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Directed self-assembly of rhombic carbon
nanotube nanomesh films for transparent and
stretchable electrodest
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The development of a transparent and stretchable electrode is critical to the realization of stretchable
optoelectronic devices. In this study, a template-guided self-assembly is demonstrated for the
integration of carbon nanotubes into 2D rhombic nanomesh films, where the deformation of the

rhombic structure accommodates the strain, greatly improving the stretchability. In addition, the regular

2D nanomesh patterns greatly reduce the contact resistance and light scattering. Our rhombic carbon

Received 29th November 2014
Accepted 16th January 2015

nanotube nanomesh films exhibited significantly lower sheet resistance (~10 times) at a similar optical

transmittance (78%), greater stretchability (~8 times less resistance increase at 30% strain), and better
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Introduction

Transparent conductors are a critical component of many types
of optoelectronic devices such as liquid crystal displays,** touch
panels,®® organic light-emitting diodes,”® and solar cells.”*®
Currently, indium tin oxide (ITO) is widely used as a transparent
electrode material due to its low sheet resistance (10-60 Q sq ™)
and high transparency (~90%)."*> However, the flexibility
requirements of next-generation optoelectronic devices have
fueled the search for alternatives to brittle ITO."*'* Carbon
nanotubes (CNTs),'*'* metal nanowires,'”>° metal meshes,**?*
graphenes,**>** and conducting polymers**** show great
promise as materials for flexible and transparent electrodes. In
addition to transparency and flexibility, another requirement
for next-generation displays*** and solar cells® is stretch-
ability. Stretchability provides stretching, twisting, folding, and
crumpling deformations necessary for conformal application to
arbitrary curvilinear surfaces and unconstrained movement at
movable joints.** However, the simultaneous achievement of
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mechanical durability (~42 times less resistance increase after 500 stretching cycles at a strain of 30%)
than those of random-network carbon nanotube films.

low sheet resistance, high optical transparency, and large
stretchability in flexible conductors is a significant challenge.
Stretchable conductors have been developed for stretchable
sensors and electronic skins.***** A common strategy to increase
the stretchability of conductors while maintaining their
conductivity is to use high-aspect-ratio conductors, such as
carbon nanotubes and metal nanowires, to form conductive
networks within an elastomeric matrix.?*?”3¢ In these devices,
the long conductive pathways and limited number of junctions
in the network prevent decreases in conductivity resulting from
junction breakage during stretching. Another way to improve
the stretchability is through the structural design of the
conductive components, in which the geometry of the conduc-
tive structure accommodates the applied strains without
breakage of any conductive paths.*® Designs such as wavy or
buckled shape,*?** serpentine structure,**** and three-dimen-
sional (3D) mesh structure**~* configurations of the conductors
have been proposed to improve the stretchability of conductors.
Similar strategies have been employed in the development of
stretchable and transparent electrodes. For example, solution-
based coating methods (spray, spin, and bar coatings) used to
deposit 2D random networks of carbon nanotubes and metal
nanowires have shown great promise for low-cost, large-area,
stretchable, and transparent electrodes.*>** However, the
random nature of these conductive networks increases the
probability of stress concentrations developing at the locally
weak junctions under tensile strain;*>*° this leads to junction
breakage and a significant decrease in conductivity. Alterna-
tively, 2D mesh structures of evaporated ITO or metal have been
proposed to improve the stretchability of transparent electrodes
via the accommodation of strains by the deformation of mesh
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structures.*>*” Although these approaches provide greatly
improved stretchability, the vacuum-processing requirement
limits their scalability and makes them costly. However, the
solution-based assembly of high aspect ratio 1D conductors
into non-random 2D mesh structures enables the cost-effective
and scalable manufacturing of stretchable and transparent
electrodes.

Here, we present a simple and scalable approach to the
solution-based assembly of CNTs into 2D rhombic nanomesh
films for use as stretchable and transparent electrodes. Regular
2D nanomeshes of CNTs were fabricated via the template-
guided self-assembly of carbon nanotubes, in which the phys-
ical confinement of CNTs between a nano-patterned polydi-
methylsiloxane (PDMS) mold and a substrate produced a
regular network of carbon nanotubes during solution casting.
This process is amenable to layer-by-layer (LbL) deposition
techniques; it can be alternately repeated in perpendicular
directions to generate a 2D rhombic nanomesh structure with
the desired thickness. The 2D rhombic nanomesh films have
several advantages as stretchable and transparent electrodes.
First, the 2D rhombic mesh structure has enhanced stretch-
ability compared to a random network due to the deformation
characteristics of the rhombic structure,**>* which accommo-
dates the strain and reduces the breakage of electrical pathways
in the conductive network. Second, the regular mesh structure
provides improved transparency at the desired conductivity
since regular networks scatter less incident light and lower the
electrical percolation threshold.”> Our single-walled CNT
(SWNT) rhombic nanomesh films show significantly lower
sheet resistance (~10 times) at a similar optical transmittance
(78%), greater stretchability (~8 times less resistance increase
at 30% strain), and better mechanical durability (~42 times less
resistance increase after 500 stretching cycles at a strain of 30%)
than those of random-network SWNT films.

Experimental
Purification of single-walled carbon nanotubes

Single-walled carbon nanotubes (SWNTs) synthesized by the
arc-discharge method were purchased from Carbon Solutions,
Inc. (USA). To remove the impurities in the as-prepared SWNTs
(Fig. S1aft), purification was performed by thermal treatment at
400 °C for 6 h and oxidation with 6 M hydrochloric acid at
120 °C for 4 h,**** which resulted in the removal of most
impurities (Fig. S1b¥). Thermogravimetric and Raman analyses
demonstrated the high purity of the SWNTs after the purifica-
tion procedure (Fig. S21). To prepare the stable SWNT solution,
the purified SWNTs were dispersed in deionized (DI) water with
1 wt% sodium dodecyl sulfate surfactant (Sigma Aldrich) using
horn sonication with an amplitude of 25% for 10 min and
subsequent bath-sonication for 3 h. The concentration of the
SWNT dispersion was about 2 mg ml . Centrifugation at
10 000 rpm was conducted for 30 min, and the upper region
(70%) of the SWNT dispersion was retained. From an AFM
analysis of SWNTs deposited on a silicon substrate (Fig. S3at),
the average size of SWNTs was determined to be =1.9 um in
length and =4.9 nm in diameter (Fig. S3b and ct).
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Deposition of SWNT nanomesh films

To prepare the PDMS nano-patterns for the template-guided
self-assembly of the SWNTs, the main base and curing agent
(Sylgard 184, Dow-corning) were mixed in a 10 : 1 weight ratio
completely. The air-bubbles in the mixture were removed with a
vacuum treatment for 20 min. Next, the mixture was poured
onto a silicon mold patterned with lines and cured at 90 °C for 4
h on a hot plate (Fig. S41). The fabrication of the 2D rhombic
nanomesh of networked SWNTs was conducted by the
template-guided self-assembly of the SWNTs.>* In this process,
the SWNT solution was physically confined between the nano-
patterned PDMS and the substrate to direct the self-assembly of
the SWNTs into highly aligned arrays (Fig. 1). Prior to SWNT
deposition, the glass substrate was cleaned using isopropyl
alcohol and ethanol by sonication for 10 min. Then, hexamethyl-
disilazane and poly(methyl methacrylate) (PMMA) were spin
coated onto the glass substrate at 4000 rpm for 30 s to enable
uniform self-assembly of the SWNTs and facilitate the transfer
of the film to other substrates. For the solution casting of the
SWNTs, a square-shaped PDMS frame was attached to the glass,
which trapped the SWNT solution between the glass and
patterned PDMS mold. The SWNT solution was dropped onto
the glass substrate and covered with the PDMS mold. By
applying a vacuum, the SWNT solution was confined within the
patterned PDMS mold. Finally, the confined SWNT solution was
dried at 50 °C for 4 h on a hot plate. As the SWNT solution was
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Fig. 1 Schematic illustrations and AFM images of SWNT nanomesh
films. (a) Schematic representation of the fabrication of the SWNT
nanomesh film by template-guided self-assembly. AFM images of 2-
bilayer SWNT nanomesh films with (b) square and (c) rhombus struc-
tures. (d) The photographs of SWNT nanomesh electrodes on glass,
PET, and PDMS substrates.
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evaporated, the SWNTs self-aligned parallel to the lines on the
PDMS template due to the physical confinement of the SWNTs.
The deposited SWNT film on the glass substrate was washed
with sufficient DI water to remove residual surfactants. To
fabricate the rhombic nanomesh patterns, the solution-casting
process was repeated in the transverse direction to the previ-
ously aligned SWNT pattern. This process was repeated to
control the thickness of nanomesh patterns.

Chemical doping of SWNT films

To increase the conductivity of SWNT films, we used a nitric
acid vapor doping method according to previous literature.>>*®
For the nitric acid vapor doping, SWNT films were exposed to
nitric acid vapor (15 M) at 90 °C for 1 h in a closed container.
After nitric acid vapor doping, the sheet resistance of SWNT
films was reduced by 6 times (Fig. S571).

Fabrication of stretchable electrodes

To fabricate the stretchable electrodes, the SWNT nanomesh
films were transferred from the glass substrates onto PDMS
substrates. In this process, the substrate-mounted nanomesh
films were attached onto the PDMS substrates and soaked in
acetone to dissolve the PMMA layer between the SWNT film and
glass substrate. By soaking the nanomesh SWNT films depos-
ited onto glass in acetone, the entire area of the nanomesh
SWNT films could be transferred easily from the glass substrate
to the PDMS substrate.

Characterization of SWNT films

The surface morphology of the patterned SWNT films was
analyzed using scanning electron microscopy (Hitachi $4000)
and AFM (Veeco Dimension 3000). The sheet resistance of the
SWNT films was measured by the four-point probe method
(Keithley 2400). To measure the stretchability, the resistance
change as a function of tensile strain was measured by the two-
point probe method while stretching the SWNT films on PDMS
with a stretching tester (Junil Tech JiBT-200). The optical
transparency of the SWNT films was measured using a UV-
visible spectrophotometer (Jasco V-670).

Results and discussion

To fabricate the rhombic nanomesh patterns, highly aligned
SWNT arrays were first fabricated by the template-guided self-
assembly of SWNTs. The evaporation of a physically confined
SWNT solution between the PDMS nano-pattern and the
substrate resulted in the self-assembly of the SWNTs into a
highly aligned array. This template-guided self-assembly
process was repeated in the transverse direction to the previ-
ously deposited array to fabricate a 2D nanomesh pattern
(Fig. 1a). Fig. 1b and c¢ show atomic force microscopy (AFM)
images of the SWNT networks. The uniformly aligned SWNTs
are organized into overlapping arrays with both square (Fig. 1b)
and rhombic (Fig. 1¢) nanomesh geometries. The 2D nanomesh
pattern can be fabricated on different substrates for the
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transparent SWNT nanomesh films on glass, polyethylene
terephthalate (PET), and PDMS substrates (Fig. 1d).

One of the advantages of the template-guided assembly
process is the facile control of the mesh structure and overall
thickness via repeated LbL processes. In our LbL process, a “1-
bilayer” is a nanomesh of crossed SWNT layers after two
consecutive perpendicular layer depositions. The addition of a
third layer onto the “1-bilayer” square nanomesh results in a
“1.5-bilayer” nanomesh. Fig. 2a shows AFM images of LbL-
assembled SWNT nanomesh patterns deposited onto glass
substrates. We noted that the repeated LbL processes resulted
in the formation of a uniform square nanomesh of aligned and
crossed SWNTs. Since the LbL process is based on the template-
guided self-assembly of CNTs, CNTs tend to be confined by the
patterned concave areas of the PDMS stamp and the pre-
deposited CNT convex pattern areas, resulting in uniform CNT
arrays. In addition, the thickness of the SWNT nanomesh films
can be systematically controlled through the number of LbL
deposition cycles. As can be seen in Fig. 2b, the thickness of the
nanomesh film increased linearly with the number of deposi-
tion cycles. This linear relationship gave a slope of 22.3, indi-
cating that the film thickness increased by 22.3 nm with each
LbL bilayer.
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Fig. 2 Morphology and thickness of LbL assembled SWNT nanomesh

films. (a) AFM images of SWNT nanomesh films with different LbL

deposition cycles. (b) Thickness of SWNT nanomesh films as a function
of the number of SWNT bilayers.
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To evaluate the performance of the SWNT nanomesh films as
transparent electrodes, we measured their optical trans-
mittance and sheet resistance. Fig. 3a shows that the trans-
mittance of the SWNT nanomesh films (including the glass
substrate) decreased with the number of deposition cycles; the
transmittance at a wavelength of 550 nm was 87% for a 1-bilayer
film and 78% for a 2.5-bilayer film. The decrease in the trans-
mittance of the SWNT nanomesh films with the number of
deposition cycles is attributed to the increase in the film
thickness. Without the contribution of the original glass
substrate (92% transmittance), the transmittance of the
1-bilayer SWNT nanomesh film was 95%, which decreased to
86% at 2.5-bilayers (Fig. 3b). The transmittance decreases
linearly with the number of LbL deposition cycles with a slope
of —0.23; this demonstrates that the transmittance can be
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Fig. 3 Transmittance and sheet resistance of SWNT nanomesh films.
(a) Optical transmittance of SWNT nanomesh films. (b) The trans-
mittance of SWNT nanomesh films without the contribution of the
original glass substrates at 550 nm wavelength. (c) The transmittance
and sheet resistance of various SWNT networks with surface geome-
tries of nanomesh, random, and locally aligned networks.
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precisely controlled by selecting the number of LbL deposition
cycles. Here, the 10 nm increase of nanomesh film thickness
results in 2.3% decrease of optical transmittance.

To compare the performance of our nanomesh films to other
SWNT-based films with different surface morphologies, we
fabricated two different irregular SWNT films lacking the
nanomesh structure. The first incorporated a random SWNT
network fabricated by transferring a vacuum-filtered SWNT film
onto a glass substrate. The other is consisted of locally aligned
SWNT films fabricated by spin coating a SWNT solution onto a
glass substrate. Fig. S61 shows representative AFM images of
the SWNT films with locally aligned and randomly deposited
morphologies. Fig. 3c shows the transmittance and sheet
resistance of the SWNT nanomesh films, random-network
films, and locally aligned films deposited on glass substrates. At
similar transmittance values, the sheet resistance was the
lowest in the nanomesh films, followed by the locally aligned
and random network films. For the 1-bilayer SWNT nanomesh
films, the sheet resistance was 1200 Q sq~' at 87% trans-
mittance at 550 nm. With an increase in the number of layer-
deposition cycles, both the sheet resistance and transmittance
continuously decreased. For the 2.5-bilayer SWNT nanomesh
films, the sheet resistance decreased to 264 Q sq ' at 78%
transmittance, which is about 10 and 7 times lower than those
of random and locally aligned SWNT networks, respectively, at
similar transmittance. This significant decrease in sheet resis-
tance at similar transmittance values for the regular-nanomesh
films can be attributed to the reduced inter-tube contact resis-
tance between SWNTs compared to the random network films.
Similarly, the locally aligned SWNT films show lower sheet
resistances than those of the random SWNT network films. In
addition to the low sheet resistance and high transparency,
good stretchability is a critical requirement for stretchable
optoelectronic applications. To fabricate stretchable electrodes,
the SWNT nanomesh films were transferred from the glass
substrates onto PDMS substrates.

In the stretchability test of the regular nanomesh structures,
the stretching direction with respect to the orientation of the
nanomesh structure is critical for the film's stretchability
(Fig. 4a). When the stretching direction is parallel to the side of
the square-shaped nanomesh structure, the square shape
deforms into a rectangular shape, and the assembled SWNT
side lines subsequently break with the increase in tensile strain.
On the other hand, when the stretching direction is diagonal to
the square-shaped nanomesh structure, the square shape
deforms into a rhombus shape that can accommodate higher
tensile strain without breakage of the SWNT side lines.*" In
this case, the applied stress is concentrated on the joint areas in
the nanomesh networks, leading to reduced breakage of the
SWNT side lines. Fig. 4b-d show AFM images of nanomesh
films on stretched PDMS substrates. Stretching in a parallel
direction results in deformation into a rectangular shape with
irregular delamination and breakage of the SWNT lines (white
arrows, Fig. 4c). Stretching in a diagonal direction results in
deformation into a rhombic shape with minimal delamination
or breakage of the SWNT lines (Fig. 4d). Fig. 4e shows the
relative resistance change (AR/R,) in the SWNT films as a

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Stretchability of SWNT nanomesh films on PDMS substrates. (a)
Schematic of stretching SWNT nanomesh films in parallel and diagonal
directions. (b—d) AFM images of the SWNT nanomesh structure on
PDMS before (b) and after stretching of the nanomesh in the parallel (c)
and diagonal (d) directions. (e) Variations in resistance of SWNT
networks as a function of tensile strain. (f) Durability of SWNT nano-
mesh films as a function of stretching (30% strain) cycles. Al the
nanomesh and random SWNT films have similar optical transmittances
(~83%).

function of tensile strain. The stretchability of the nanomesh
films in the diagonal direction was significantly larger than
those in the parallel direction and in the random-network films.
Under diagonal stretching, the SWNT nanomesh film showed a
35% increase in resistance at 30% strain, which was about 4.7
and 7.7 times lower than those of nanomesh films in the
parallel direction (163% increase at 30% strain) and in the
randomly networked films (269% increase at 30% strain),
respectively.

As can be seen in Fig. §7,7 this stretchability (35% increase in
resistance at 30% strain) is comparable to the performances of
recent transparent electrodes achieved with hierarchical retic-
ulate structures (125% increase in resistance at 60% strain)®”
and wrinkled networks (71% increase in resistance at 50%
strain)*? of carbon nanotubes. Although Ag nanowires show low
resistance at high transparency, most of the studies show large
resistance increase (200-600% increase in resistance at about
30% strain) with the tensile strain.”®***®* The enhanced
stretchability of the nanomesh films in the diagonal direction is
attributable to the deformation of the rhombic shapes, which
can accommodate large tensile strains. For larger tensile
strains, we observed that the nanomesh films in the diagonal
direction can be stretched up to 100% with 530% increase in
resistance (Fig. S87).

In addition to the stretchability, the nanomesh films
exhibited enhanced durability in the diagonal direction. Fig. 4f
shows the change in the initial resistance (R,) of the SWNT films

This journal is © The Royal Society of Chemistry 2015
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as a function of the number of stretching cycles. While the
nanomesh films stretched in the diagonal direction showed a
negligible change (less than 6%) in R, during 500 stretching
cycles at a strain of 30%, R, increased by about 34% in the
nanomesh films stretched in the parallel direction and 252% in
the random-network films. An AFM analysis of the nanomesh
films performed after the repeated stretching cycles confirms
that the conductive nanomesh structures were better main-
tained in the nanomeshes stretched in the diagonal direction
compared to the parallel direction (Fig. S9t). Since a square is a
rhombus with 90 degree angles for all of its interior angles, we
also investigated the effects of the interior angles of the
rhombic nanomesh films on the stretchability. The different
interior angles (145 and 90 degrees) in the rhombus nanomesh
films produced similar stretching capability (Fig. S10%), indi-
cating a minimal effect of the interior angles of the rhombic
structure on the stretchability. The mechanical robustness with
respect to stretching was also confirmed by the hysteresis curves
of the SWNT films. Fig. S11F shows that the rhombus nano-
mesh films show less hysteresis and better persistence of elec-
trical conductivity after repeated stretching and relaxation
(to 30% strain) than the random-network film and the square
nanomesh film pulled in the parallel direction.

As a further demonstration of the stretchability of the
nanomesh films, green LED light was wired to the SWNT films,
and the LED brightness was measured as a function of tensile
strain at a constant applied voltage of 1.5 V. Fig. 5a and b show
the change in LED brightness provided by the nanomesh and
random SWNT films with increasing tensile strain up to 30%. In
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Fig. 5 Stretchable SWNT electrodes for LED lighting. Photographs of
LED brightness as a function of tensile strain for SWNT (a) nanomesh
and (b) random films. The white squares indicate the SWNT films. (c)
Variations of LED brightness power and (d) relative change in LED
power for SWNT nanomesh and random films as a function of tensile
strain.
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this test, we used nanomesh and random SWNT films with
almost the same transmittance (=83%), which resulted in
different sheet resistances: ~1 kQ sq ™" for the nanomesh films
and ~9 kQ sq ' for the random SWNT films. At the same
transmittance, the nanomesh films provided a higher initial
LED brightness than the random films (Fig. 5c). For both the
nanomesh and random SWNT films, the LED brightness
decreased linearly with the increase in tensile strain. When we
compared the relative change in LED power, the nanomesh
SWNT films showed a decrease in LED power about two times
smaller than that of the random SWNT films (Fig. 5d).

Conclusions

In summary, we developed a layer-by-layer template-guided
process for the self-assembly of carbon nanotubes into 2D
rhombic nanomesh films for use in transparent and stretchable
electrodes. Compared to random-network carbon-nanotube
films, the rhombic nanomesh films showed a significantly lower
sheet resistance, greater stretchability, and better mechanical
durability. The enhanced performance of the rhombic nano-
mesh films in transparent and stretchable electrodes is attrib-
utable to the greater deformability of the rhombic structure and
the lower electrical percolation threshold of regular mesh
networks. By altering the size and shape of the template pattern
and using different types of carbon nanotubes such as double-
walled carbon nanotubes with lower sheet resistance,* this
assembly method can be further tuned to obtain the optimum
properties for applications requiring transparent and stretch-
able electrodes.
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