples before the assembly process. Dur-

ing their sample preparation process,

Chakrapani et al.10 reported the use of pre-

process technique of patterning the sub-

strate on which the vertically aligned CNTs

were synthesized to create the vacant sites.

For the case of Liu et al.,11 post synthesis

treatment of using pulsed laser to pattern

vacant sites on the CNTs was carried. With

both work showing fixed amount of CNTs

removed to create the vacancies, it would

thus be interesting to determine the rela-

tionship between the eventual pattern

formed from the CNTs and the amount of

CNTs removed from the vacancies intro-

duced. Moreover, due to the hydrophobic

nature of the CNT surfaces, Chakrapani et

al.10 oxidized the patterned CNTs before the
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ABSTRACT In this work, detailed studies of three different capillary-assisted techniques for the formations

of large-scale multiwalled carbon-nanotube (MWNT)-based microstructures were presented. Using laser induced

artificial vacancies, new insights into the effect of laser power, densities of MWNTs, and oxidation process

dependencies for the creations of MWNT polygons were presented. With organized initiations, MWNT pillars

were crafted out of MWNT arrays and 0.21 pL of water was found to produce sufficient force to bring about 14.7

�m deflections of a 9.19 � 9.19 � 24.1 �m3 pillar, thereby allowing well-controlled formations of three-

dimensional top-gathering MWNTs. Lastly, by twisting densified MWNT microbelts, 14 times improvements in

resistivity as compared to undensified MWNT microwalls were achieved. Through prepatterning, the amount of

twisting effect could be controlled, and this in turn allowed control of the resistance of the densified MWNT

microwalls. These new insights and techniques presented could further encourage the use of self-organized MWNT

structures with initiation as a flexible and viable route for the implementations of carbon-nanotube-based

electronic devices.
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introduction of water. However, in the case of Liu et
al.11 no oxidation of CNTs was mentioned. As such, it
would be worthwhile to understand if oxidation of CNTs
before and after the introduction of the vacancies
would affect the resultant structures.

In the case of positive CNT structures, a method of
prepatterning the substrate10,12 was implemented. Wei
et al.12 reported on the ability to arrange CNTs in an or-
ganized manner through patterning SiO2 on Si sub-
strate. In doing so, they are able to produce simulta-
neous and multidirectional nanotube growth. Of the
positive CNT structures reported, a random top gather-
ing effect of the CNTs had been reported by Correa-
Duarte et al.13 These top gathering effect had also been
observed in arrays of nanorods14 as well as silicon nan-
olines15 and photoresist polymer walls.16,17 With well-
defined 3D CNT structures having great potential as
packing systems and CNT-based electronics, it would
thus be useful to continue to develop techniques that
facilitate the creations of well-controlled and large scale
3D CNT structures in a cost efficient manner.

In addition, with large-scale densification of shape
defined 3D aligned CNT structures exhibiting improve-
ments in conductivity,18 such densification phenomena
had opened up greater possibilities of incorporating
CNTs in various applications such as flexible heater as
well as supercapacitor electrodes for compact energy-
storage devices.18 In addition, flattening of aligned CNTs
onto substrates also allowed applications of CNTs as mi-
croelectromechanical devices.19 In addition, these flat-
tened CNTs could be vertically suspended and
stretched for use as sensing components.20 With the
vast amount of applications achievable from densified
aligned CNTs, it would be of interest to determine if any
twisting effect on the densified CNTs would result in
better electrical conductivity.

In this report, three techniques involving capillary
assisted-assembly of CNTs are presented. The first tech-
nique describes the creations of negative CNT struc-
tures via the use of water after artificial vacancies were
patterned on the CNTs using focused laser beam prun-
ing. These vacancies serve as initiation sites for the
water-assisted assembly process. The effects of oxidiza-
tion treatment on CNTs, density of CNTs, and laser
power induced artificial vacancies on the assembly of
CNTs were investigated. Studies of the formation pro-
cess of the MWNT polygons were also conducted using
quantum dots (QDs), and the results observed under
fluorescence microscope (FM) were presented as Sup-
porting Information (Figure S1). The second technique
presents water-assisted large-scale assembly of top
gathering pillar arrays made out of CNTs. This tech-
nique could possibly serve as an additional set of tools
for further developments in controlling the architecture
of the CNTs on the substrates for the creations of fu-
ture CNT-based devices and packing systems. Lastly, a
dip�dry method involving the use of ethanol to pack

large-scale aligned and twisted CNT microbelts onto
the substrate surfaces is introduced. This is followed by
detailed I�V measurements of the respective type of
packed CNT microbelts.

RESULTS AND DISCUSSION
Negative MWNT Microstructures. Laser-Power-Dependent Study.

Previous work by Liu et al.11 reasoned the existence of
a greater value of hydrostatic dilation stress in the re-
gions with higher CNT density compared to that at the
lower density. Owing to this difference, CNTs were flat-
tened outward from a region of lower CNT density,
while “walls” were formed when CNTs collapsing in op-
posite directions met. Thus, negative structures could
be constructed through the introduction of artificial va-
cant sites with even lower density than those found
naturally in the CNT arrays.

With that as the basis, effects of the depth and size
of the vacant sites on the formation of the negative
structures were investigated. A continuous focused la-
ser beam21 was used to create artificial vacant sites on
vertically aligned multiwalled carbon nanotube (MWNT)
arrays by releasing the laser intermediately with a shut-
ter. Depths of the vacant sites were changed by vary-
ing the laser power from 50 to 27 mW. In doing so, the
diameter of the laser induced vacancies changes from
13.0 � 0.2 to 6.4 � 0.1 �m with depth varying from 22.4
to 16.2 �m. A similar pattern of the vacant sites were
created on same MWNT samples with Figure 1A show-
ing the pattern formed using only 27 mW laser power
while Figure 1B was created via 50 mW laser power. Fig-
ure 1C shows a mixture of sites created using 50 mW
(larger holes) and 27 mW (smaller holes). After the
completion of the initial vacancy patterning, the sample
was exposed to the oxygen plasma to convert the sur-
face into a hydrophilic one. Subsequently, distilled wa-
ter was introduced to the oxidized patterned MWNT

Figure 1. SEM images of patterned vacant sites created us-
ing (A) 27 mW and (B) 50 mW and (C) a mixture of both la-
ser power before water-assisted assembly. After water-
assisted assembly, panels D and E show “walls” of the
polygons forming approximately at the vertical bisector of
two adjacent vacancies while panel F shows a shift in the po-
sitions of the polygon “walls”. (G�I) Larger magnfications
of the individual polygons formed in panels D�F.
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surfaces and left to dry. Formations of the hexagonal
structures shown in Figure 1D and Figure 1E were con-
sistent with the proposed mechanism that the “wall” of
the polygon would form approximately at the vertical
bisector of two adjacent vacancies shown in Figure 1A
and Figure 1B.11 However, such phenomenon was only
observed for vacancies created using the same laser
power. With vacancies of different sizes (Figure 1C), the
“wall” of the polygon was no longer positioned at the
bisector of two adjacent vacancies created using differ-
ent laser power as shown in Figure 1F.

A possible explanation could be as follows: because
of the use of higher laser power, more MWNTs were re-
moved from the surfaces as compared to those formed
using lower laser power. Thereby creating an area of
lower density (or larger vacancies) than those formed
via lower laser power. Owing to such differences in den-
sity, the base of the smaller vacancies was mostly cov-
ered with bent MWNTs (Figure 1G), whereas the major-
ity of the base from the larger vacancies shows more
Si substrates (Figure 1H). Lower hydrostatic dilation
stress existing in the larger vacancies, due interactions
with the larger area of exposed Si substrate, would re-
sult in the MWNTs being drawn away readily from these
sites. Hence, with a similar amount of water and evapo-
ration time, the bending of MWNTs branching out from
the center of the larger vacancies would occur over a
larger distance. It was due to such variations in distance
that shifted the positions of the polygon “wall” from
the bisector of two adjacent vacancies (Figure 1I).

In addition to the shift in the positions of the poly-
gon “walls”, the polygon “walls” shown in Figure 1D
were less compact as compared to those in Figure 1E.
Such difference in the degree of packing of the polygon
“walls” could also be attributed to the extent of the hy-
drostatic dilation stress experienced in both larger and
smaller vacancies. With the distance between two
larger vacancies being the same that those between
two smaller vacancies, lower hydrostatic dilation stress
experienced in the larger vacancies would cause the
MWNTs making up the polygon “walls” to be more
compacted as compared to those between the smaller
vacancies.

Although Liu et al.11 had conducted studies regard-
ing how the height of the CNT and the distance be-
tween the vacancies could affect the eventual forma-
tions of the polygons; no studies regarding the
dependencies of the formation of the polygons on la-
ser power had been reported thus far. Hence the work
presented could provide an alternative way to create
polygons of different structures.

Density-Dependent Study. Previous work by both Chakra-
pani et al.10 and Liu et al.11 suggested that the forma-
tions of polygons could be a resultant of different CNT
densities on the array, and they further verified their
proposal with vacancy-initiated polygon formations.
However, no detailed studies had yet to be presented

regarding how the densities of different CNT arrays
could affect the polygons formed, given the same de-
sign of vacancies created on the arrays. Thus to investi-
gate the effect of the density of MWNTs on the forma-
tions of these polygons, a similar vacancy pattern
shown in Figure 1B was created on MWNTs using 50
mW laser power with MWNT density ranging from 0.95
� 109 MWNT cm�2 (Figure 2A), 1.87 � 109 MWNT cm�2

(Figure 2B), and 2.92 � 109 MWNT cm�2 (Figure 2C). Af-
ter the oxidation treatment, the respective polygons
formed following the water-assisted assembly are
shown in Figure 2(D�F) with Figure 2(G�I) showing
higher magnification of the corresponding individual
polygon. From the MWNTs with the lowest density (Fig-
ure 2(D, G)), small cracks were observed to form in be-
tween the polygon “walls” due to presence of many
natural regions with low MWNT density. In the case of
MWNTs with higher density (Figure 2(F, I)), limitations to
the packing of the polygon “walls” were observed. In
the process of the formation of the polygons, larger
force was required to bend the densely packed MWNTs
(Figure 2C) as compared to the loosely packed MWNTs
in Figure 2A. Given the same amount of water, hence
similar time restriction, there was insufficient time for
the polygons to form. Moreover, unlike the sample
shown in (Figure 2H), no smaller cracks were observed
to form in the polygon walls of Figure 2(F, I) as the arti-
ficial sites produce much lower density than those
found naturally on the MWNT sample. On the basis of
the results, an ideal density for the formation of poly-
gons would be expected to exist between 0.95 � 109

MWNT cm�2 (Figure 2G) and 2.92 � 109 MWNT cm�2

(Figure 2I). Using MWNTs with density of 1.87 � 109

MWNT cm�2 (Figure 2B), polygons with well-packed
walls were obtained (Figure 2H).

Oxidation-Dependent Study. On the basis of our previous
studies, we determined that exposure to oxygen

Figure 2. SEM images of vacant sites created using 50 mW
laser power on MWNTs with different density: (A) 0.95 � 109

MWNT cm�2; (B) 1.87 � 109 MWNT cm�2 and (C) 2.92 � 109

MWNT cm�2. (Insets show higher magnifications of the
MWNTs.) The respective polygons form on the MWNTs after
interaction with water was as shown in panels D�F. (G�I)
Higher magnifications of individual polygons taken at an
angle of 25.0°.
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plasma readily converts hydrophobic MWNTs into hy-
drophilic ones. Using laser trimming to remove the top
layer of the oxidized MWNTs, the hydrophilic surface
would revert to being hydrophobic.22 Hence by chang-
ing the sequence of oxidation after (Figure 3A) and be-
fore (Figure 3B) the creation of artificial vacant sites, dif-
ferent types of capillary-assisted polygons were formed.
From Figure 3A, polygons with the base covered with
flattened MWNTs were observed as compared to the
aggregations of MWNTs at the center of the polygons
for MWNTs with vacancies created after oxidation (Fig-
ure 3B). When vacancies were created prior to oxida-
tion, oxygen ions would be able to functionalize the in-
terior of the vacancies as well, thereby allowing the
smooth flowing of water into the vacancies as illus-
trated in the inset of Figure 3A. Reversing the process,
the vacancies created after oxidation would reveal
MWNTs that revert back to their hydrophobic nature.22

With a hydrophilic top surface, water was able to spread
across the MWNT surface. Assisted by gravity, water
was able to sip into the vacancies. However, at the base
of the vacancies, formations of air pockets due to hydro-
phobic nature of the MWNTs hindered the creation of
a hydrostatic dilation stress as no interactions between
the water and the substrate could occur at the center of
the vacancies. Hence clustering of MWNTs at the cen-
ter of the vacancies would occur together with packing
of MWNTs along the polygon “walls”.

Effect of Capillarity Forces on the Formations of
Microstructures under Fluorescence Microscope. With the above
studies as well as those previously reported by Chakra-
pani et al.10 and Liu et al.11 being conducted with the
samples kept in an upright position while the polygons
were formed, both gravitational and capillarity effects
would occur in the opposite direction to the normal of
the MWNT surface. Hence, allowing the formations of
hydrostatic dilation stress due to interactions between
water and the MWNT substrates. As such, a study of
how the competition between gravitational and capil-
larity effect could affect the formations of these MWNT
polygons could provide further insights to the reasons
behind the formation of the polygons. Experiments
were conducted using quantum dots (QDs) suspen-
sions and the formation process of the MWNT poly-

gons were observed under fluorescence microscope
(FM). Due to differences in the duration and the amount
of QDs mixture that filled up the vacant sites, well-
defined MWNT polygons with different types of bases
were formed. These structures thus allow possible ap-
plications as seeding sites for tissue culture.13 Detailed
results and discussion of the experiments could be
found in the Supporting Information section.

Positive MWNT Microstructures. Making use of the com-
petition between gravitational and capillary forces, to-
gether with a controlled amount of water, one could re-
strict the clustering of MWNTs to the surface of the
MWNTs. Together with the use of focused laser beam,
water-assisted top gathering MWNT pillars could be cre-
ated. Although the top gathering effect of
photoresist14,16 and silicon nanostructures,14,15 together
with the random top gathering effect of CNT arrays,13,23

had been achieved, to the best of our knowledge, there
has yet to be any report on the controlled top gather-
ing effect of CNT pillars.

Technique for the Formation of Positive MWNT
Microstructures. With hydrostatic stress being identified
as the driving force behind the collapse of MWNTs from
regions of lower densities toward that of higher densi-
ties,11 one could create a wide variety of microstructures
that bend toward each other. Examples of such struc-
tures include pillars of MWNTs. By maintaining large dis-
tances between each cluster of MWNT pillars, empty
spaces could be created between each cluster. Conse-
quently, water induced hydrostatic stress would cause
the pillars to bend toward each other, thereby creating
top gathering MWNTs.

MWNT pillars in groups of three or four, were crafted
out of as-grown MWNTs (Figure 4A) using a focused la-
ser beam (Figure 4B). The patterned MWNTs were oxi-
dized using reactive ion etching (RIE) and placed in-
versely onto the surface of distilled water (Figure 4C).
In doing so, when the sample is removed from the wa-
ter surface, the minima volume of water required to wet
the MWNTs completely would remain on the MWNTs
(Figure 4D). As the water evaporates while maintaining
the samples in an inverted manner, capillary-assisted
top gathering of the MWNT pillars were formed. (Fig-
ure 4E).

Figure 3. SEM images of capillary-assisted MWNT patterns on samples with vacant sites created using focused laser (50mW)
on MWNTs with (A) prior oxidation and (B) postoxidation. Insets show proposed mechanisms for the formations of differ-
ent types of MWNTs polygons.
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Water-Assisted Assembly of Positive MWNT Microstructures.
On the basis of the above technique, an ordered array
of MWNT pillars as illustrated in the inset of Figure 5A,
was found to collapse in a random manner. However,
with pillars created in clusters of four pillars separated
by large spacing (Figure 5B, inset), the MWNTs were
found to gather at the top in an orderly manner. The re-
sults shown in Figure 5(A,B) thus verified the above pro-
posed technique for the formation of top-gathering
MWNT pillars. Rearranging the positions of the pillars
as shown in the inset of Figure 5C, the three-pillar clus-
ters were observed to gather at the top-portion of the
pillars within the clusters. Tilted views (40°) of the top-
gathering MWNT pillars were as shown in Figure 5(D,E).
From both images, MWNT pillars were observed to
gather at the top regions with the base of the MWNT
pillars remaining attached to the Si substrate. As such,
through creations of both high and low density regions
in the MWNT array, one could easily control the even-
tual formations of the top-gathering MWNTs.

Analysis of Top-Gathering MWNTs. For the analysis of the
top-gathering MWNT pillars, a beam sway model, similar
to the one proposed by Deguchi et al.24 to calculate the
maximum resist deflection in synchrotron radiation li-
thography, was used. An individual MWNT pillar was
treated as a beam supported at one end as shown in Fig-
ure 6. In this case, the relation between the Young’s
modulus and the maximum deflection is expressed by

where E is the Young’s modulus, �w is the surface ten-
sion of water, H is the pillar height, �max is maximum de-
flection, and I is the second moment of area expressed by

Here L is the width of the pillar and D is the breadth of

the pillar. Substituting eq 2 into eq 1, the Young’s modu-

lus of the MWNT pillar can be expressed as

where A is the aspect ratio (H/L). As such, the Young’s

modulus of the MWNT pillar, E, hence the pillar’s flexural

stiffness (EI), is proportional to the height, H of the MWNTs

as well as the third power of the aspect ratio, A, of the

MWNT pillar. It is also inversely proportional to the maxi-

mum deflection, �max experienced by the pillar.

Considering a cluster of four MWNT pillars as shown

in Figure 7, with the MWNT pillars gathering at the cen-

ter of the cluster, the maximum deflection that the pil-

lars could undergo in this configuration was found to

be 22.6 �m. Substituting this value into eq 3, and with

the other variables obtained from Figure 7, the esti-

mated Young’s modulus of the MWNT pillars was found

to be �11.9 MPa. With the surface tension of water11

as 72.8 mN m�1 and the height H of the MWNTs found

to be � 20.8 �m, a force of �1.98 �N would be suffi-

cient to bring about such a top-gathering effect of the

MWNT pillars.

Figure 4. Schematic of the procedure to create positive MWNT micro-
structures: (A) as-grown MWNT array; (B) creating MWNT pillars using fo-
cused laser beam; (C) inverting MWNT pillars over water; (D) keeping the
samples inverted while drying; and (E) formations of top gathering MWNT
pillars.

Figure 5. SEM images of capillary-assisted (A) randomly collapsed MWNT pillars; ordered top-gathering of (B) four and (C)
three MWNT pillars. Insets A�C are schematics showing the respective positions of the MWNT pillars before water-assisted
assembly. (D,E) SEM images taken at a 40° tilt of the top-gathering (D) four and (E) three MWNT pillars. Insets D and E are
higher magnifications of the respective clusters of MWNT pillars.
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However, it should be noted that such top-gathering

phenomenon of the MWNT pillars could be separated

into micro- and nanoscale. In the beam sway model

proposed, only the microscopic effects were consid-

ered. With MWNT pillars being made up of �4000 indi-

vidual MWNTs, capillary forces acting on the individual

MWNTs as water evaporates from the MWNT surface

also had to be taken into consideration for such phe-

nomenon to occur.

In situ observations of such capillary-induced top-

gathering MWNT pillars could be observed using a side-

view optical microscope. As shown in the series of snap-

shots (Figure 8(A�E)) while the water droplet which

lands on two MWNT pillars evaporates, the MWNT pil-

lars were found to gather at the top. SEM images of the

gathered MWNT pillars taken from top view showed

that capillary forces resulting from the evaporation of

a water droplet with volume of �0.21 pL is sufficient to

induce a deflection of a MWNT pillar with dimensions

9.2 �m (L) � 9.2 �m (D) � 24.1 �m (H), over a distance

of 14.7 �m.

Large-Scale Collapsing of MWNT Microwalls by Dip�Dry

Method. In addition to the ability to create both positive

and negative structures into desired configurations and

at specific positions, large-scale MWNT microwalls

could be collapsed via a dip�dry method to form

MWNT microbelts. To do so, parallel MWNT microwalls

were crafted out of as-grown MWNTs on quartz via a fo-

cused laser beam as shown in Figure 9(A,B). The laser

pruned MWNTs were then submerged into a small

amount of ethanol reservoir and pulled vertically out

of the wetting agent as illustrated in Figure 9C. The ex-

tracted MWNT samples were left to dry vertically and

the dried sample comprised MWNT microbelts as

shown in Figure 9D.

MWNT microwalls as long as 4 mm with a width of
10 �m were pruned from the MWNT array. The images
could be found under Figure S2A and Figure S2B of the
Supporting Information. Upon collapsing the MWNT
microwalls to form MWNT microbelts, two probe I�V
measurements were conducted on the collapsed
MWNT microbelts using probe tips of diameter 2.4
�m. From the results shown in Figure S2G, the aver-
age total resistance of the MWNT microwalls before col-
lapsing was �70 k�, whereas that of the MWNT micro-
belts was �20 k�. Thus by simply undergoing the
dip�dry method of packing the MWNTs to the sub-
strate, an approximately 3.5-fold reduction in resistivity
and a corresponding 3.5-fold improvement in current
measured from the MWNT microbelts were achieved.
Such improvements were consistent with those re-
ported by Futaba et al.18 and Hayamizu et al.19

In addition to the I�V measurements conducted
across fully collapsed MWNT microbelts, similar mea-
surements were also conducted at different positions
of the MWNT microbelts. These include measurements
along the length of the MWNTs that made up the walls,
across twisted MWNT microbelts and across MWNT mi-
crobelts that had collapsed together. For these mea-
surements, five to six sets of readings were taken for
each point of measurements, and the average values
were obtained. The average values of the I�V measure-
ments plotted in Figure 10A were obtained from con-
figurations B, C, and D as shown in the corresponding
optical images in Figure 10(B�D). I�V measurements
taken of the quartz substrate on which the samples
were prepared, as well as measurements of the microw-
alls before and after collapsing into microbelts, were
also presented in Figure 10A. By changing the position
of the two probe tips from across the length of the col-
lapsed microbelt to along the length of the MWNTs
that made up the microwall (Figure 10B), a change in re-
sistance from �20 to �11 k� was achieved. A resistiv-
ity of �6 k� was obtained when measurements were
made across two MWNT walls that had collapsed to-
ward each other. The least amount of resistivity was
achieved when measurements were taken across a
twisted MWNT channel. From such a structure, a resis-
tivity of �5 k� was detected.

Based on above experiments, by simply twisting
the MWNT microwalls by 180°, a reduction in resistivity
by as much as 14 times, as compared to the MWNT mi-
crowalls before collapsing, could be achieved. As such,
to achieve greater control over the twisting effect of the
MWNT walls, laser pruning was used to pattern the
MWNT array into the wavy structures shown in Figure
11(A, C). Junctions between the parallel walls were de-
signed to possess an angle of 45° (Figure 11A) and 90°
(Figure 11C). Using the assembly method illustrated in
Figure 9, the assembled MWNT microbelts were as
shown in the optical images of Figure 11(B, D). Compar-
ing the regions boxed out in Figure 11(B, D), different

Figure 6. Illustration of the beam sway model used in the
analysis of the top-gathering MWNT pillars.

Figure 7. SEM images taken at 40° tilt, showing four MWNT
pillars: (A) before and (B) after water-assisted top-gathering.

A
RT

IC
LE

VOL. 4 ▪ NO. 2 ▪ LIM ET AL. www.acsnano.org1072



types of twisting to the MWNT walls could be observed

by simply changing the angle at which the walls were

joined. From both Figure 11B and Figure 11D, the

MWNT microwalls were twisted at an angle similar to

that predetermined by the laser prune structures. As

such, it could be verified that through laser pruning and

using the dip-dry method of assembling MWNT mi-

crowalls, the degree at which the MWNT walls were

twisted could be varied. In turn, the resistance of the
packed-downed MWNT walls could be controlled.

CONCLUSION
In conclusion, three different capillarity-assisted as-

semblies of both positive and negative MWNT micro-
structures were presented. Using the first method of in-
troducing artificial vacancies, laser power, densities of

Figure 8. (A�E) Optical images of capillarity-assisted top-gathering of MWNT pillars as the water droplet evaporates. (F)
SEM image showing the top view of the gathered pillars. (Inset of panel F is the side view of the same set of top-gathering pil-
lars.)

Figure 9. Schematic of the dip�dry method used in collapsing large-scale MWNT microwalls: (A) as-grown MWNT arrays;
(B) focused laser beam was used to create MWNT microwalls; (C) the patterned MWNT sample was placed into a container
of ethanol and withdrawn vertically; and (D) the MWNT microwalls collapsed into MWNT microbelts. The yellow bar indicates
the direction in which the sample was removed from the ethanol.

Figure 10. (A) I�V measurements of the MWNT microwalls before and after collapsing into microbelts. The I�V curves indi-
cated as B, C, and D corresponded to the I�V measurements taken at the respective positions of the microbelts as shown in
the optical images on the right (indicated as B, C, and D).
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MWNTs, and oxidation process dependencies for the
creations of negative MWNT microstructures were in-
vestigated. With the results showing that via the use of
different laser power, the polygon “walls” were ob-
served to shift from the vertical bisector between two
adjacent artificial vacancies. Proposed ideal density of
well-formed MWNT polygons was determined to be be-
tween 0.95 � 109 MWNT cm�2 and 2.04 � 109 MWNT
cm�2 and the importance of the sequence in which the
MWNT samples were oxidized was presented. Positive
microstructures made up of top gathering MWNT pillars

were created and 0.21 pL of water was found to pro-
duce sufficient force to bring about 14.7 �m deflections
of a 9.19 � 9.19 � 24.1 �m3 pillar. Lastly, using a
dip�dry method, densification of large scale MWNT mi-
crowalls was achieved. By twisting densified MWNT mi-
crobelts, resistivity of the microbelts was found to im-
prove by 14 times as compared to undensified MWNT
microwalls. Through prepatterning, the amount of
twisting effect on the densified MWNT microwalls could
be controlled and this in turn could allow control of
the resistance of the densified MWNT microwalls.

METHODS
Growth of MWNTs. Aligned multiwalled carbon nanotubes

(MWNTs) with typical length of 40�60 �m were grown on clean
N-typed silicon (5 mm � 5 mm, Si (100)) substrates containing
native oxide layer or quartz (4 mm � 4 mm) substrates. Before
growth, a layer of iron film was coated on the substrates as cata-
lyst using a magnetron sputtering system (model: RF Magne-
tron Denton Discovery 18). The coating rate was 4 nm min�1 last-
ing for 6 min. These MWNTs were synthesized using a plasma
enhanced chemical vapor deposition (PECVD) system, and de-
tails of the growth process were reported elsewhere.25

Laser Pruning. A laser pruning technique21 involving a focused
continuous laser beam of wavelength 660 nm with 3 mm initial
beam diameter and a computer controlled sample stage was
used to create arrays of artificial vacant sites on the MWNT sur-
faces. By focusing the laser beam using an optical lens, the beam
size can be reduced. Setting the laser power to 50 and 27 mW,
vacant sites of different sizes and depths were produced on the
same MWNT array at specific locations. Using 50 mW focused la-
ser beam, pillars in clusters of three and four, of specific dimen-
sions located in the desired orientation, and the MWNT microw-
alls were controllably pruned out of the MWNT array.

Oxidation of MWNTs. Both pre- and postpatterned MWNTs were
oxidized using a SAMCO RIE-10N reactive ion etching unit at a
base pressure of 4 � 10�6 Torr. MWNTs were placed on a RF-
driven capacitatively coupled electrode. RF power was set at 20
W with 1 W reflected power. Work pressure was 0.05 Torr in the
chamber and temperature was kept at 20 °C. During the RIE pro-
cess, the flow rate of oxygen was set at 34.50 sccm (standard cu-
bic centimeter per minute) with fixed durations of 30 s.

Electrical Measurements. The electrical measurements were car-
ried out using a microprobe station (CascadeTM Microtech)
equipped with an optical microscope to aid direct visualization.
Probe tips of diameter 2.4 �m were used to conduct all
current�voltage measurements. Voltage was measured via the
Keithley 6430 source meter under current bias.

Further Characterizations. Further characterizations of the
samples were carried out using field emission scanning electron
microscope (FESEM, JEOL JSM-6400F) and fluorescence micro-
scope (FM, Olympus IX71S1F-3 Inverted Microscope).
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