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Organic nanowires (ONWs) are flexible, stretchable,

and have good electrical properties, and therefore have
great potential for use in next-generation textile and
wearable electronics. Analysis of trends in ONWs supports
their great potential for various stretchable and flexible
electronic applications such as flexible displays and flexible
photovoltaics. Numerous methods can be used to prepare
ONWs, but the practical industrial application of ONWs
has not been achieved because of the lack of reliable
techniques for controlling and patterning of individual
nanowires. Therefore, an “individually controllable”
technique to fabricate ONWs is essential for practical
device applications. In this paper, three types of fabrication
methods of ONWs are reviewed: non-alignment methods,
massive-alignment methods, and individual-alignment
methods. Recent research on electronic and photonic
device applications of ONWs is then reviewed. Finally,
suggestions for future research are put forward.
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1. Introduction

Electronic devices based on nanomaterials have focused
on one-dimensional (1D) structures due to their excel-
lent physical and electrical properties.!3l In par-
ticular, device applications of 1D organic nanostructures
from n-conjugated small molecules or polymers have
several advantages such as easy fabrication, low cost,
high throughput, compatibility with flexible substrate,
and tunability of electrical properties in molecular
structure.[-0]

Organic nanowires (ONWs) facilitate superior device
performance due to enhanced n—m conjugated mor-
phology!”#! and the establishment of charge transport
according to the molecular packing orientation!>!’l; conse-
quently, they are favorable for applications in future elec-
tronic devices. Also, highly-integrated and highly-efficient
energy-harvesting devices can be fabricated due to the
extremely high aspect ratio and large surface-to-volume
ratio of ONWs.[11:12]

Practical device applications of ONWs require sev-
eral factors: i) alignment; ii) individually-controlled pat-
terning; iii) reproducibility; and iv) controllability of wire
morphology and chain orientation. Numerous methods
have been used to prepare ONWSs, including physical
vapor transport,[*13] solution-phase self-assembly,l] tem-
plate-assisted method,'*"! soft-lithographyl'®l and elec-
trospinning.'”] (Figure 1). However, practical industrial
applications of ONWs are still limited because of the lack
of a reliable technique which satisfies all of these require-
ments. Especially, the alignment of ONWs is very impor-
tant for the aspect of industrial applications. Because the
reliable technique which can control the precise number
of nanowires (NWs) at desired position is essential for

Figure 1. Numerous methods to prepare ONWs and (opto-) electronic
device applications of ONWs (fabrication of wire transistors, light-
emitting devices, energy harvesting devices, waveguide or lasing
devices via solution-phase self-assembly, template-assisted method,
soft lithography, electrospinning and electrohydrohynamic nanowire
printing).
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high-integration over large area and uniformity of each
device. Hence, the alignment methods for inorganic NWs
have been widely developed such as contact printing
technique.l?!

In this review, we introduce several fabrication
methods of ONWs classified into three types according
to capability of alignment: i) non-alignment methods;
ii) massive-alignment methods; and iii) individual-align-
ment methods. Non-alignment methods need an additional
aligning or positioning technique because the ONWs are
not aligned during the wire fabrication process. Massive-
alignment methods are techniques that can fabricate a
massively-aligned ONW pattern; however, defining and
characterizing individual wires are difficult tasks when
these methods are used. Individual-alignment methods are
processes that can individually control single ONW, and
do not require additional patterning processes. Then we
review recent progress in research into electronic and pho-
tonic device applications of ONWs. Finally, we summarize
the review and outline possible future research perspec-
tives. 1D organic nanostructures are variously classified
according to their morphology, such as nanowires, nanorib-
bons, nanorods, nanofibers, nanotubes, and nanobelts; for
convenience, we regard them all as ONWs.

2. ONW Fabrication Methods

2.1. Non-alignment Methods
2.1.1. Physical Vapor Transport

Physical vapor transport (PVT) has been widely used for
fabricating organic single crystals with excellent electrical
and optical properties.'3-2!l However, PVT have drawbacks,
including low throughput of device fabrication, high-temper-
ature processes, and narrow material selectivity.[*]

ONWs fabricated using PVT have mainly consisted of
copper phthalocyanine (CuPc) and copper hexadecafluoro-
phthalocyanin (F;(CuPc) due to their thermal and chemical
stability (Figure 2).[132220] During the PVT process, growth
occurs along a face with strong attractive interactions, i.e., the
n—r stacking direction between organic molecules,?! and the
resulting NWs have a high aspect ratio.

Single-crystal ONWs grown by PVT are promising
candidates for high-performance electronic applications
because the crystals have limited disorder and no grain
boundaries. However, for device applications, additional
positioning processes are required such as stamping'*?7 or
micro-manipulating('>?224 techniques, because controlling
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Figure 2. (a) Scanning electron microscope (SEM) and (b) transmission
electron microscope (TEM) image of CuPc nanoribbons synthesized
by the PVT technique. Reproduced with permission.22l 2006,
Wiley-VCH. (c,d) SEM images of F,,CuPc nanoribbons. Reproduced with
permission.[?31 2006, American Chemical Society.

the precise direction and position of wire growth during
PVT is a difficult task. For instance, Tang et al.[’l used PVT
to prepare CuPc nanoribbons for transistor fabrication, and
used a microprobe to transfer the nanoribbons to the device
substrate (Figure 2a,b). In addition, Tang et al.[] fabricated
F,cCuPc nanoribbons directly on Si/SiO, substrate without
any transfer process, but because the nanoribbons were ran-
domly grown on the substrate, an alignment process using a
microprobe was required, to deposit the electrodes exactly on
top of the ribbons (Figure 2c¢,d). These additional positioning
processes have low throughput, which limits their value in
industrial electronic device applications.

2.1.2. Solution-Phase Self-Assembly

Solution-phase self-assembly has been used to fabricate 1D
organic nanostructures which have the strong m—rm stacking
between organic molecules.’! This self-assembly exploits the
low solubility of an organic material in a poor solvent to induce
precipitation or recrystallization. ONWSs prepared in this way
are obtained by cooling the solvent,[! by adding a non-sol-
vent,[7$2%30] or by cooling of a marginal solvent®!! (Figure 3).
Briseno et al.?®! fabricated hexathiapentacene (HTP)
NWs by cooling a hot HTP solution in benzonitrile solvent.
HTP is insoluble in most organic solvents at room tempera-
ture, but can be dissolved at higher temperatures and precipi-
tated as bulk quantities of NWs by cooling the solution. The
synthesized HTP NWs are collected and dispersed into poor
solvent (Figure 3a,b). From transmission electron microscope
(TEM) diffraction pattern, d-spacing of (100) and (010) plane
were determined as 3.84 and 14.5 A, respectively, which were
corresponding with single-crystal grown from vapor-process.
By dropping the dispersion of ONWs on the device substrate,
ONWs can be obtained for device applications. However, the
NWs deposited by dropping require an additional alignment
process, because they are randomly scattered (Figure 3c).
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Qiu et al.BP! induced selective phase separation and self-
assembly of poly(3-hexylthiophene) (P3HT) by dissolving
a P3HT/polystyrene (PS) blend in a marginal solvent such
as dichloromethane at 40 °C and spin-casting at room tem-
perature (Figure 3d). A nanofibrillar network of P3HT was
formed in the PS matrix due to the low solubility of P3HT
in a marginal solvent at room temperature (Figure 3e,f). This
method has the advantage that it can prepare highly-crystal-
line NWs from a very small amount of P3HT, and that the
NWs have high environmental stability due to the use of an
embedding matrix as an encapsulation layer.

Another strategy for solution-phase self-assembly is to
add organic solution to a poor solvent.[$293% Balakrishnan
et al.®] prepared self-assembled perylene tetracarboxylic
diimide (PTCDI) NWs by minimal injection of a concen-
trated chloroform solution of PTCDI into methanol. Also,
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Figure 3. (a) Optical photograph of HTP NWs, and (b) well-dispersed
NWs after agitating the vial. (c) SEM image of a network of HTP NWs.
Reproduced with permission.28 2007, American Chemical Society.
(d) Schematic representation of the formation of a P3HT nanofibrillar
network in the PS matrix. (e,f) Films spin-cast from CH,Cl, with different
P3HT contents: (e) 10 wt% and (f) 5 wt%, scale baris 1 mm. Reproduced
with permission.B% 2009, Wiley-VCH.

by using a mixture of good solvent and poor solvent, ONWs
can be formed by n—r stacking in a poor solvent,*?] because
aggregation or solidification of organic materials is induced
when the concentration of the poor solvent is high. Besides
cooling and addition of poor solvent, various approaches
such as solvent exchange by vapor diffusion**! and gelation
of molecules with multiple long alkyl side chains?* have
been studied for preparing self-assembled ONWs.

Using solution-phase self-assembly, highly-crystalline
ONWs can be easily prepared with high throughout com-
pared with any other methods. However, device fabrica-
tion with self-assembled ONWSs has the problem of low
reproducibility due to sample-to-sample variation, because
the wires are randomly dispersed in the solvent. Oh et al.[®]
suggested a novel process for alignment of self-assembled
organic wires, called filtration-and-transfer (FAT). PTCDI
microwires (MWs) were aligned by fluid flow through a poly-
dimethylsiloxane (PDMS) mask in vacuum filtration setup
with a porous anodized aluminum oxide (AAO) membrane
(Figure 4a). By using this method, the location and density
of aligned organic wires can be controlled on a massive scale
(Figure 4b,c). This approach is significant because it suggests
the possibility of using ONWs for various device applications.

2.2. Massive-Alignment Methods
2.2.1. Template-Assisted Method

Template-assisted methods use a porous membrane as a
template to fabricate the 1D nanostructures. Track-etched
polycarbonate or AAO are mainly used as the porous

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. (a) Schematic diagram for FAT alignment of organic wires.
(b) Bright-field optical image of aligned PTCDI MWs on an AAO
membrane. (c) Zoom-in optical images of MWs in 2 different regions.
Reproduced with permission.[®! 2009, National Academy of Sciences.

template. Especially, use of an AAO membrane has been
studied due to its uniform pore arrangement.l*! Template-
assisted methods have some advantages: simple prepara-
tion of porous membranes, easy control of wire diameter
by adjusting pore size, wide selectivity of materials, and
highly-ordered orientation. The only requirement of tem-
plate-assisted method for ONWs fabrication is the loading
of materials into the pore of template. It makes this method
easily applicable to various applications based on ONWs.
Various research has evaluated the possibility of using porous
membranes as templates, such as Ni, TiO,, MnO,, V,0s,
Co;0,, ZnO, CoPt, Lead Zirconate Titanates, BaTiO;, and
Si0,P%42l when preparing ONWs. Fabrication of ONWs by
the template-assisted method is classified into two types: elec-
trophoretic deposition[**+143 and template wetting.[!415:44-4¢]

small 2015, 11, No. 1, 45-62
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Figure 5. (a) Diagram for the preparation of anodic AAO template
and CuPc NW array via electrophoretic deposition (BL: barrier layer,
Pc: phthalocyanine). (b) SEM image of the cross section of a blank
AAO template. (c) TEM image of the CuPc NWs through AAO template.
Reproduced with permission.[31 2005, Elsevier B.V.

Electrophoretic deposition exploits the oriented motion
of charged particles by coating materials from an organic
solution onto a porous membrane.[’>3 Xu et al.[¥l reported
the first deposition of a CuPc NW array by electrophoretic
deposition using a porous AAO template (Figure 5). Den-
sity and morphology of NWs are strongly dependent on con-
centration of solution, zeta potential, applied electric field,
reaction kinetics, and therefore can be easily controlled by
adjusting various experimental parameters. Electrophoretic
deposition can be also used to synthesize polymers from
monomers.[*] By controlling the reaction kinetics, various
structures from nanotubes!*®! to NWsl*’l can be formed.

The template wetting method uses a porous membrane
that has been wetted with a melted polymer or a solu-
tion.[141544-46] When the porous membrane is placed on the
polymer melt or solution, a thin film covers the pore wall due
to high surface energy of the membrane.['>*] This simple
approach was first proposed by Steinhart et al.['”] Because
the adhesive force for wetting is stronger than the driving
force for complete filling, nanotubes are formed dominantly.
However, by controlling the pore size and wettability, com-
pletely-filled NWs can be also formed.[*] O’Carroll et al.[*4!
fabricated poly(9,9-dioctylfluorene) NWs using the melt-
assisted template wetting method, and demonstrated that
they can lase if photo-pumped.

ONWs formed by template-assisted methods have the
same arrangement as the pore distribution. By selective
etching of templates, a highly-uniform vertically-aligned
ONW array can be obtained. Although some paper have
reported device applications that use a vertically-aligned NW
array as synthesized,*>"] for practical device applications an
additional horizontal alignment process is required, such as
contact printing with unidirectional massive-alignment.[>!]

2.2.2. Soft Lithography

To fabricate ONWs, top-down approaches based on lithog-
raphy have also been reported for use in fabricating devices
based on organic semiconductors. Soft lithography techniques
cause less damage to organic materials than do conventional

small 2015, 11, No. 1, 45-62
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photo- or electron-beam lithography. Soft lithography is
not a specific process, but a collective term that describes
techniques based on molding or stamping without using light,
electron- or ion- beam.>?

Soft lithography for nanofabrication includes a great
variety of techniques such as contact printing,>! replica
molding,23 imprint lithography (embossing),[>-%3 and
transfer molding; new methods of soft lithography are pro-
posed often. Compared with conventional lithography, soft
lithography has several advantages: i) elimination of some
factors that limit the resolution in conventional lithography
such as optical diffraction and optical transparency; ii) low
processing cost; and iii) high throughput.'* However,
use of soft lithography for nanofabrication faces some con-
straints: i) the practicality of fabricating a master mold that
has a nano-pattern; ii) distortion near the edge of the pattern;
iii) limited lifetime of the mold; iv) difficulty of aligning the
pattern during multilayer fabrication; and v) residue after
patterning.[64-¢7]

As an ONW fabrication method that does not leave a res-
idue layer, Duan et al.[%] reported the nanomolding in capil-
lary (NAMIC) method that is similar to the micromolding
in capillary method.[] NAMIC uses a stamp fabricated by
nanoimprint lithography (NIL) with a thermal resist on a flat
PDMS substrate that has nanogrooves of 50- or 100-nm width
(Figure 6a). The advantages of NAMIC are that well-defined
sub-100-nm patterns can be formed over a large area in a short
time, and that various materials can be used to prepare the
nano-patterns. Fluorescent dye molecules (tetramethylrhoda-
mine isothiocyanate), protein molecules, SiO, nanoparticles
and polymers have been used to form continuous nanolines or
wires with sub-100 nm width and height. Conductive poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS) NWs with a width of 100 nm and a height of
90 nm were prepared using NAMIC and showed resistance
similar to a bulk PEDOT:PSS layer (Figure 6b). This result
shows the great potential of NAMIC for electronic applications.

Liquid-bridge-mediated  nanotranfer molding (LB-
nTM)[™ is another nano-patterning method that does not
leave a residue layer. LB-nTM is similar to conventional micro-
transfer molding,/®! but a mold with solidified ink is pressed
directly on the surface of a substrate covered by a polar liquid
layer, not on a bare surface (Figure 7). The polar liquid layer
forms a liquid bridge and works as an adhesion layer between
the solidified ink and substrate. Unlike other methods to pat-
tern nanostructures directly, LB-nTM can fabricate nano-pat-
terns without leaving any residue and can adjust the position
of the mold even after it contacts the substrate, because the
solidified inks are not transferred onto the substrate before
drying of polar liquid. Using LB-nTM, zinc-tin oxide NWs and
6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-PEN) NWs
with sub-100-nm width were successfully formed.[”"]

2.2.3. Electrospinning

Electrospinning (ES) is a well-known ONW fabrication
method that uses an electric field. ES employs electrostatic
force to stretch a viscous polymer solution into NWs
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Figure 6. (@) Process scheme for NAMIC. (b) Optical microscopy of
PEDOT:PSS NWs by NAMIC. Reproduced with permission.[%8 2010,
Wiley-VCH.

(Figure 8a). ES can fabricate ONWs easily with simple equip-
ment, and can precisely control the morphology and diam-
eter of wires. The diameter of the wire is determined by
various experimental parameters such as solution concentra-
tion, flow rate, voltage and nozzle-to-collector distance.['7?] To
control NW diameter, solution concentration is particularly
important because it determines the viscosity of the polymer
solution.

During stretching of the polymer solution in ES, elec-
trospun NW shows a chaotic whipping motion (bending
instability) due to the electrostatic interaction between the
external field and the charges in the jetted solution.[’’-73]
Because of the chaotic whipping and high wire formation
speed, electrospun wire is collected as a randomly coiled
mat (Figure 8b). Hence, electrospun NWs have been gener-
ally used as a non-woven mat in various applications such as
filtration,[7*78! bio-engineering!*%! and sensors.¥-%! ES has
attracted attention in electronic device applications based on
electrospun organic semiconducting NWs, but its usefulness is
limited by the randomly coiled nature of the NWs produced.
Therefore, methods to align the NWs have been studied for
various applications.’174]
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Reproduced with

Several groups introduced methods to align wires on
a rotating drum-type collector.3*#7] This method prevents
twisting of the wire by winding it around a rapidly-rotating
drum or cylinder. This method can align NWs using fairly
simple equipment, but it has the drawbacks that matching the
speed of wire formation and collector rotation, and control-
ling the position of aligned NWs are difficult tasks.

Several research groups have demonstrated a novel
method that uses multiple collectors to align the electro-
spun NWs.[8891 This method can generate uniaxially-aligned
NWs between more than two flat- or blade-type collectors
arranged with regular spacing (Figure 8c,d). During deposi-
tion, NWs are pulled and aligned by the electrostatic attrac-
tion of each collector. According to this principle, Li et al.[*]
fabricated various NW array patterns using multiple collec-
tors with different orientations. Also, Jalili et al.l®?! investi-
gated how the degree of alignment depends on the applied

small 2015, 11, No. 1, 45-62
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Figure 8. (a) Schematic illustration of the basic setup for ES. (b) SEM
image of electrospun poly(vinyl pyrrolidone) NWs. Reproduced with
permission.”! 2004, Wiley-VCH. (c) Schematic illustration of the setup
for ES to generate the uniaxially aligned NWs using two silicon strips
as collectors. (d) Optical micrograph of aligned nanofibers two silicon
stripes. Reproduced with permission.[8 2003, American Chemical
Society.

voltage and the width of the gap between multiple collectors.
The multiple-collector method(?**¥ has been widely used to
fabricate NW-based devices due to its simplicity and higher
degree of orientation than that of the drum-type collector
method. New strategies for alignment of electrospun NWs
are continually being developed; these methods include sup-
pression of bending instability by using a biased ring,*> by
switching of biased multiple collectors,[’”] or by alignment of
wires with a magnetic field.["!

2.3. Individual Alignment Methods
2.3.1. Meniscus-Guided Printing

Meniscus-guided printing (MGP) is a method that prints the
desired materials while maintaining the solution meniscus
formed between glass pipette and substrate. Unlike conven-

tional probe-based drawing,[*>!%l MGP can easily supply the
[101]

ink solution by using a micro- or nano-sized glass pipette,

(b)

S| s

and can print the nanostructures over a large area. MGP
can also fabricate thinner wire compared with direct ink
writing[1%214 because MGP does not use colloidal ink
particles.

The best feature of MGP is that three-dimensional (3D)
wire patterning is possible. Because the meniscus between
the pipette tip and the growth front of deposited wire is
maintained after the deposited solution solidifies, a 3D nano-
pattern can be formed. Suryavanshi and Yul'*1%] and Hu
and Yul'®! used MGP and electrochemical deposition to
fabricate freestanding metal NWs. Using electrolyte solu-
tion mixed with metal ions as an ink and applying an elec-
tric field between pipette and substrate, Cu and Pt NWs with
freestanding or bridge structure were printed. The size and
shape of the meniscus are defined by the size of the nozzle,
the thermodynamic properties of the solution, the distance
between the pipette tip and the growth front, and the pulling
speed. The size of the meniscus determines the diameter of
the deposited wire. Hu and Yul'%! used a glass pipette with a
nozzle diameter of ~100 nm to fabricate Pt NWs with a diam-
eter of 120 nm and length of 6.8 um.

Kim et all'"7 used MGP to demonstrate the first 3D
patterned-conducting polymer NW. They formed polypyrrole
(PPy) NWs by oxidative polymerization of pyrrole monomer
solution as an ink (Figure 9a). The diameter of the wire was
controlled to a minimum of 50 nm by the pulling speed of
pipette and by the flow rate of monomer solution. Different
lengths and shapes (e.g., straight, complex-shape, branches
and bridges) of 3D PPy nanostructures were demonstrated by
moving the meniscus (Figure 9b,c). Kim et al.l'%! also reported
a 3D patterned nanoarch of PEDOT:PSS NWs for stretchable
electrical interconnection and transistor device with extreme
stretchability up to 270%. These results show the great poten-
tial of 3D structured NWs for use in stretchable electronics.

MGTP is a distinctive technique which can fabricate the 3D
patterned ONWs in specific position. However, the wires are
formed with very slow pipette pulling speed of less than 1 mm/s
so that their device applications on large-area are limited due
to the low throughput of wires. Therefore, a method which can
prepare the ONWs with fast and simple process is required.

2.3.2. Electrohydrodynamic Nanowire Printing

Electrohydrodynamic nanowire printing (ENP)I®! is a

novel technique to fabricate well-aligned and well-patterned

Figure 9. (a) Schematic explanation of PPy NW fabrication by MGP. The NW radius, r is controlled by the pulling speed, v; W(v) is the solution
flow rate. (b) SEM images of an array of r ~350 nm PPy NWs array with lengths from 5 to 15 um individually controlled by tuning the pulling time.
(c) Array of nanoarch-bridges (r ~240 nm) between two Cu substrates separated by a ~50 pm gap. Reproduced with permission.[1°71 2011, Wiley-VCH.
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Figure 10. (a) Schematic diagram of ONW printer and NW printing process. (b) Optical micrograph of well-aligned PVK NWs. The diameter of PVK NW
is 290nm (inset, scale bar, 200 nm). (c) SEM image showing cross section of well-aligned PVK NW, which forms a perfect circle. Reproduced with

permission.[1%1 2013, Nature Publishing Group.

ONWs. To fabricate the ONWs, ENP uses a principle sim-
ilar to that of ES which applies an electric field to stretch
the polymer solution. ENP can fabricate and align NWs by
suppressing the bending instability. In conventional ES, the
ejected polymer jet fluctuates randomly a few millimeters dis-
tant from the nozzle tip, and shows bending instability, which
increases as the distance between nozzle tip and collector
increases.’”?l When the nozzle tip approaches the collector
closely, NWs in straight-jet region can be obtained.['1%:111]
In ENP, if the nozzle is <1 cm from the collector and high
voltage is applied, ONWs are deposited directly on the col-
lector and aligned with the desired orientation by a high-
speed linear stage (Figure 10a). ENP produced printed
poly(N-vinylcarbazole) (PVK) NWs that had totally-parallel
orientation with a regular spacing of 50 um and a diameter of
290 nm (Figure 10b). The printed PVK NW had a perfectly
circular cross section, which implies that the polymer jet was
fully solidified during the deposition of wire (Figure 10c). By
using ENP, the position and orientation of NWs can be indi-
vidually controlled, and thereby overcome the limitations of
NW alignment that occur when using ES. ENP also has high
throughput, and can fabricate a very long (several meters)
strand of NW in just a few seconds.

Min et al.ll'%! also demonstrated highly-aligned semicon-
ducting ONWs and electronics device applications. Using
ENP, the number of aligned NWs can be easily controlled.
This means that the device characteristics can be controlled
by adjusting the number of wires with the ENP technique.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Therefore, ENP is one of the most promising approaches for
well-controlled ONW fabrication in large area and for devel-
opment of electronic device applications based on the ONWs.

3. Device Applications of Organic Nanowires

3.1. Field-Effect Transistors and Complementary Logic Circuits

3.1.1. Field-Effect Transistors

In this section, we review reports that describe the use of
ONWs in electronic device applications. Field-effect transis-
tors (FETSs) are basic components that usually function as
switches or amplifiers in electronic circuits. Also, FETs are
commonly designed to measure the electrical characteristics
of semiconducting ONWs. Critical parameters to evaluate
a FET include its field-effect mobility and its current on/off
(Ioy/Tog) ratio.

Single Crystalline Nanowires: ONWs have an advantage
in charge transport because their strong 7—r interaction along
the wire axis leads to high-performance FETs. Especially,
FETs based on single-crystal ONWSs show intrinsic charge-
transport properties and the highest performance because
of the absence of grain boundaries and the exceptionally
high chemical purity. Therefore, significant progress has been
made in fabrication of single crystals and high-performance
organic single-crystal FETs.
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Figure 11. (a) SEM image and schematic diagram of an OFET based on an individual CuPc nanoribbon. (b) Output and transfer characteristics of
the nanoribbon FET measured at a fixed source—drain voltage Vsp = 10 V. Reproduced with permission.?2 2006, Wiley-VCH. (c) Output and transfer
characteristics of a HTP single-NW transistor. (d) SEM image of a representative bottom-contact HTP NW FET. The inset shows a magnified view of
the HTP NW bridging the source-drain gold electrodes. Reproduced with permission.l?8l 2007, American Chemical Society.

Vapor growth process (i.e., PVT) is a general method to
produce high-quality crystals.[1322-24112113] Several research
groups have recently demonstrated successful fabrication
of organic FETs (OFETs) using single-crystal NW synthe-
sized by PVT. Tang et al.l’?l used PVT to synthesize single-
crystalline nanoribbons of CuPc, and fabricated OFETSs
based on individual nanoribbons (Figure 11a,b), which was
the first OFET with single-crystalline ONW. The OFETs
have low threshold voltage (<3 V) and high hole mobility
(~0.1-0.2 cm?V~1s71). The CuPc ribbons exhibit excellent
flexibility and reproducibility, which indicate the great poten-
tial of ONWs for flexible or bendable electronics applica-
tions in the future. However, CuPc nanoribbons prepared by
PVT had poor contact between the ribbon and SiO, dielec-
tric because the ribbons should be transferred on the SiO,
substrate to fabricate the FET. Poor optimization of contact
resulted in lower mobility than FETs based on large CuPc
single crystal with the mobility of 1.0 cm?> V1.5 [114]

In order to overcome the poor contact issue, Tang et al.>*]
prepared single-crystalline F;,CuPc nanoribbons with in-
situ growth process on device substrate (Si/SiO,), and fabri-
cated high-performance air-stable n-type FETs (Figure 2c,d).
Because the in-situ growth process surmounted the disadvan-
tages of the handpicking process for fabrication of organic
single-crystal devices and because the asymmetrical drain/
source (Au/Ag) electrode configuration improved electron
injection and transport, the achieved electron mobility values
(~0.2 cm?V-!s7!) were the highest of single-crystal F,;CuPc
ribbon FETs to date.

On the other hand, solution-phase self-assembly
including recrystallization,?8] solvent-exchange,”¥! and drop-
casting assembly?®! provides facile and low-cost approaches
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for preparing single-crystal ONWs and high-performance
FETs compared with PVT.[7828115-117] Briseno et al.[?8! fab-
ricated the HTP single-crystal NW from self-assembly in
solution and achieved NW transistors by drop-casting of
NW suspension on device substrate (Figure 11c,d). The tran-
sistors based on single HTP NW showed the mobility of
0.27 em>V-1s7! and T, /T of ~1.5 x 1031181 which was six
times higher than that of vapor-deposited HTP thin film tran-
sistors (0.04 cm?V~!s7!). The authors also demonstrated the
HTP NW FETs array over large area. After drop-casting of
NW suspension, the substrate was tilted at a 45° angle to pro-
mote the alignment of NWs. However, this method was not
completely successful. Due to the disorders such as random
crossing or overlap of the NWs networks, large-area FET
array showed the mobility of 0.057 cm?>V~!ls7! which was
5-fold lower than that of single NW FET. It is concluded
that the optimization of NW alignment is essential for device
applications.

Self-assembled single-crystal NW FETs using other kinds
of small molecules including TIPS-PEN,!"! anthracene-,['>]
thienoacene-,l'"! and perylene-derivatives,*>!"7] have been
also reported with excellent electrical characteristics. How-
ever, the ONWs fabricated by conventional solution-phase
self-assembly were difficult to align on desired position,
which affects as an obstacle for fabrication of large-area
device arrays or induces a large deviation of performance
between each device. To solve this problem, Park et al.l''”]
developed the one step process to generate single crystal
ONW arrays using a direct printing method (LB-nTM) com-
bining self-assembly and soft lithography techniques (refer to
Figure 7). Well-aligned single crystal ONWs were synthesized
by self-assembly within the nano-scale channels of molds due
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Figure 12. (a) Photograph of an array of single-crystal TIPS-PEN NW FETs on a flexible substrate. (b) SEM images of a TIPS-PEN NW FET showed
the well-aligned TIPS-PEN NWs array channel between the electrodes. (c) Transfer curves and (d) output curves of the FETs with 90 TIPS-PEN NWs.
(e) SEM images of FETs with 1 to 19 single-crystal TIPS-PEN NWs. Reproduced with permission.[191 2013, Wiley-VCH.

to the nanoconfinement effect,'29! and these NWs could be
transferred to desired position on the substrate by LB-nTM
process. The authors demonstrated the single crystal ONW
transistors using TIPS-PEN (Figure 12), C4,, and P3HT ink
solutions and achieved field-effect mobilities of 1.52, 0.12,
and 0.08 cm>V~!-s7!, respectively.

Solution-processible and high performance n-type organic
semiconductors are essential for the all organic and flexible
complementary logic circuits. Oh et al.l¥l used FAT to effi-
ciently align organic wires and fabricated air-stable n-channel
organic transistors with aligned single-crystal PTCDI MWs
(Figure 4). The devices had I /I, of ~2.9 x 10°, and the
highest measured mobility of 1.4 cm?V~':s~L. This result was
the highest performance yet reported for n-channel transis-
tors based on organic single crystal wires prepared by solu-
tion-phase self-assembly. It is comparable with the highest
mobility of p-type ONWs prepared by self-assembly. The
origin of these high values is the structural perfection of
single-crystal MWs and the m-stacking direction which is par-
allel to the wire axis.

Semiconducting Polymer Nanowires: Until now, this
review has just dealt with the OFETs of single-crystal semi-
conducting ONWs based on small molecules. The following
also addresses the performance and techniques for ONW
transistors with semiconducting polymer NWs. Semicon-
ducting polymer NWs are also fabricated by various methods
such as the solution-phase self-assembly, soft lithography
and ES, etc. For example, Briseno et al.l'?!l used a solution-
phase self-assembly process to fabricate poly(benzobisimida

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

zobenzophenanthroline) (BBL) nanobelts-based FETs and
observed electron mobility of up to 0.007 cm*> Vsl and I,/
Iy of ~1 x 10*. However, self-assembled polymer NWs are
randomly oriented because external forces that can align the
NWs are absent.[3:32122]

ES is a representative method of external force-driven
self-assembly which can form individual NWs on a massive
scale.l’8%] FETs based on the electrospun NWs have been
intensively studied since Pinto et al.l'?*l introduced the first
electrospun NW FET using a blend of doped polyaniline
(PANi) and poly(ethylene oxide) (PEO). In the early stage of
electrospun NW FETs, the wires were collected just by passing
the sample substrate quickly between the nozzle and the
grounded collector,[12>124] resulting in poor alignment of wires
and low reproducibility of NW FETs. To align the electrospun
conjugate polymer NW, rotating collector!'?] or multiple
collectors®>*4 have been used. For example, Lee et al.”*! col-
lected electrospun pure P3HT nanofibers and blend P3HT
nanofibers with poly(e-caprolactone) (PCL) between two
parallel metal wires (~3 cm apart) and transferred the fibers
on the device substrate. FETs based on single nanofibers of
pure P3HT and P3HT/PCL blend showed the hole mobilities
of 0.017 cm?V~1s7! and 0.0012 cm?V~1:s7!, respectively. They
also fabricated high performance ion-gel gated OFETs based
on electrospun P3HT/PCL blend nanofibers which were
aligned by parallel metal wires with the field-effect mobility
of ~2 em? V157! and the 1,,/I ;; of ~10° (Figure 13a,b).>! By
controlling the number of collected fibers, the electrical prop-
erties of FETs were successfully adjusted.
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Figure 13. (a) The scheme and the optical microscopy image of an arrayed transistors based on P3HT NW. (b) Output and transfer characteristics of
the arrayed OFET. Reproduced with permission.®4l 2010, American Chemical Society. (c) Output characteristics (left, inset: device structure), and
transfer characteristic (right, solid line) and gate current versus gate voltage characteristics (right, dot line) of P3HT/PEO-blend (70/30, w/w) NW
and nano-channel FET based on the ion-gel gate dielectric. Reproduced with permission.[19%1 2013, Nature Publishing Group.

Chen et al.'?! also prepared the aligned P3HT nanofibers
using coaxial ES technique and aluminum disk collector with
rectangular hole, and explored crystalline structure and chain
orientation of aligned nanofibers with wide-angle X-ray
scattering, optical absorption and polarized photolumines-
cence. The author improved performance (hole mobility of
0.192 cm?>V-s7! and 1,/1,; of 4.45 x 10%) by analyzing
the crystalline structure and orientation of P3HT chain
in nanofibers with a suitable control of the shell flow
rate and annealing temperature. This group extended
their research by reporting the two-dimensional (2D)
conjugated  polythiophene derivative, poly{[2’,5"-5,5"-
di(2-ethylhexyl)-3";5",2”;4”,2”"|quaterthiophene-alt-
3,6-dithien-2-yl-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]
pyrrole-1,4-dione-5",5”-diyl]} (P4TDPP).['?"] The crystallinity,
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orientation, and molecular packing of PATDPP nanofibers
are significantly enhanced by a crystalline-induced procedure
with the result that the average hole mobility of the PATDPP
electrospun nanofiber transistors was 0.305 cm*V~'s7!, and
I,,/I, was 1.30 x 10°, higher than that of the spin- coated
film device. Although Chen et al.'?] and Lin et al.l'?”l could
align the nanofibers to characterize the properties in fibers,
however, previously introduced alignment methods of elec-
trospun NWs have still some problems: i) poor position and
direction addressability of aligned NW; ii) low uniformity of
device characteristics on large-area arrays.

Recently, Min et al.l'" solved the problem of precise
control of polymer NWs (PVK, P3HT/PEO and poly{[N,N*-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5"-(2,2"-bithiophene)}  (P(NDI20OD-T2) or
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Figure 14. (a) Schematic of an inverter with p- and n-type NW networks covering interdigitated source-drain electrodes. (b) Static inverter transfer
characteristics with the p-channel OFET as the load and the n-channel OFET as the driver. Reproduced with permission.% 2007, American Chemical
Society. (c) Optical image (left, scale bar, 2 mm) and schematic illustration (right) of complementary inverter circuit array based on P3HT/PEO-blend
NWs and P(NDI20D-T2)/PEO-blend NWs (PMOS: p-channel metal-oxide-semiconductor FET, NMOS: n-channel metal-oxide-semiconductor FET).
(d) Input—output voltage characteristic of ONW complementary inverter. Reproduced with permission.[1%91 2013, Nature Publishing Group.

N2200)/PEO) by using an ENP technique (Figure 10): the
exact numbers of wires, their orientations and their dimen-
sions were controlled directly on the device substrate without
any transfer printing process. They reported large-area
printing of highly-aligned, individually-controlled NWs and
showed high performance of the ONW transistors. The max-
imum mobility of P3HT NW FETs based on ion-gel gate die-
lectric layer with nanometer channel length is 9.7 cm?V-!-s™!
(Figure 13c). Fabrication of highly-aligned, individually-con-
trolled ONWs in large area is a promising approach to realize
flexible or textile nano-electronics with high performance.

3.1.2. Complementary Logic Circuits

Organic electronic circuit applications have received consid-
erable attention recently as the industrially expected values
of organic electronics increase. Such complementary logic
circuits using the ONWSs outperform circuits consisted of
only p- or n- type transistors with a key characteristic of low
power consumption, implying significant advantages for large
area circuit integration.

Briseno et al.*”l demonstrated complementary logic cir-
cuits using 1D organic semiconductors; the circuits were based
on n-channel PTCDI NWs and p-channel HTP NWs synthe-
sized by a solution-phase self-assembly. The authors combined
PTCDI and HTP NW transistors for the complementary
inverters by drop-casting NW/methanol solutions onto the
electrodes. The highest electron and hole mobility values meas-
ured were 0.027 cm>V~1s7! for PTCDI and 0.01 cm*V-ls!

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for HTP respectively, and complementary inverters based on
the NWs achieved gains as high as 8 (Figure 14a,b). These
results demonstrated the first example of the use of 1D
organic semiconductors in complementary inverters.

In addition to organic NWs, inorganic NWs were used to
fabricate hybrid circuits. Tang et al.l'®l used CuPc, F;CuPc
single-crystal NWs and conducting Sb-doped tin dioxide
(SnO,:Sb) NWs to construct hybrid circuits, and studied
complementary circuits such as transfer gates, SRAMs, NOR
gates, OR gates, NAND gates, and ambipolar transistors. The
inverters showed sharp switching and high gain, and logic cir-
cuits demonstrated low operational voltage, low current and
ultralow power consumption (< 40 pW).

Just recently, the large-area and flexible electronics based
on ONWs were provided by Min et al.'® as mentioned
above. They demonstrated not only high performance ONW
transistors but also complementary circuit array using well-
aligned P3HT/PEO and P(NDI2OD-T2)/PEO NWs. The
ONW complementary inverter showed the typical switching
characteristic with gain of ~17 (Figure 14c,d). Development
of various ONW electronic circuit applications find open new
opportunities in organic nanoelectronics and highly sophisti-
cated integrated logic devices.

3.2. Light-Emitting Devices and Lasers
A new concept of integrated circuits including optoelectronic
modulators that transmit information using optical signals

as well as electrical signals, is an innovative to process and
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transport data. However, the current technological trend
of decreasing size of electronic chips requires that the cir-
cuit components should be nanoscale size. Therefore, the
nanoscale patterning of optical circuits containing light
sources, waveguides and light amplifiers are essential. In this
sense, ONWSs can provide a promising structural model for
nanoscale optical communication systems.

3.2.1. Light-Emitting Devices

In fact, an ONW is not a perfect form to be used as an
active layer in light-emitting devices, mainly because
ONWs are 1D structures. Electrical contact and efficient
charge injection into ONWs can be easily hampered by
their fiber-like morphologies.[%!?8] Also, the vacancies
between ONWSs can lead to a short-circuit problem in the
devices.[®l Furthermore, accurate control of layer thickness
is more challenging in ONW-based light-emitting devices
than in thin film-based devices. In spite of these challenges,
many researchers are attempting to develop ONW-based
light-emitting devices because they can be possibly used
as nanoscale light emitters for optoelectronic integrated
circuits and lab-on-a-chip devicesl®'?%] and can provide a
chance to study anisotropic electroluminescence (EL) of
organic materials.[129:130]

One approach for fabricating NW-based emission layer
is to grow light-emitting NWs by PVT. Tris(8-hydroxyqui-
noline)aluminum single-crystalline NWs were prepared
by adsorbent-assisted PVT and used as emission layers in
light-emitting devices.['3!] The NW device of 40-nm diameter
showed the best external quantum efficiency (0.90% ph/el)
which was close to that of a thin-film reference device (0.92%
ph/el), although the NW device had significant leakage cur-
rent at voltage <7 V.

Using organic/inorganic hybrid NWs grown by PVT as
light-emitters provided an effective way to analyze the emis-
sion properties of organic materials with their aggregation
and molecular packing.'??l PTCDI/ZnO hybrid NWs were
prepared using PVT on indium tin oxide (ITO) substrates
and incorporated in light-emitting devices. By filling the
void between the NWs with insulating polymers the authors
used PTCDI/ZnO hybrid NWs successfully used as emit-
ters in light-emitting diodes without a short circuit problem.
The NW-based light-emitting diodes showed a blue-white
emission, not the broad red emission of PTCDI film or the
UV emission of ZnO; this difference clearly demonstrated
that energy transfer from ZnO to PTCDI occurred and can
vary with their aggregation, and that the optical properties
of organic materials can vary with their molecular packing.
However, the specific device performance was totally not
reported except for EL spectrum.

Also, the anisotropic emission properties of organic mate-
rials could be observed by rendering organic thin film uni-
axially nanoconfined via nanoimprinting process. Polymer
light-emitting diodes incorporating uniaxially nanoconfined
poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) emis-
sion layers exhibited a highly-anisotropic EL with a polariza-
tion ratio of 11.013%]
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ES is another useful process to fabricate ONW emission
layers. ES enables to study emission properties of a single NW
because it produces a continuous NW from the nozzle. Moran-
Mirabal et al.l'*] fabricated light-emitting NWs from ionic
transition metal complexes (ruthenium (II) tris(bipyridine),
iTMC) and PEO mixtures, and demonstrated EL with a
highly-confined dimension of 240 x 325 nm from a single NW
deposited on gold interdigitated electrodes (Figure 15a—c).
Yang et al.l'*3 introduced coaxial ES to directly fabricate 1D
electroluminescent devices (Figure 15d.,e). Galinstan liquid
metal inside iTMC/PEO mixtures served as cathode, and
coated ITO outside served as an anode. The luminescence
occurred along the coaxial NW device.

Electrospun non-woven NW mats can also be used as
an emission layer in light-emitting devices. However, due to
voids in the non-woven mats, treatments to prevent the short-
circuit problem are highly required. Vohra et al.l'3¥l reported
EL from electrospun non-woven mats of FSBT/PEO blend
NWs. They annealed the NWs deposited on ITO anode at
150 °C to flatten the emission layer and to extract PEO from
the NWs. The extraction of PEO resulted in a high concen-
tration of conjugated polymer with increased crystallinity,
and allowed formation of an electrically-inactive layer which
prevents the occurrence of short circuits. At 6 V, the reported
external quantum efficiency was 1.1% ph/el and the lumi-
nance was 2300 cd-m™.

Although the above research results have demonstrated
the potential of ONW-based light-emitting devices as nano-
sized light-emitters, further developments should be achieved
to increase the quantum efficiencies of the devices in terms
of ONW fabrication processes and device structures. Fur-
thermore, controlling the directions and orientations of the
ONWs and narrowing the diameters of ONWs below 100 nm
are required to rigorously study the 1D anisotropic EL prop-
erties of light-emitting ONWs.

3.2.2. Waveguides and Lasers

ONW can function as interconnects in optical circuits, as
metal wires do in electronic circuits. Because the refractive
indices of organic small molecules and polymers are gener-
ally in the range of 1.5-2, ONWs can transmit light by total
internal reflection like optical fibers. Especially, the smooth
surfaces and highly-stacked m-conjugated molecular struc-
tures of crystalline ONWs can help to minimize optical
loss during light propagation by reducing the amount of
escaped scattered light and by improving photon-crystal lat-
tice interactions.[>13>130] Many researchers have reported
the waveguiding properties of ONWSs fabricated using var-
ious methods including ES,'37-1401 PyTI4l and template
wetting,[142]

Also, 1D structure of ONWSs can be exploited as uni-
axial Fabry-Pérot cavity. Light amplification in ONWs gives
an opportunity to overcome optical losses in photonic cir-
cuits.'?81 To achieve lasing action in ONWs, they must consist
of m-conjugated molecular compounds to allow excitation.
Also, ONWs should have flat and smooth end facets for
effective light reflection and oscillation.[0-:128130]
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Figure 15. (a) Bright field image of an electrospun iTMC embedded PEO nanofiber crossing the interdigitated electrodes. Electrode gaps have been
outlined. (b) Emission from fiber imaged in (a) at 4 V. (c) Pseudocolor rendition of (b) for comparison of intensity in individual gaps. Reproduced
with permission.l'321 2007, American Chemical Society. (d) Schematic structure (left) of an iTMC-based electro-luminescent nanofiber and setup of
coaxial ES (right). (e) Luminescence responses of the iTMC-based electro-luminescent nanofiber to different voltages applied to the device in N,.

Reproduced with permission.l'33 2012, American Chemical Society.

O’Carroll et al.*! observed the optical microcavity
behavior and optically pumped lasing in single m-conjugated
polymer NWs (Figure 16). The authors used template-wet-
ting to synthesize poly(9,9-dioctylfluorene) (PFO) NWs and
measured spatially-resolved photoluminescence from the
NW bodies and tips. The microcavity effects in PFO NWs
were demonstrated by the observation that periodic intensity
variations occurred in tip emission spectra, but not in body
spectra (Figure 16a), and that dependence of mode spacing
on the inverse of NW length was linear. Also, lasing action
was observed with a single narrowed emission peak above
the threshold pump energy of ~100 nJ (Figure 16b,c). The
lasing action was also observed in single-crystal ONWs based
on small organic molecules fabricated by adsorbent-assisted
PVT.[14

ES has many advantages for constructing ONW-based
photonic systems because it enables control of ONW diam-
eter and morphology, although control of individual NWs
would be difficult unless a specially-designed experimental
setup were introduced.[®!?8] Camposeo et al. and Pagliara
et all¥1%] reported laser emission from electrospun
poly(methyl methacrylate) NWs embedded with Rhodamine
6G, an organic fluorescent dye. ES can fabricate the ONWs
with very high throughput, but addressability of position and
orientation of electrospun NWs are inefficient. If ONWs can

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

be directly prepared in desired positions and orientations
using individual alignment methods, this ability will facilitate
the formation of complex optoelectronic circuits. However,
the realization of ONW-incorporating optoelectronic com-
munication systems with waveguiding and laser emission in
freely-patterned ONWs has not been reported yet.

3.3. Energy-Harvesting Devices

Recently, organic energy harvesting electronic devices for
generating clean, sustainable and renewable energy have
been investigated as replacements for carbon-based energy.
Organic photovoltaics (OPVs) can convert solar energy to
electrical energy and can be fabricated by a solution process,
so lightweight, flexible, low-cost and large electronic devices
can be produced.

The bulk heterojunction OPV is a promising device struc-
ture because it can provide a large interfacial area between
donors and acceptors.['*?] Based on enhanced exciton disso-
ciation, this structure shows high short-circuit current density
(Jso). Organic 1D nanostructure materials have beneficial
properties such as large surface-to-volume ratio, long exciton
diffusion length, easy-to-control morphologies and high
charge carrier mobility, so that power conversion efficiency

small 2015, 11, No. 1, 45-62
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Figure 16. (a) Emission spectra collected from the tip (blue) and body (grey) of an isolated PFO NW under uniform pulsed excitation (1.4 n)).
Inset: emission image of an excited wire (1n)). Scale bars, 2 um. (b) Emission spectra collected from the tip of an isolated PFO NW under uniform
excitation, as a function of increasing pump energy at room temperature. (c) Plot of the NW tip (blue squares) and body (green squares) emission
peak intensity and full width at half maximum (FWHM, red triangles) versus pump energy for the wire shown in (b). Inset: above threshold (230 nJ)
emission spectra acquired from the wire tip (blue) and body (green). Reproduced with permission.[“4 2007, Nature Publishing Group.

(PCE) can be improved. Also organic 1D materials are also
solution-processible, so flexible devices can be fabricated.

1D structure nanomaterials in the bulk heterojunc-
tion OPVs have been formed in the various shapes such
as nanofibers, nanopillars, nanoribbons, and 1D nanopat-
tern.[1125.26456061.63,147-154] ~ Qelf_agsembled 1D nanostruc-
tures are adjustable as donor material for organic solar cells
because 1D donor material increases interfacial area with
acceptor. Xin et all''?l produced active layer with p-type
donor of self-assembled poly(3-butylthiophene) (P3BT)
NW and n-type acceptor of fullerene solution, [6,6]-phenyl-
Cg;-butyric acid methyl ester (C¢-PCBM) and [6,6]-phenyl-
C,,-butyric acid methyl ester (C;,-PCBM). They verified that
P3BT NW/Cg,-PCBM nanocomposite had higher field-effect
hole mobility (8.0 x 10 ¢cm?>V~!s7!) than that of conven-
tional P3BT/C,;-PCBM blends (3.8 x 107> cm>V~-1s7!) using
the FET characterization. Based on the better charge trans-
port property, an OPV device consisting of P3BT NW/Cy,-
PCBM showed higher performance (Jg = 7.68 mA-cm™, fill
factor (FF) = 57% and PCE =2.2%) than did a device based
on P3BT/Cy;-PCBM blends (Jg¢ = 4.90 mA-cm™2, FF = 48%
and PCE = 1.0%), and P3BT NW/C,;-PCBM and P3HT/C;-
PCBM blends showed similar PCE (3.0%) (Figure 17).

1D polymer nanostructures fabricated by AAO template
method have partially more aligned polymer chain along the
straight pore of the AAO during solidification of polymer
solution, which can improve the performances of devices
due to increased charge transport.[*’] NIL also can produce
1D nanostructured donor for active layer of OPV devices.
As increasing interfacial area between donor and acceptor
by controlling the width of nanostructure, exciton capture is
enhanced that produces high-efficiency solar cell devices.!'+]
By combining AAO template and nanoimprint methods,
P3HT nanopillar arrays were fabricated on a deposited P3HT
layer.[%] Compared to OPV devices based on P3HT bilayer
film structure, larger contact area allowed more interaction
between P3HT and PCBM, so Jg. of the device increased
from 3.88 mA-cm~ to 7.06 mA-cm~ and PCE increased from
0.82% to 2.0% with 50-nm diameter nanopillars. A device
that is consisted of smaller diameter (30 nm) nanopillars had
higher performances with Jg- = 7.46 mA-cm~2, FF = 53.53%
and PCE = 2.4% because exciton dissociation was more acti-
vated in the smaller nanopillar than in the large one.

ES is another effective method to fabricate the OPVs
with semiconducting NWs. Based on properties of high
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aspect ratio and surface-to-volume ratio of electrospun
NWs, large interfacial area can improve charge separation
and transport. Sundarrajan et al.l¥’! and Bedford et al.[1%8]
fabricated core/shell structured nanofibers using the coaxial
ES method. The core was composed of active materials such
as P3HT and Cg;-PCBM, and the shell covered a core fiber
with a high molecular polymer for sufficient chain entan-
glement which made well-connected nanofibers during ES.
After removal of the polymer shell, a pure P3HT/Cg-PCBM
nanofiber web was used as an active layer in the OPVs. OPVs
based on electrospun P3HT/C-PCBM nanofibers showed
quiet low performance (Jgc = 3.2 x 10° mA-cm=2, FF =22.1%
and PCE = 8.7 x 10® %) which was attributed to too thick
(~5 um) thickness of fiber networks to enable effective charge
carrier transport.”] To overcome the diffusion length issue of
charge carriers, Bedford et al.'*8l used a homogeneous solu-
tion of P3HT/C¢;-PCBM to backfill pores in the nanofibers
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% 2| « pamr (1 o P/::E) 2 § | -remTweouece
2 o Ll 2| « PoHTEO%PCE .
'y L

E Of AM 156, Area=10mn? < = E

‘S 2 inair . g AM 1.5, Area = 10 mn?

s FFa48% s 3 e

| Ea

5

o -8 o

| FF=57% i
8

-10
0 0.080.160.24 0.32 0.4 0.480.56 0.64
Voltage [V]

0 01 02 03 04 05
Voltage [V]

Figure 17. (@) TEM and (b) atomic force microscope images of P3BT NW/
C4,-PCBM nanocomposites. The current-voltage characteristics of solar
cells with different active layers: (c) P3BT NW/C,,-PCBM nanocomposite
(70 nm) (blue squares) and P3BT/C4,-PCBM blend (80 nm) (red
triangles); (d) P3BT NW/C,,-PCBM composite (90 nm) (blue squares),
P3HT/C,,-PCBM blend (120 nm) (red triangles). Reproduced with
permission.l!2008, American Chemical Society.
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and make the uniform active layer. Because the backfill
layer significantly increased the interfacial area between
donor and acceptor, the nanostructured OPV showed better
performance than that of a P3HT/Cy-PCBM film device
(Jsc=10.7 mA-cm™%, FF = 63% and PCE =4%).

On the other hand, PVT process can be used to develop
high-performance OPV devices based on p-n junction of
organic single-crystalline 1D nanostructures. Zhang et al.[*’]
demonstrated the p-n junction nanoribbons with CuPc and
F,(CuPc and achieved the p-n junction photovoltaic device.
Due to their similar lattice constant, molecular structures
and m— stacking direction between two materials, F;;CuPc
can be successfully grown onto CuPc nanoribbons. They
proved the characteristics of p-n junction nanoribbons by
fabricating an ambipolar FET; the device showed V-shaped
transfer characteristics and balanced field-effect mobilities of
0.07 cm?V~1s7! in the CuPc (p-type) and 0.05 cm?> V=57l in
the F,4,CuPc (n-type). This balance between hole and electron
mobilities assisted charge carrier transport properties in the
solar cell. The photovoltaic device had Jgc = 0.054 mA-cm™,
FF =36% and PCE = 0.007%, which are relatively low, but it
was a meaningful study for understanding the fundamentals
of OPVs.

Many research for photovoltaic devices using organic 1D
nanostructures have been reported with their advantages of
large interfacial area between donors and acceptors which
improve the charge separation and enhance charge transport
properties. However, conventional OPVs based on ONWs
instead of organic thin film as the active layer are limited in
the improvement of performances. Therefore, an innovative
structure only for NW-based devices is essential to achieve
the highly-efficient photovoltaics with distinctive properties
of ONWs.

4. Conclusion

In this review, we summarized ONW fabrication methods
from the perspective of possibility and strategy of align-
ment, and the various electronic and photonic applications
such as FETs, circuits, light-emitting devices, waveguides,
and photovoltaic devices. ONWs are interesting materials
because they can be used both as building blocks of nano-
scale devices with high performance and high-efficiency, and
as a model of theoretical studies to investigate charge trans-
port mechanisms.

Various fabrication techniques and device applications
of ONWs have been reported, but some problems remain
to be solved. A technique that perfectly satisfies the require-
ments (alignment; individually-controlled patterning; repro-
ducibility; and controllability of wire morphology and chain
orientation) for practical device applications should be
developed. For instance, the recently-reported ENP tech-
nique is most suitable for industrial applications of ONWs
because it can individually control and align the wires, and
using this method enables controlling and analyzing the wire
morphology and chain orientation. Furthermore, the perfor-
mance of ONW-based electronics devices has been increased
consistently, but the main objective of the studies has been

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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to match the properties of counterpart devices based on
inorganic materials. Applications of only ONWs that use the
most of their unique characteristics are hardly ever reported.

Efforts to develop a device with innovative concept and
structure that exploits the distinctive characteristics of 1D
organic nanostructure is required, as opposed to just substi-
tuting 1D structures for 2D or 3D bulk materials in conven-
tional device structures. Such investigations could improve
the competitiveness of organic materials and devices for the
next-generation electronics, and could advance the realiza-
tion of future flexible and stretchable electronics.
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