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Room-Temperature Nanosoldering of a Very Long Metal
Nanowire Network by Conducting-Polymer-Assisted Joining
for a Flexible Touch-Panel Application

dadvd T1Tind

Jinhwan Lee, Phillip Lee, Ha Beom Lee, Sukjoon Hong, Inhwa Lee, Junyeob Yeo,
Seung Seob Lee, Taek-Soo Kim, Dongjin Lee,* and Seung Hwan Ko*

1. Introduction
As an alternative to the brittle and expensive indium tin oxide (ITO) trans-

parent conductor, a very simple, room-temperature nanosoldering method
of Ag nanowire percolation network is developed with conducting polymer

As an example of modern technology,
transparent  conductors have  been
regarded as an extremely important com-

to demonstrate highly flexible and even stretchable transparent conductors. ponent in optoelectronics applications
The drying conducting polymer on Ag nanowire percolation network is used such as solar cells, organic light-emit-
as a nanosoldering material inducing strong capillary-force-assisted stic- ting diodes (OLEDs) displays, and touch

panels.'™ The most common material
for transparent conductors is indium tin
oxide (ITO), which has become a market

tion of the nanowires to other nanowires or to the substrate to enhance the
electrical conductivity, mechanical stability, and adhesion to the substrate of

the nanowire percolation network without the conventional high-temperature leader due to its high transparency in
annealing step. Highly bendable Ag nanowire/conducting polymer hybrid thin film. However, its brittle ceramic
films with low sheet resistance and high transmittance are demonstrated on properties and expensive vacuum deposi-

tion process are limitations to its further
progress.P’l Moreover, the growing costs
and dwindling reserves of ITO are also
regarded as unsolvable problems. There-

a plastic substrate. The fabricated flexible transparent electrode maintains its
conductivity over 20 000 cyclic bends and 5 to 10% stretching. Finally, a large
area (A4-size) transparent conductor and a flexible touch panel on a non-flat

surface are fabricated to demonstrate the possibility of cost-effective mass fore, several other candidates, including
production as well as the applicability to the unconventional arbitrary soft carbon nanotube (CNT),[®] graphene, and
surfaces. These results suggest that this is an important step toward pro- metal nanostructures have been studied

as alternatives to ITO®! especially as flex-
ible and solution processible transparent
conductors. Although many researchers
wearable computers. have focused on unconventional nano-

structure materials, each material has evi-

dent limitations as a future substitute. For

instance, carbon-based materials require
an expensive vacuum environment and a toxic chemical pro-
cess to enhance performance. Conducting polymers have good
compatibility for cost-effective solution processible mass pro-
duction such as roll-to-roll process or spray deposition, but its
poor conductivity should be enhanced before it can be applied
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and Technology (KAIST) have emerged as a best candidate for ITO substitute with a
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polymer!™ may produce high performance
transparent conductors as ITO substitutes.
For example, silver nanowire (AgNW) could
be placed on a graphene layer as an elec-
trical bridge between grain boundaries.!'%]
Although a single graphene layer has resis-
tivity as low as 10 ohm cm,”! in many
studies, numerous grain boundaries increase
the resistance, making it difficult to create
a single graphene layer on a large scale.l'®]
On the other hand, a graphene layer was
assembled on a metallic nano structure as
a 2D conductive cover.'”] Electrons can be
transported through the covered graphene,
even in the empty space between metal nano-
structures. To tighten the nanowire junction,
metallic or metal oxide nanoparticles have
been assembled via capillary force.'

Here, we developed a novel hybrid approach using AgNW-
conducting polymer composite to demonstrate a high per-
formance, very large area transparent conductor by a simple,
room temperature, solution processible nanosoldering by a rod
coating. Many studies have shown that AgNWs can serve as a
good replacement for ITO because silver is the most conductive
material on earth due to its high free-electron density. Silver
can also be highly transparent at a very small dimension while
maintaining good electrical conductivity.!*22 However, the
need for a high temperature thermal annealing step to reduce
the contact resistance and its poor adhesion to the substrate
was one of the biggest problems for the AgNW transparent
conductors.?l We demonstrated that using a AgNW/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS)
hybrid composite, contact resistance and substrate adhesion
problem could be significantly enhanced even without a high
temperature annealing step. Through the strong adhesion
enhancement and the flexible nature of the AgNW and con-
ducting polymer, a flexible transparent electrode on a flexible
polymer substrate could be demonstrated. Furthermore,
PEDOT:PSS assisted tight joining at the nanowire junction
during the conducting polymer drying makes this process
possible at room temperature. Typical AgNW network elec-
trodes should be annealed at high temperature (over 200 °C,
for several hours) to create a strong inter-nanowire junction. A
thermal annealing is a necessary step to create a low resistance
electrode in previous AgNW transparent conductor researches.
Therefore, plastic substrate could not be used because the
substrate also needs to be heated and may be thermally dam-
aged. To reduce the production costs and create a flexible and
mechanically strong transparent conductor electrode, a glass
substrate should be replaced with a flexible plastic substrate
which will experience thermal degradation problem. The pro-
posed PEDOT:PSS assisted room temperature nanosoldering of
AgNW mesh electrode can remove high temperature annealing
steps while having similar high conductivity. Moreover, the
developed simple fabrication process could be easily expanded
to demonstrate a very simple, large-scale roll-to-roll process. In
this experiment, glass and PEN (polyethylene naphthalate) sub-
strates up to A4 (210 mm X 279 mm) size were used to create
a large transparent electrode. Finally, we demonstrated high
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Figure 1. lllustratation and SEM image of room temperature AgNW nanosoldering by
PEDOT:PSS assisted joining at the nanowire junctions. A) Schematics of the pentagonal AgNW
(yellow colored) juntion with nanosoldering (blue colored) by PEDOT:PSS coating (blue).
B) SEM image of AgNWs joined by PEDOT:PSS (red colored) thourgh nanosoldering. The
inset scale bar is 4 um.

performance touch panels of various sizes on various substrates
with the fabricated AgNW/PEDOT:PSS hybrid composite elec-
trode. Strong adhesion could maintain good functionality with
long term stability in devices under various external force.

2. Result and Discussion

As shown in Figure 1A, The neighboring AgNWs were strongly
joined by PEDOT:PSS coating at the nanowire junction.
Two types of AgNWs (regular and very long AgNWs) in this
experiment were synthesized via a modified polyol process as
described in the experimental section. Isopropyl alcohol (IPA)
was added to the cleaned AgNWs to make nanowire dispersion.
Then, firstly, pristine AgNW mesh network was formed on the
substrate by Mayer rod coating method. In a similar manner,
PEDOT:PSS mixed in IPA was coated onto the previously
prepared pristine AgNW mesh network film. The major chal-
lenge came from the peeling-off of the pre-deposited AgNWs
during the PEDOT:PSS coating. Pre-deposited pristine AgNWs
mesh film can be easily destroyed or swept away during the
subsequent PEDOT:PSS coating by the strong surface tension
of PEDOT:PSS solution because pristine AgNWs are gently
sitting on the substrate by weak adhesion force with line or
point contacts. Hence, to prevent the peel-off problem, the sur-
face tension of PEDOT:PSS solution and the solvent evapora-
tion rate was adjusted by adding IPA. The IPA concentration
in the PEDOT:PSS was optimized to maintain the spreading
properties and to good dispersion of the AgNW in PEDOT:PSS
solution. After complete drying, PEDOT:PSS solution acted as
soldering materials and was accumulated at the nanowire junc-
tion to form droplets and filled the gap between nanowires
through the strong capillary force during the solvent evapora-
tion. That capillary force assisted nanosoldering by PEDOT:PSS
at the nanowire junctions is clearly shown in Figure 1B in a
scanning electron microscopy (SEM) image (red colored).
PEDOT:PSS nanosoldering could greatly enhance the electrical
conductivity and decrease contact resistance of AgNW percola-
tion networks at the nanowire junction by increasing the con-
tact surface area and tightly binding the nanowires via capillary
force induced stiction of the conducting polymer solution. As
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for the same length AgNWs in Figure 2B.
The sheet resistance and transmittance can

S-AgNW / PEDOT:PSS, 600 Q/ O
S-AgNW / PEDOT:PSS, 100 Q/ O
L-AgNW / PEDOT:PSS, 54 Q/ O
L-AgNW / PEDOT:PSS, 25 Q/ O

be further enhanced by using longer AgNWs
for the same thickness AgNW transparent
conductor. The hybrid composite film of long
AgNW (L-AgNW)/PEDOT:PSS showed sheet
resistance of few tens of ohms/sq (green and
blue lines) with 80-90% transmittance. From
the percolation threshold theory, the length of
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Figure 2. Optical characteristics of transparent conductors. A) Optical transmittance spectra
of single component transparent film of only PEDOT:PSS (red) and only AgNW percolation
network electrode (blue). B) Optical transmittance spectra of hybrid composite transparent
film; short AgNW/PEDOT:PSS hybrid film (black and red) and very long AgNW/PEDOT:PSS
hybrid film (green and blue). Note the dramatic sheet resistance drop from e to tens of ohm/

sq after nanosoldering of AgNW by PEDOT:PSS coating.

a result, uniform and stable hybrid films were created by the
Mayer rod coating method and the resistance and transpar-
ency were easily controlled by adjusting the number of layers.
Previously, the sheet resistance of pristine AgNW film without
thermal annealing was found to be rather high when a cap-
ping agent was used on the surface of AgNWs, leading to weak
contact.’! Therefore, a high temperature thermal treatment
has been considered as an obligatory process to make such an
electrode useful. However, high temperature annealing process
may cause the deforming or degradation of the plastic sub-
strates such as polyethylene terephthalate (PET) and PEN films
due to their low glass transition temperatures. By applying the
PEDOT:PSS as a nanosoldering material for AgNW network
electrode, a low-temperature process could be achieved with
only a simple coating method and applying plastic substrate
was also possible.

The transmission spectra of the single component film
(only AgNW network film or only PEDOT:PSS film) is shown
Figure 2A. For the fabricated only AgNW films (blue line), the
transmittance is over 90% (at 550 nm wavelength) but the sheet
resistance was very high because thermal annealing process
was not performed. Similarly, the only PEDOT:PSS film (red
line) fabricated by means of the Mayer rod coating method
also shows very high resistance due to its intrinsic poor con-
ductivity and small thickness (10 nm). However, the composite
of AgNW and PEDOT:PSS of the same condition with the
single component films showed dramatic changes. After the
PEDOT:PSS coating on the AgNW network mesh, although
the transmittance of the AgNW/PEDOT:PSS hybrid films was
slightly reduced, the sheet resistance of the hybrid films after
nanosoldering showed a several orders of magnitude decrease
as compared to that of the single-component film (only AgNW
network film or only PEDOT:PSS film). As shown in Figure 2B,
the hybrid composite film of AgNW/PEDOT:PSS showed sheet
resistance of few hundreds of ohms/sq for short AgNW
(S-AgNW, black and red lines) with 80-90% transmittance.
For a comparison, each two electrodes (S-AgNWs, L-AgNWs)
with different sheet resistance were fabricated by changing the
AgNW deposition thickness. The difference in AGNW thickness
caused the change in the sheet resistance and transmittance
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700 800 900 a 1D object determines the random network
conductivity.?*?! For instance, a transparent
conductive film created via scalable rod
coating with short AgNWs and a hydrogen
chloride (HCI) vapor treatment achieved
over 100 ohm/sq with 75% transmittance. ¢!
In this experiment, we changed the length
of the AgNWs and explored the nanowire
length effect on the electrode resistance.
Regular short AgNW (S-AgNW) is mainly
20-30 um in length, while that of long AgNW (L-AgNW) ranges
in 50-100 pum. The sheet resistance of AgNW/PEDOT:PSS
hybrid films is decreased considerably from several hundreds
of ohm/sq to 25 ohm/sq with 85% transmittance (at 550 nm) by
increasing the length of the AgNWs. Although PEDOT:PSS thin
films have transparency as high as 95%, the transmittance value
of the hybrid (AgNW/PEDOT:PSS) films is a little bit lower
because increase surface area by AgNW mesh might accommo-
date more amount of PEDOT:PSS than bare glass substrate.
SEM images (Figure 3) clearly show the difference between a
pristine AgNW film (before PEDOT:PSS coating) and a hybrid
(AgNW/PEDOT:PSS) film on a glass substrate. In the case of
the pristine AgNW film, each AgNWs gently sit on the neigh-
boring nanowires or substrate with very small area point con-
tact or line contact. Therefore, as observed in Figure 3A, many
nanowires were suspended without direct contact with the sub-
strate and this caused very poor adhesion of the pristine AgNW
mesh to the substrate or to other nanowires when the high tem-
perature thermal annealing process was not applied. Therefore,
a pristine AgNW film has very poor mechanical stability under
mechanical stress and very high sheet resistance. As shown
in Figure 3B, PEDOT:PSS was uniformly coated onto AgNW
mesh and substrates. Even though there were many compli-
cated junctions, all of the nanowires showed direct and con-
formal contact with the substrate due to strong capillary force

Figure 3. SEM images of A) fabricated pristine AgNW network before
nanosoldering and B) AgNW/PEDOT:PSS hybrid film after nanosol-
dering. The drying PEDOT:PSS induces strong capillary force and stic-
tion of the AgNW with other AgNWs or substrate. After nanosoldering,
AgNWs strongly adhere to the substrate and join the junction of NWs.
The inset scale bar s are A) 1 um and B) 500 nm.
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temperature annealing makes AgNWs not
directly applicable to the flexible polymer
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Figure 4. Adhesion force test (3M tape test) of AgNW electrodes of A) pristine AgNW network
before nanosoldering and C) AgNW/PEDOT:PSS hybrid film after nanosoldering. B) Transient
adhesion force test via 90° peel of test with linear stage. Note that the pristine AgNW film
without nanosoldering was easily removed from the substrate as shown in microscope image.
However, nanosoldered AgNW/PEDOT:PSS hybrid film demonstrated 7 times stronger adhe-
sion force than pristine AgNW film and maintained initial transparent percolation network.

induced stiction during PEDOT:PSS drying and thus yielded
enhanced substrate adhesion. Although PEDOT:PSS has high
resistance, as shown in Figure 3, the PEDOT:PSS tightly binds
the crossing nanowires and serves as an electrical bridge or
nanosoldering material at the nanowire junction network. The
post-deposition PEDOT:PSS was uniformly done, with a thick-
ness of about 10 nm (Supporting Information Figure S1). Pre-
viously, many approaches reported a post-process without high-
temperature annealing to enhance the conductivity of AgNW
mesh, such as Au particles grown on a cross-section, mechan-
ical cold pressing, and graphene covering, as noted above. How-
ever, a large-scale, all-solution process has not been reported so
far, and we suggested a roll-to-roll applicable all-solution pro-
cess by the conducting polymer assisted AgNW nanosoldering.
After this simple process development, besides the electrical
conductivity enhancement, it was clearly shown that the adhe-
sion between the substrate and the thin film was significantly
increased as shown in Figure 4. While pristine AgNW network
film could be easily removed from the substrate during the
3M tape testing (Figure 4A), after the PEDOT:PSS treatment,
the AgNW/PEDOT:PSS hybrid film showed very strong adhe-
sion to the substrate while maintaining its original conductivity
even after tape testing (Figure 4C, Supporting Information
Figure S3). This strong and stable substrate adhesion might
come from the film uniformity after the filling the gap between
nanowires network with conducting polymer.

substrate. Due to the room temperature pro-
cess nature of the proposed nanosoldered
of AgNW/PEDO:PSS hybrid film, flexible
transparent conductor could be realized.
To ensure the mechanical stability of the
AgNW/PEDOT:PSS hybrid film, the sub-
strate was changed from glass substrate to
PEN film for a cyclic bending test. As shown
in Figure 5A, 20 000 cyclic bending test
was conducted at a frequency of 1 Hz and a
bending ratio of 1 cm to explore the stability
of the electrical conductivity. The resistance
value was maintained at a constant value
after the initial decrease during the cyclic
bending test. This initial resistance drop
may have been caused by electrical joule
heating and annealing during the long time test. Furthermore,
the conductivity was sustained even during a stretching test
at 5-10% strain (Figure 5B). Unlike fragile glass substrate, a
polymer substrate increases a device's lifetime due to high
flexibility and strength under external force or an impact.
In addition, the low price of a polymer substrate is another
advantage for industry.

To validate the practical application of current technology,
fabricated AgNW/PEDOT:PSS hybrid transparent electrodes
were applied to a touch panel screen demonstration. Com-
pared with the commercial ITO-coated PEN film (Figure 6A)
which requires an expensive vacuum process, in this experi-
ment, all electrodes was fabricated by solution processes
(Figure 6B). A high performance small touch screen (7.5 cm x
5 cm) was first demonstrated in Figure 6C. Both sides of the
fabricated panel were AgNW/PEDOT:PSS hybrid film. More-
over, the current technology can be easily scaled up for the
larger device demonstration due to the solution processible
nature of current process. Finally, an A4-sized (250 mm x
275 mm) hybrid film was fabricated for large-scale applica-
tions, as shown in Figure 7. Pristine AgNW network film
(Figure 7B, right) was coated with the PEDOT:PSS solution
(Figure 7B, left). In Figure 7C, the functionality of the A4-size
touch panel was demonstrated, writing the characters “ANTS”.
However, the touch panel size can be easily scaled up for
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The peel-off test was conducted to measure (A) o] (B) ﬁ R 7]
the adhesion strength of pristine and hybrid 185 10L —=—Hybrid film ! -
films quantitatively. As shown in Figure 4B, g 180 g' -
the hybrid films can sustain six times larger Q17 71 -
force than the pristine film. Moreover, no § 1701 o 6f] o
visible difference in the hybrid film was & e e i: __."

observed before and after the peel-off test. B 60 3l -

Particularly, peeling off the film is detri- & 155 2r .

mental in the presence of an external force 150 (1,_ .

or a mechanically harsh environment, such
as bending, stretching and touching, even if
the film has high conductivity as a result of
thermal annealing.

While ITO is a very fragile material,
AgNWs are very flexible. However, high

T T T T
5000 10000 15000 20000

Bending Cycles

Figure 5. A) Cyclic bending and B) stretching test of nanosoldered hybrid film on a flexible
substrate and the electrical property change. A) After 20 000 cycles of bending, nanosoldered
hybrid film maintained low resistance. Initial decrease came from the electrical annealing.
B) Hybrid film maintained its electrical conductivity over 10% stretching.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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were written on the touch screen, which
was placed on a cylinder. The flexible touch
screen can be mounted even on the soft
surface such as human arm (Supporting
Information Figure S2). In this manner,
our AgNW/PEDOT:PSS hybrid electrode
developed in this work enables transparent
conductors to be mounted at any locations
where to date we have been unable to provide
electrical and mechanical functionalities.
This may open a new application field such
as human friendly electronics in wearable
computer.

l

Figure 6. High performance touch panel demonstrated by nanosoldered AgNW/PEDOT:PSS

transparent conductor. Schematic illustration of A) commercial touch panel screen with PEN/

3. Conclusions

ITO/spacer/ITO/glass from top to bottom and B) fabricated touch screen with hybrid trans-

parent films. C) Video clips of the touch screen operation fabricated by all solution processed
AgNW/PEDOT:PSS hybrid film. A word “KAIST” was written on the touch panel.

much larger size by using larger Mayer rods and even for roll-
to-roll process. Video clips of each touch panel demonstration
are included in the Supporting Information. Therefore, if we
use a more specific and controlled fabrication device, uniform
and large-scale electrodes can be formulated by a simple and
economical process.

The low temperature process nature could allow building
highly flexible transparent conductor which can be mounted
on the non-flat curved surfaces. To demonstrate the mechanical
flexibility of the fabricated transparent electrodes, a bendable
touch screen was made and its performance was demonstrated
as shown in Figure 8. The bending radius was 3 cm and the
substrates were 75 mm x 50 mm in size. The letters “ANTS”

In summary, as an alternative to the brittle
and expensive ITO transparent conductor, we
developed a very simple, room temperature
nanosoldering of Ag nanowire percolation
network with conducting polymer to demonstrate highly flex-
ible and even stretchable transparent conductors. The drying
conducting polymer on Ag nanowire percolation network is
used as a nanosoldering material inducing strong capillary
force assisted stiction of the nanowires to other nanowires or to
the substrate to enhance the electrical conductivity, mechanical
stability and adhesion to the substrate of the nanowire percola-
tion network without conventional high temperature annealing
step. Due to the room temperature nature of current process
and very long Ag nanowire, highly bendable Ag nanowire/con-
ducting polymer hybrid films with low sheet resistance (25 to
54 ohm/sq) with a high transmittance (90% at 550 nm) were
demonstrated on a plastic substrate. Unlike the highly brittle

Figure 7. Demonstration of large scale hybrid transparent electrodes and a touch screen. A) Initial A4-sized electrode fabrication with the Mayer rod.
B) Digital images of nanosoldered AgNW/PEDOT:PSS hybrid transparent conductor (left) and pristine AgNW network before nanosoldering (right).
C) Video clips of the A4-sized touch panel operation fabricated from the nanosoldered hybrid transparent conducting film. Letters of “ANTS” were written.

Adv. Funct. Mater. 2013, 23, 4171-4176
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Figure 8. Demonstration of a bendable touch screen on a non-flat surface. Letters “ANTS”

were written.

and fragile ITO transparent conductor, the fabricated flexible
transparent electrode maintained its conductivity over 20 000
cyclic bending and 5 to 10% stretching. Finally, a large area
(A4-size) transparent conductor and a flexible touch panel on
a non-flat surface were fabricated to demonstrate the possi-
bility of cost-effective mass production as well as the applica-
bility to the unconventional arbitrary soft surfaces. We believe
that our research suggests an important step toward producing
intelligent and multifunctional soft electric devices as friendly
human/electronics interface, and ultimately contribute to the
applications in wearable computers.

4. Experimental Section

Ag NW Synthesis: AgNWs were synthesized by a modified polyol method
through a CuCl,(Sigma Aldrich) mediated process.#?728 A Cu-additive
solution was added to 5 ml of EG in an oil bath at 151.5 °C. After 5-10 min,
1.5 mL of 147 mM PVP (Sigma Aldrich) solution and 1.5 mL of a 94 mL
AgNO; (Sigma Aldrich) solution were added sequentially. Heating and
stirring was maintained for 1 h. The synthesized AgNW was cleaned with
acetone and ethanol at a 10:1 v/v ratio three times for characterization.

Very Long Ag NW Synthesis: The first synthesized AgNW was heated at
95 °C for successive multistep growth (SMG) as seed NWSs to grow very
long AgNWs. 5 mL of EG was heated at 151.5 °C with continious magnetic
stirring for second step growth. 1 mL of synthesized AgNWs was injected
into heated EG as seeds. After 5 min, the PVP and AgNO; solution was
added at the injection rate of 0.1 mL/min using a syringe pump. For 2 h,
the reaction was maintained for very long NW synthesis.?%30

AgNW/PEDOT:PSS Hybrid Film Fabrication: The cleaned AgNW was
dispersed in IPA solution at a concentration of 0.003 mg/mL. This mixed
solution was deposited onto a glass or polymer substrate by pipetting
and coating by a Mayer rod. The resistance of the film was adjusted
by repeating the coating steps for larger thickness. After drying IPA,
the PEDOT:PSS (Sigma Aldrich) solution was deposited following the
same method. To enhance the evaporation rate, IPA was added to the
PEDOT:PSS solution at a 2:1 v/v ratio.

Characterization: The fabricated film was coated with 10 nm of gold
before the SEM analysis. In order to investigate the adhesion strength
of the transparent electrode, a 90° peeling test was conducted. A
12-mm-wide and 30-mm-long piece of 3M scotch tape was attached
to an electrode sample and the peeling strengths of the electrode
specimens were directly measured by a mechanical testing machine.
The main components of this machine are a Pl M-413.3PD linear stage
and an Interface SMA-60N load cell. By pulling the tape at a constant
displacement rate of 5 mm/s, the applied load was continuously
monitored and analyzed as a function of time.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

lesielS
Mot oS
www.MaterialsViews.com

Acknowledgements

J. L. and P. L. contributed equally to this work.
This study was partially supported by National
Research Foundation of Korea (NRF) (grant no.
2012-0008779), Global Frontier R&D Program
(grant no. 2012-054172) on Center for Multiscale
Energy System, and KAIST EEWS Initiative
(EEWS-2012-N01120026).

Received: December 21, 2012
Revised: February 13, 2013
Published online: April 5, 2013

[1] Z. Yu, L. Li, Q. Zhang, W. Hu, Q. Pei, Adv. Mater. 2011, 23, 4453.

[2] L. Li, Z. Yu, W. Hu, C.-h. Chang, Q. Chen, Q. Pei, Adv. Mater. 2011,
23, 5563.

[3] S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, |. Balakrishnan,
T. Lei, H. Ri Kim, Y. I. Song, Y. Kim, K. S. Kim, B. Ozyilmaz,
J.-H. Ahn, B. H. Hong, S. lijima, Nat. Nanotechnol. 2010, 5, 574.

[4] ). H. Lee, P. Lee, H. Lee, S. S. Lee, S. H. Ko, Nanoscale 2012, 4, 6408.

[5] D.S. Hecht, L. Hu, G. Irvin, Adv. Mater. 2011, 23, 1482.

[6] ). Zhang, Y. Fu, C. Wang, P.-C. Chen, Z. Liu, W. Wei, C. Wu,
M. E. Thompson, C. Zhou, Nano Lett. 2011, 11, 4852.

[7] D. ). Lipomi, M. Vosgueritchian, B. C. K. Tee, S. L. Hellstrom,
J. A. Lee, C. H. Fox, Z. Bao, Nat. Nanotechnol. 2011, 6, 788.

[8] I. N. Kholmanov, M. D. Stoller, . Edgeworth, W. H. Lee, H. Li,
J. Lee, C. Barnhart, . R. Potts, R. Piner, D. Akinwande, ). E. Barrick,
R. S. Ruoff, ACS Nano 2012, 6, 5157.

[9] A. Kumar, C. Zhou, ACS Nano 2010, 4, 11.

[10] J. Krantz, M. Richter, S. Spallek, E. Spiecker, C. ). Brabec, Adv. Funct.
Mater. 2011, 21, 4784.

[11] J.-Y. Lee, S. T. Connor, Y. Cui, P. Peumans, Nano Lett. 2008, 8, 689.

[12] L. Hu, H. S. Kim, J.-Y. Lee, P. Peumans, Y. Cui, ACS Nano 2010, 4,
2955.

[13] S. De, P. ). King, P. E. Lyons, U. Khan, J. N. Coleman, ACS Nano
2010, 4, 7064.

[14] Y. Xu, Y. Wang, |. Liang, Y. Huang, Y. Ma, X. Wan, Y. Chen, Nano Res.
2009, 2, 343.

[15] J. Zou, H-L.Yip, S. K. Hau, A. K. Y. Jen, Appl. Phys. Lett. 2010, 96, 203301.

[16] C. Jeong, P. Nair, M. Khan, M. Lundstrom, M. A. Alam, Nano Lett.
2011, 11, 5020.

[17] Y. Zhu, Z. Sun, Z. Yan, Z. Jin, ). M. Tour, ACS Nano 2011, 5, 6472.

[18] J. Wu, M. Agrawal, H. C. A. Becerril, Z. Bao, Z. Liu, Y. Chen,
P. Peumans, ACS Nano 2009, 4, 43.

[19] A. Tao, F. Kim, C. Hess, J. Goldberger, R. He, Y. Sun, Y. Xia, P. Yang,
Narno Lett. 2003, 3, 1229.

[20] D. K. Ferry, Science 2008, 319, 579.

[21] S. Coskun, B. Aksoy, H. E. Unalan, Cryst. Growth Des. 2011, 11, 4963.

[22] M. Hu, ). Gao, Y. Dong, K. Li, G. Shan, S. Yang, R. K.-Y. Li, Langmuir
2012, 28, 7101.

[23] R. Zhu, C.-H. Chung, K. C. Cha, W. Yang, Y. B. Zheng, H. Zhou,
T.-B. Song, C.-C. Chen, P. S. Weiss, G. Li, Y. Yang, ACS Nano 2011,
5,9877.

[24] H. Wu, L. Hu, M. W. Rowell, D. Kong, J. J. Cha, ). R. McDonough,
J. Zhu, Y. Yang, M. D. McGehee, Y. Cui, Nano Lett. 2010, 10, 4242.

[25] G. E. Pike, C. H. Seager, Phys. Rev. B 1974, 10, 1421.

[26] X.Y. Cai-Hong Liu, Nanoscale Res. Lett. 2011, 6, 75.

[27] B. Wiley, Y. Sun, Y. Xia, Langmuir 2005, 21, 8077.

[28] K. E. Korte, S. E. Skrabalak, Y. Xia, J. Mater. Chem. 2008, 18, 437.

[29] P. Lee, |. Lee, H. Lee, ). Yeo, S. Hong, K. H. Nam, D. Lee, S. S. Lee,
S. H. Ko, Adv. Mater. 2012, 24, 3326.

[30] ). H. Lee, P. Lee, D. Lee, S. S. Lee, S. H. Ko, Cryst. Growth Des. 2012,
12, 5598.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2013, 23, 4171-4176





