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Synthesis, Characteristics, and Applications

of Intrinsically Light-Emitting Polymer

Nanostructures

Young Ki Hong, Dong Hyuk Park, Seok Ho Lee, and Jinsoo Joo

Abstract Light-emitting π-conjugated polymers and their nanostructures have

been intensively studied from the viewpoints of both fundamental research

and optoelectronic applications. The characteristics of light-emitting polymer

nanostructures, such as light absorption and emission efficiencies, can be tuned

through chemical processing and by varying their physical dimensions. In this

review article, recent progress in the synthesis, characterization, modification,

and applications of light-emitting polymer-based nanostructures is presented.

Various synthetic methods for light-emitting polymer nanostructures are

introduced, and their intrinsic optical properties at a nanoscale level are

summarized. Post-synthetic treatments for modification of the characteristics

related to the morphologies and doping states are discussed. Finally, potential

applications of these nanostructures to barcode/quasi-superlattice nanowires,

biosensors, and nano-optoelectronics are presented.
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1 Introduction

Light-emitting polymers with a π-conjugated structure have attracted considerable

interest in the fields of both fundamental science and applied research owing to their

fascinating one-dimensional (1D) characteristics and potential optoelectronic

applications [1–6]. Figure 1 shows the chemical structures of a few examples of

π-conjugated light-emitting polymers: polythiophene (PTh), poly(3-alkylthiophene)

(P3AT), poly(3,4-ethylenedioxythiophene) (PEDOT), poly(p-phenylenevinylene)
(PPV), and poly[2-methoxy-5-(20-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV).

The π-conjugated structure of light-emitting polymers refers to the alternation of

single and double covalent bonds between adjacent carbon atoms [7]. This π-conju-
gation leads to delocalized π-electrons along the polymeric main chains, which play

an important role in the electronic and optical properties of light-emitting polymers

[8]. The electronic structures of π-conjugated polymers are successfully described by

the Su–Schrieffer–Heeger (SSH) Hamiltonian model [9–11]. As a consequence of the

π-conjugated structure, these light-emitting polymers have a semiconducting band

gap. Both theoretical and experimental studies have been conducted on chemical

processes for engineering the energy band structure of π-conjugated polymers

[10, 12–24]. Thus, the optical and electrical properties of π-conjugated polymers

can be varied by controlling the energy band structure and by chemical doping.

With rapid developments in nanoscience and nanotechnology, various

nanostructures, including nanotubes (NTs), nanowires (NWs), and nanoparticles

(NPs), have been fabricated using light-emitting polymers [4–6]. The intrinsic

characteristics of π-conjugated polymer nanostructures can be controlled through

the physical dimensions, chemical processes, and post-synthetic treatments.

This review article introduces and summarizes the fabrication, characterization,

and modification processes as well as optoelectronic applications of various light-

emitting polymer nanostructures.

2 Synthetic Methods for Nanostructures

π-Conjugated light-emitting polymer nanostructures, including NTs, NWs, and NPs

have been synthesized using template and template-free methods [5, 6, 25–29].

Recently, Jenekhe et al. reviewed various synthetic methods for 1D nanostructures

of π-conjugated molecular systems [30]. Template-based methods are categorized

into two sub-categories depending on the type of template, i.e., soft templates and

hard templates. Anodic aluminum oxide (Al2O3), particle track-etched membrane,

mesoporous silica, microchannel array, and zeolite are typically employed as hard

templates. The synthesis of π-conjugated polymer NTs or NWs with hard templates

involves a combination of electrochemical [25, 31–33], chemical [34–37], and

organic vapor deposition [38] techniques. The formation of NTs or NWs and

their physical dimensions, such as diameter and length, are determined by the
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size of the nanoporous template used. Of the template-free methods, this section

presents the reprecipitation method for the synthesis of NPs and the electrospinning

method for NWs.

2.1 Electrochemical Polymerization

In this section, we focus on the synthesis of light-emitting polymer NTs and NWs

through electrochemical polymerization using nanoporous Al2O3 templates. For

electrochemical synthesis of the polymer NTs and NWs, the electrolyte consists of

a solution of monomers and dopants in appropriate solvents such as deionized water,

N-methyl-2-pyrrolidinone (NMP), and acetonitrile (CH3CN). Aniline, pyrrole, and

thiophene and its derivatives such as 3-methylthiophene (3-MT), 3-butylthiophene

(3-BT), 3-hexylthiophene (3-HT), and ethylenedioxythiophene (EDOT) are typical

monomers. Dopants can include anionic salts such as BF4
�, PF6

�, and ClO4
� as well

as camphorsulfonic acid (CAS) and dodecylbenzenesulfonic acid (DBSA), which

also act as surfactants that promote homogeneous dispersion of the hydrophobic

monomers in deionized water. Thin metal layers, for example, gold (Au), platinum

(Pt), and aluminum (Al), are thermally evaporated on one side of the nanoporous

Al2O3 template and attached to the metal working electrode.

When a current or voltage is applied to the electrodes, the monomers are oxidized

at the surface of the electrode. As a result of the initial oxidation, the monomers form

radical cations that react with other monomers in the electrolyte to form oligomeric

products, as shown in Fig. 2. The extended π-conjugation in the polymeric chain (i.e.,

polymerization) is assisted by dopant anions, and the synthesis and doping of the

Fig. 1 Chemical structures of various light-emitting polymers with π-conjugated structure
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light-emitting polymer NTs and/or NWs are generally accomplished simultaneously

[39]. After polymerization, an acid (e.g., HF or H3PO4), base (e.g., NaOH or KOH),

or organic solvent can be used to dissolve the nanoporous template and isolate the

synthesized NTs or NWs. The intrinsic optical properties of the electrochemically

synthesized light-emitting polymer NTs or NWs can be controlled by the synthetic

conditions such as molar ratio of monomer to dopant, applied current or voltage,

synthetic temperature, and type of solvent used for the dissolution of the nanoporous

template.

Figure 3 shows scanning electron microscope (SEM) and transmission electron

microscope (TEM) images of various light-emitting polymer NTs or NWs

synthesized through electrochemical polymerization with nanoporous Al2O3

templates [40–43]. The SEM image in Fig. 3a shows open ends of the P3MT NTs,

and the inset shows filled ends of P3MT NWs. In the TEM image, the formation of

NTs can be clearly identified; the thickness of the NTwall was estimated at 5�10 nm.

In order to synthesize P3MT NTs, a current density of ~1.7 mA/cm2 was applied for

18�20 min. For the formation of P3MT NWs, the applied current density and

polymerization time were increased up to 2.0�2.5 mA/cm2 and ~23min, respectively

[40]. Martin et al. reported that polymerization was initiated at the bottom of

nanopores on the working electrode and proceeded along the inside walls of the

nanoporous Al2O3 template [44]. The results indicated that NTs could be converted to

NWs by increasing the polymerization time and applied current density.

The formation of P3BT NWs can also be controlled by adjusting the applied

current density and polymerization time [41]. P3BT NWs with open ends at the top

Fig. 2 Electrochemical polymerization method using alumina (Al2O3) nanoporous template
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are observed in the SEM and TEM images in Fig. 3b. The length and diameter of the

NWs are ~20 μm and ~200 nm, respectively. A TEM image of an isolated single

P3HT NWwith open ends is shown in Fig. 3c. The diameter of the single P3HT NW

is 150�200 nm. Figure 3d shows the SEM and TEM images of PEDOT NWs. A

uniform and continuous array of the PEDOT NWs with a length of ~30 μm was

observed by SEM. From the magnified TEM image, the diameter of a single PEDOT

NW can be estimated at ~200 nm.

2.2 Reprecipitation

Horn and Rieger reviewed the various synthetic methods and optical properties of

organic NPs [45]. Reprecipitation is a representative method for fabricating

π-conjugated polymer NPs [45–48]. As shown in Fig. 4, a polymer powder is

dissolved in an amphiphilic solvent (e.g., tetrahydrofuran) and the polymer solution

rapidly dropped into deionized water under vigorous stirring. During this process,

polymer molecules form spherically shaped NPs through aggregation in order to

minimize the interfacial energy between the polymer solution and water. The size of

the NPs can be controlled by varying the concentration of the polymer solution,

stirring speed, temperature of deionized water, as well as by addition of polar solvents

such as acetone. A mini-emulsion method has been recently developed to synthesize

homogeneously dispersed polymer NPs [45, 49, 50]. In this method, an aqueous

solution of surfactant is added to a solution of the polymer in an organic solvent such

as chloroform. The mixture of solutions is then emulsified through ultrasonication to

afford an aqueous suspension of polymer NPs.

Figure 5a shows an SEM image of MEH-PPV NPs fabricated by reprecipitation

[51]. The NPs were spherical and had diameters estimated to be in the range

Fig. 3 SEM and TEM images of the electrochemically synthesized light-emitting polymer NTs

and NWs: (a) P3MT NTs, (b) P3BT NWs, (c) P3HT NWs, and (d) PEDOT NWs. [Reproduced in

part from (a) [40], (b) [41], (c) [42], and (d) [43] with permission. (a) Copyright 2005 American

Institute of Physics. (b) Copyright 2008 Electrochemical Society. (c) Copyright 2007 American

Institute of Physics. (d) Copyright 2008 Elsevier B.V.]
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40�150 nm. SEM images of P3HT and [6,6]-phenyl C61
� butyric acid methyl ester

(PCBM) NPs fabricated by the mini-emulsion method are shown in Fig. 5b and

Fig. 5c, respectively [52]. The diameters of the P3HT and PCBM NPs were ~108

(�28) and 77 (�20) nm, respectively.

2.3 Electrospinning

Electrospinning is a simple, inexpensive, and efficient method based on application

of a high electric field for fabricating relatively long and continuous NWs (i.e.,

nanofibers) of various organic and/or inorganic materials [53–57]. With this

Fig. 4 Scheme showing the reprecipitation process

Fig. 5 SEM images of (a) MEH-PPV NPs, (b) P3HT NPs, and (c) PCBM NPs. [Reproduced in

part from (a) [51] and (b, c) [52] with permission. (a) Copyright 2009 American Chemical Society.

(b, c) Copyright 2012 Royal Society of Chemistry.]
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method, ultrathin fibers can be obtained from solutions and melts by the uniaxial

elongation of viscoelastic jets owing to the electrostatic repulsive interaction

between surface charges. Conventional electrospinning systems consist of three

major components: a high-voltage power supply, a metallic needle (i.e., capillary

spinneret), and a grounded collector as the counter electrode. An electric field

applied between the metallic needle and collector (typically on the order of

1 � 105 V/m) causes charging on the surface of a droplet at the needle tip, which

transforms into a funnel-shape known as a Taylor cone. Then, a fluidic jet is ejected

that is accelerated from the needle tip owing to the electrostatic force from the

oppositely charged collector plate [30, 54, 56].

The dimensions and morphology of the electrospun nanofibers are determined by

the intrinsic properties of the materials (e.g., chemical structure, molecular weight,

and solubility), properties of the solvent (e.g., surface tension, viscosity, conductivity,

vapor pressure, polarity, and dielectric constant), and external processing parameters

(e.g., electric potential and field distribution, concentration of constituent materials

and any additional ions, and feed rate). Electrospinning systems have been modified

to allow greater control over the process and to tailor the structure of the nanofibers.

The substitution of a rotating drum for a collector plate results in uniform mats of

electrospun nanofibers [58]. Figure 6 shows a modified electrospinning system with a

two-capillary spinneret for different materials [59]. This system affords composite

nanofibers or NTs combined with the proper elimination process of inner materials.

Laforgue et al. reported on a combination of electrospinning and vapor-phase

polymerization to fabricate PEDOT nanofibers [60]. Figure 7 shows the optical

microscope and SEM images of these electrospun PEDOT nanofibers. Their aver-

age diameter was 350 (�60) nm.

Fig. 6 Modified

electrospinning system with

two-capillary spinneret.

[Reproduced with permission

from [59]. Copyright 2004

American Chemical Society]

208 Y.K. Hong et al.



3 Optical Properties of As-Prepared Nanostructures

In this section, we discuss the optical properties of the as-prepared light-emitting

polymer nanostructures described in Sect. 2. The ultraviolet and visible (UV–vis)

absorption and photoluminescence (PL) spectra of the polymer nanostructures dis-

persed in organic solvents are introduced and discussed. The nanoscale and solid-state

optical properties of a single unit of the light-emitting polymer nanostructures can be

investigated using high-resolution laser confocal microscope (LCM) systems built

around an inverted optical microscope, coupled with luminescence color charge-

coupled device (CCD) measurements. In this method, the LCM PL intensities of

single units of nanostructures are measured in units of voltage or photon count. For a

quantitative comparison of the nanoscale and solid-state optical properties of polymer

nanostructures, the LCM PL spectra must be normalized with respect to those of

pristine (i.e., as-prepared) samples. The details of the methods for the LCM and CCD

experiments are reported elsewhere [41, 42, 61–65].

3.1 Electrochemically Synthesized Nanotubes and Nanowires

3.1.1 P3MT Nanotubes

Park and coworkers reported that the doping level and structural properties of

electrochemically synthesized P3MT NTs could be controlled by varying the

synthetic temperature [40]. Figure 8a shows a comparison of the UV–vis absorption

spectra of P3MT NTs synthesized at various temperatures. For HF-treated P3MT

NTs, the π–π* transition peak shifted from 2.27 to 2.33 eV for NTs synthesized at

20�C and�20�C, respectively. Furthermore, as the synthetic temperature decreased

from 20�C to �20�C, the intensity of the bipolaron peaks at ~1.6 eV increased,

implying a variation in the degree of doping with temperature [24]. For NaOH-

treated P3MT NTs, a bipolaron peak was only observed at ~1.6 eV for the NTs

synthesized at �20�C, as shown in the inset of Fig. 8a. The π–π* transition peak of

the NaOH-treated P3MT NTs was observed at ~2.15 eV. The results indicate that

the optical properties of P3MT NTs can be controlled by varying the synthetic

Fig. 7 (a) Optical microscope and (b, c) SEM images of PEDOT nanofibers at different

magnifications. [Reproduced with permission from [60]. Copyright 2011 Elsevier B.V.]
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temperature as well as the template-dissolving organic solvents. It was reported that

lower temperatures in electrochemical synthesis of conducting polymers lead to

enhanced electrical properties owing to the better chain alignment and extended

conjugation length [66].

Figure 8b shows the normalized solution PL spectra of P3MT NTs synthesized at

20�C, 0�C, and �20�C. For NaOH-treated P3MT NTs, the main PL peaks were

observed at ~490 nm, together with shoulder peaks at ~530 nm attributed to the S 0–1
transition. As the synthetic temperature decreased, the shoulder peak at ~530 nm

disappeared, and the main peak at ~490 nm became sharper. As shown in the inset of

Fig. 8b, similar dependence on the synthetic temperature was observed for HF-treated

P3MT NTs. These results might be attributed to the better chain alignment and

extended conjugation for the P3MT NTs synthesized at lower temperatures, in

agreement with the findings based on the UV–vis absorption spectra.

3.1.2 P3MT Nanowires

Recently, Hong et al. reported the optical properties of electrochemically synthesized

P3MT NWs that were separated from nanoporous Al2O3 templates by treatment with

HF [62]. Figure 9a shows the UV–vis absorption spectrum of P3MT NWs that were

synthesized at a lower temperature and higher applied current than those shown in

Fig. 8. A broad and relatively intense bipolaron absorption band was observed at

~780 nm and a relatively weak π–π* transition peak was observed at ~390 nm, which

indicates that the P3MT NWs shown in Fig. 9 were more heavily doped than those

shown in Fig. 8.

Fig. 8 (a) Comparison of UV–vis absorption spectra of HF-treated P3MT NTs synthesized at

�20�C, 0�C, and 20�C. Inset: spectra of NaOH-treated P3MT NTs synthesized at�20�C, 0�C, and
20�C. (b) Comparison of solution PL spectra of NaOH-treated P3MT NTs. Inset: spectra of

HF-treated P3MT NTs. [Reproduced with permission from [40]. Copyright 2005 American

Institute of Physics.]
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Figure 9b shows the LCM PL spectrum of an isolated single P3MT NW. The

sharp peaks observed at 525 and 569 nm are the anti-Stokes’ Raman shift of

the P3MT material corresponding to 1,459 and 2,917 cm�1, which were assigned

to the symmetric Cα═Cβ ring-stretching mode and the methyl (CH3) symmetric

stretching mode in the thiophene ring out-of-plane deformation, respectively

[63, 67–69]. Excluding these Raman modes, which are commonly observed in

nanoscale and solid-state PL measurements, the maximum LCM PL peak was

observed at 520�530 nm. This is reflected in the green light emission seen in the

color CCD image of the P3MT NWs shown in the inset of Fig. 9b.

3.1.3 P3BT Nanowires

Park et al. also reported that the doping levels of electrochemically synthesized P3BT

NWs are correlated with the type of solvent (i.e., acid or base) used for dissolution of

the nanoporous Al2O3 templates [41]. Figure 10a shows the normalized UV–vis

absorption spectra of P3BT NWs. The π–π* transition peaks of the P3BT NWs

treated with HF and NaOH solutions appeared at 393 and 438 nm, respectively.

Thus, the π–π* transition peak of the HF-treated P3BT NWs was blue-shifted by

~45 nm compared with that of the NaOH-treated NWs [70]. A broad bipolaron peak

was observed at ~816 nm for the HF-treated P3BT NWs; however, this peak almost

disappeared in the spectra of the NaOH-treated NWs [71, 72]. These results stem

from the light doping and dedoping of the P3BT NWs during treatment with HF and

NaOH solutions, respectively.

Figure 10b shows the normalized solution PL spectra of P3BT NWs treated with

HF and NaOH solutions. The main PL peaks of the HF- and NaOH-treated P3BT

NWs were observed at 547 and 564 nm, respectively. The inset of Fig. 10b shows

photographs of light emission from HF- and NaOH-treated P3BT NWs that were

Fig. 9 (a) UV–vis absorption spectrum of as-prepared P3MT NWs. (b) LCM PL spectrum of

single P3MT NW. Inset: color CCD image of single P3MT NW. [Reprinted with permission from

[62]. Copyright 2011 Wiley-VCH.]
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homogeneously dispersed in chloroform (CHCl3) solutions. The HF- and NaOH-

treated P3BT NWs emitted green and yellow light, respectively.

Figure 10c shows three-dimensional (3D) LCM PL images of isolated single HF-

and NaOH-treated P3BT NWs. The LCM PL intensities of the HF- and NaOH-

treated P3BT single NWs were 20�25 and 45�55 mV, respectively. The LCM PL

intensity of the NaOH-treated P3BT single NW was 1.8�2.8 times higher than that

of the HF-treated NW because of the reduction in PL quenching owing to the

dedoping effect. Figure 10d compares the averaged LCM PL spectra of isolated

single HF- and NaOH-treated P3BT NWs for five different positions on the same

NW under the same LCM experimental conditions. The maximum LCM PL peaks

of the HF- and NaOH-treated P3BT single NWs were observed at ~540 nm

(green–yellow light emission) and ~620 nm (orange–red light emission), respec-

tively. The intensity of the LCM PL peak at 620 nm for the NaOH-treated P3BT

NW was about two times higher than that of the HF-treated P3BT NW. The

enhanced PL intensity and bright light emission in the NaOH-treated P3BT single

NW are attributed to the dedoping effect.

Fig. 10 (a) Normalized UV–vis absorption spectra of HF- and NaOH-treated P3BT NWs.

(b) Normalized solution PL spectra of corresponding samples. Inset: luminescent photographs

of HF- and NaOH-treated P3BT NWs. (c) 3D LCM PL images of isolated single NWs. Color scale

bar represents LCM PL intensities in the unit of measured voltages. (d) Comparison of LCM PL

spectra of HF- and NaOH-treated P3BT NWs. [Reprinted with permission from [41]. Copyright

2008 Electrochemical Society.]
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3.1.4 P3HT Nanowires

The dedoping effects of NaOH treatment on electrochemically synthesized P3HT

NWs were also reported by Lee and coworkers [42]. Figure 11a shows the

normalized UV–vis absorption spectra of P3HT NWs. Shifting of the π–π* transi-

tion peaks and variation of the doping-induced bipolaron peaks were also observed

after treatment with HF and NaOH solutions, respectively. The broad bipolaron

peak at 830 nm for the HF-treated P3HT NWs was decreased by NaOH treatment as

a result of the dedoping effect [41].

Figure 11b shows the 3D LCM PL images of single lightly doped and de-doped

P3HT NWs obtained after HF and NaOH treatments, respectively. The LCM PL

intensities for these strand were 0.3�0.4 and 1.2�2.3 V, respectively. The LCM PL

intensity of the de-doped P3HT single NW was three to eight times higher than that

of the lightly doped NWs. Figure 11c compares the averaged LCM PL spectra of

individual lightly doped and de-doped P3HT NWs. The main PL peaks for the

isolated lightly doped and de-doped P3HT NWs were observed at 551 nm (green

light emission) and 593 nm (yellow–green light emission), respectively. The sharp

peaks in the PL spectra at 526 and 570 nm originated from the Raman modes. The

integrated area of the LCM PL spectrum of the de-doped P3HT NW was approxi-

mately six times larger than that of the lightly doped P3HT NW.

Light-emitting polymer NTs and NWs synthesized through electrochemical

polymerization exhibit doped states owing to dopant-assisted polymerization

[39]. Analysis of the UV–vis spectra showed that the doping level of NTs and

NWs can be controlled by varying the synthetic temperatures as well as the

applied current or voltage, which directly influence the intrinsic optical properties

of the nanostructures. In addition, the solvent used for removing the Al2O3

template is also an important determiner of the doping characteristics of the

NTs and NWs.
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Fig. 11 (a) Normalized UV–vis absorption spectra of P3HT NWs. (b) 3D LCM PL images of

isolated single NWs. Color scale bar represents the LCM PL intensities in the unit of measured

voltages. (c) Comparison of LCM PL spectra of P3HT NWs. (Reprinted with permission from

[42]. Copyright 2007 American Institute of Physics.)
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3.2 Nanoparticles Prepared by Reprecipitation

3.2.1 MEH-PPV Nanoparticles

The nanoscale and solid-state optical properties of MEH-PPV NPs fabricated by

reprecipitation have been reported [51]. Figure 12a shows a 3D LCM PL image of a

single MEH-PPV NP. The LCM PL intensity of a single MEH-PPV NP was

measured at ~267 (�17.7) mV, which is the average over 100 different NPs.

Figure 12b shows the LCM PL spectrum of the MEH-PPV NP. The main PL peak

was observed at ~560 nm, which corresponds to the π–π* transition peak of MEH-

PPV observed at ~490 nm [51, 73, 74]. These results are reflected in the

yellow–orange light emission seen in the color CCD image in the inset of Fig. 12b.

In addition, the LCM PL peak of MEH-PPV NPs in the solid state (~578 nm) was

blue-shifted compared with the solution PL peak [51]. This is attributed to the

reduction in the conjugation length due to the steric confinement of NPs, which

results in bending or kinking of the polymer backbone [73, 74], as well as to oxidation

of NPs in air [75].

3.3 Electrospun Nanowires

3.3.1 Nanowires of MEH-PPV Derivatives

Di Benedetto et al. reported the optical properties of electrospun NWs of MEH-

PPV and various derivatives such as poly{[2-methoxy-5-(2-ethylhexyloxy)-1,4-

(1-cyanovinylenephenylene)]-co-[2,5-bis(N,N0-diphenylamino)-1,4-phenylene]},

Fig. 12 (a) 3D LCM PL image of isolated MEH-PPV NPs. Color scale bar represents the LCM

PL intensities in the unit of measured voltages. (b) LCM PL spectrum of MEH-PPV single NP.

Inset: color CCD image of the NPs. (Reproduced with permission from [51]. Copyright 2009

American Chemical Society.)
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poly{[9,9-dioctylfluorenylene-2,7-diyl]-co-[1,4-diphenylenevinylene-2-
methoxy-5-(2-ethylhexyloxy)-benzene]}, poly{[9,9-dioctylfluorenyl-2,7-diyl]-co-
[1,4-benzo-(2,10,3)-thiadiazole]}, and poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(9-hexyl-3,6-carbazole)] [76]. These MEH-PPV derivatives are denoted as RE,

GE, YE, and BE, respectively, according to the color of the light they emit.

Figure 13a shows the fluorescence microscope images of the electrospun NWs of

MEH-PPV derivatives. The images show well-defined colors that agree with the

corresponding PL spectra shown in Fig. 13b. These results indicate that the optical

properties of various light-emitting polymer NWs can be successfully controlled by

the molecular design.

4 Post-synthetic Treatments for Modification

of Nanostructure Characteristics

In this section, we introduce post-synthetic treatments that enable further modi-

fication of the physical properties such as the structural, electrical, and optical

properties of the as-prepared light-emitting polymer nanostructures. Of the

various methods of controlling the intrinsic characteristics of nanostructures,

we discuss the electrochemical doping and dedoping process using cyclic

voltammetry (CV) and unfocused electron (E)-beam irradiation. Hydrothermal

treatment of undoped NPs is presented, which involves application of external

pressure and heat to NPs. Finally, we describe hybridization with nanoscale

Fig. 13 (a) Fluorescence microscope images of electrospun light-emitting polymer NWs. Insets:
chemical structure of each light-emitting polymer. (b) Normalized PL spectra of the corresponding

samples. (Reproduced with permission from [76]. Copyright 2008 Nature Publishing Group.)
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metals, which allows drastic variations in the optical properties by exploiting

the surface plasmon resonance (SPR) coupling effect between the light-emitting

polymer and the nanoscale metal.

4.1 Electrochemical Doping and Dedoping: Cyclic Voltammetry

Electrochemical reduction and oxidation (redox) using CV is widely used to control

the doping characteristics of π-conjugated polymers and their nanostructures

[77–80]. Doping of π-conjugated polymers induces changes in structure and elec-

tronic state owing to intercalation of dopants between the polymeric chains. These

structural modifications induce variations in the π-conjugation length, polymeric

chain alignment, and intra-/interchain interactions, which in turn directly influence

the light absorption and emission properties.

Park et al. reported that additional doping and dedoping of the as-prepared

P3MT NTs and PEDOT NWs can be accomplished through electrochemical means

by controlling the applied potentials and scan rates using CV in a mixture of an

ionic liquid and a CH3CN solution without monomers [43, 65]. It is noted that

1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6) is an environmen-

tally stable and recyclable ionic liquid that has shown negligible loss of electroactivity

when used as a dopant [77].

4.1.1 P3MT Nanotubes

Figure 14a shows the normalized UV–vis absorption spectra of P3MT NTs at

different doping levels. The π–π* transition peaks were observed at ~385 nm for all

the P3MT NTs. Broad bipolaron peaks due to doping were observed near

750�800 nm [81]. The relative intensity ratio of the bipolaron peak to the π–π*
transition peak for the doped-P3MT NTs was estimated to be 0.67, 0.52, 0.25, and

0.04, depending on the degree of additional doping or dedoping. The relative

integrated area ratio of the bipolaron peak to the π–π* transition peak was 0.67,

0.54, 0.22, and 0.01, respectively. On the basis of the UV–vis absorption spectra, the

various doped-P3MT NTs are denoted as doped-P3MT(0.04), doped-P3MT(0.25),

doped-P3MT(0.52), and doped-P3MT(0.67) NTs, where the number in brackets

represents the relative doping level. The relatively small ratios of intensity or area

of the bipolaron peaks compared with those of the π–π* transition peaks imply that

the P3MT NTs were lightly doped systems.

Figure 14b shows a comparison of the LCM PL spectra of a single P3MT NT

with various doping levels: doped-P3MT(0.04), doped-P3MT(0.25), doped-P3MT

(0.52), and doped-P3MT(0.67). The peak intensity and area of the LCM PL spectra

of these single strands gradually increased up to 14 times as the doping level

decreased. Two characteristic peaks in the LCM PL spectra for the P3MT materials

were observed at 640 and 685 nm.
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Figure 14c shows the LCM PL images for isolated single doped-P3MT NTs with

different doping levels under the same LCM experimental conditions. The color

scale bar with the unit of voltage at the left-hand side of Fig. 14c represents the

measured LCM PL intensity. The measured voltages of the LCM PL intensity for

doped-P3MT(0.04), doped-P3MT(0.25), doped-P3MT(0.52), and doped-P3MT

(0.67) single NTs were about 40�44, 26�31, 12�16, and 5�8 mV, respectively.

These results indicate that the LCM PL intensity of the P3MT NTs decreased with

an increase in the doping levels, which is attributed to PL quenching by the dopant

or the counter-ions.

4.1.2 PEDOT Nanowires

PEDOT, one of the most popular π-conjugated polymers, has been intensively

studied for developing nanoscale materials as well as for application to various

nanodevices such as biosensors and electrochromic devices, and for drug delivery

[82–84]. However, studies on PEDOT nanomaterials and bulk films have mainly

focused on their electrical and structural properties and on the various applications

of the conducting form of the material (i.e., doped PEDOT systems). The light-

emitting characteristics of doped and de-doped PEDOT nanomaterials were first

reported by Park et al. in 2008 [43].

Fig. 14 (a) Comparison of UV–vis absorption spectra of P3MT NTs with different doping levels.

(b) LCM PL spectra and (c) 3D LCM PL images of the corresponding samples. (Reproduced with

permission from [65]. Copyright 2008 Wiley-VCH.)
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Figure 15a shows the normalized UV–vis absorption spectra of electrochemi-

cally doped and de-doped PEDOT NWs. A broad electrochemical reduction peak

was observed at ~1.0 V. The first cycle of the cyclic voltammogram exhibited a

well-defined reduction peak, showing that a stable reduction process occurs in a

solution of the ionic liquid BMIMPF6 [77]. For de-doped PEDOT NWs, the π–π*
transition peak was observed at ~567 nm, and a weak bipolaron peak was observed

at ~880 nm, as shown in Fig. 15a. For doped PEDOT NWs, a broad bipolaron band

was observed at ~866 nm, and the π–π* transition peak disappeared owing to the

doping effect, as shown in Fig. 15a. The π–π* transition of a pristine PEDOT

sample is usually observed at ~610 nm and, for doped PEDOT systems, a long-

wavelength absorption appears above 900 nm owing to the narrow band gap [85].

Compared with bulk PEDOT [85], the PEDOT NWs that were de-doped and doped

by CV exhibited relatively blue-shifted π–π* transition and bipolaron peaks.

As shown in Fig. 15b, the LCM PL spectra of single doped and de-doped PEDOT

NWs were compared under the same experimental conditions. The maximum LCM

PL peaks for the single doped and de-doped PEDOT NWs were observed at ~541 nm

(green light emission) and ~640 nm (orange–red light emission), respectively.
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The LCM PL peak of the PEDOT single NW was blue-shifted after doping. The PL

peaks of pristine PTh and P3HT film samples are usually observed at 610 and 640 nm

(i.e., orange–red light emission), respectively [84]. The LCM PL peak intensity of the

single de-doped PEDOT NW increased up to a maximum of approximately threefold

as compared with that of the doped PEDOT NW, as shown in Fig. 15b.

Figure 15c shows 3D LCM PL images of isolated single doped and de-doped

PEDOT NWs. The PL image of the single de-doped PEDOT NW is brighter than

that of the doped PEDOT NW. The measured voltages of the PL intensity for the

doped and de-doped PEDOT single NWs were 60�90 and 180�260 mV, respec-

tively. The PL intensity of the de-doped PEDOT single NW was two to three times

higher than that of the doped PEDOT NW because of the reduction in PL quenching

through the dedoping process.

4.2 Unfocused E-Beam Treatment

Hong et al. reported the dedoping and conformational effects of unfocused E-beam

treatment of NTs and NWs of light-emitting and conducting polymers [67, 86, 87].

Compared with the conventional solution-based techniques for the control of doping

level, such as chemical doping [31–33] or electrochemical redox by CV [79, 80],

E-beam treatment enables control of the optical properties of light-emitting polymer

nanostructures in a quantitativemanner through adjustment of the E-beam parameters

such as dosage and/or energy. This approach has the advantages of a relatively simple

procedure and reduced of contamination by solvents.

An unfocused E-beam from a linear electron accelerator was directed onto P3MT

NTs along the length direction. The energy of the E-beam was fixed at 1 MeV, and

the dosage of the E-beam was varied in the range from 1.6 � 1013 to

8.0 � 1016 electrons/cm2. The treatment was performed in air at atmospheric pres-

sure and room temperature. The heating effect produced by the E-beam was

compensated for by air cooling [67]. Figure 16a shows the normalized UV–vis

absorption spectra of P3MT NTs in the pristine state (i.e., before E-beam treatment)

and after treatment with an unfocused E-beam of different dosages. For the pristine

P3MT NTs, a broad and relatively strong bipolaron peak and relatively weak π–π*
transition peak were observed at ~800 and 400 nm, respectively, which indicate

highly doped states. As the dose of the E-beam irradiation was increased from

1.6 � 1013 to 8.0 � 1016 electrons/cm2, the doping-induced bipolaron peak consid-

erably decreased and the π–π* transition peak was shifted from 400 to ~550 nm. It is

known that there exist two helical configurations for the polymeric chain in P3MT,

namely, the coil-like and rod-like configurations, which correspond to the peaks at

400 and ~550 nm in the UV–vis absorption spectra, respectively [88–90]. From

Fig. 16a, it is seen that rod-like configurations with π–π* transition peaks at

~550 nm were observed after E-beam treatment with a dose of 4.8 � 1016 to

8.0 � 1016 electrons/cm2. The π–π* transition peaks of the electrochemically

de-doped P3MT NTs were not very far from their original positions [65].
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Figure 16b shows the LCM PL spectra for an isolated single P3MT NT in the

pristine state and after treatment with an unfocused E-beam of different dosages.

With increasing dosage of the E-beam, the intensity of the LCM PL spectra rapidly

increased up to about 90 times that of the pristine P3MT NTs. Its peak was

gradually red-shifted from about 550 nm for the pristine P3MT NT to about

620 nm after treatment with a 1-MeV E-beam dose of 8.0 � 1016 electrons/cm2,

as shown in Fig. 16b.

Figure 16c shows color CCD images of the NTs in the pristine state and after

treatment with a 1-MeV E-beam dose of 8.0 � 1016 electrons/cm2. The pristine

P3MT NTs emitted green light with a relatively low brightness. After irradiation

with the E-beam, the luminescence color was dramatically changed from green to

red. Moreover, the luminescent intensity clearly increased.

Figure 16d shows the 3D LCM PL images under identical LCM experimental

conditions for an isolated single P3MT NT in the pristine state and after E-beam

irradiation with different E-beam dosages. As the dose of the 1-MeV E-beam was

increased from 7.2 � 1015 to 8.0 � 1016 electrons/cm2, the LCM PL intensity of

the isolated single P3MT NTs dramatically increased. The averaged voltage of the

LCM PL intensity in the pristine state was 10 (�2.8), and after irradiation with a

1-MeV E-beam it was 22 (�2.1), 34 (�2.5), 127 (�3.8), and 716 (�4.6) mV,

corresponding to doses of 7.2 � 1015, 2.4 � 1016 , 4.8 � 1016, and 8.0 � 1016,

respectively. These results indicate that E-beam treatment causes an increase in PL

efficiency and alters the luminescence color of P3MT NTs. The significant

enhancement in PL intensity might originate from the dedoping effect.

Fig. 16 Comparison of (a) UV–vis absorption spectra, (b) LCM PL spectra, and (c) color CCD

images of single P3MT NTs in pristine state and after treatment with a 1-MeV E-beam. (d) 3D

LCM PL images of P3MT NTs treated with an unfocused E-beam dose of 7.2 � 1015 to

8.0 � 1016 electrons/cm2. Color scale bar represents the LCM PL intensities in the unit of

measured voltages. (Reproduced with permission from [67]. Copyright 2009 Wiley-VCH.)
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4.3 Hydrothermal Treatment

Hydrothermal processes have been used to synthesize metal oxides such as titanium

oxide and zinc oxide and to modify the material properties [26, 91]. Zhou et al.

reported that hydrothermal treatment converted graphene oxide to a stable graphene

solution [92]. Jung et al. studied the structural transformation of organic copper

phthalocyanine NWs into hollow rectangular NTs during a hydrothermal process

[93]. Recently, Lee et al. reported that the structural and optical properties of P3HT

NPs prepared by reprecipitation [48] can be controlled through hydrothermal

treatment at different temperatures [94]. In their study, an autoclave served as the

chamber for the hydrothermal process. Pristine (i.e., before hydrothermal treat-

ment) P3HT NPs dispersed in deionized water were placed in a Teflon beaker in the

chamber, which was heated in an oven to a temperature between 60�C and 150�C.
In this process, external pressure is applied on the P3HT NPs, roughly estimated to

be 15 bar at 100�C [95]. Then, the chamber was allowed to cool naturally. A

homogenous dispersion of NPs was obtained by sonicating the P3HT NP solution

with a high-power ultrasonicator.

Figure 17a and its insets show the SEM and TEM images, respectively, of P3HT

NPs in the pristine state and after hydrothermal treatment at various temperatures.

The numerical labels of the hydrothermally treated (HT) samples (HT060, HT090,

HT110, HT120, HT130, and HT150) indicate the temperature of treatment in

degrees Celsius. The diameters of the pristine, HT060, HT110, and HT150 P3HT

NPs were 77 (�11), 88 (�11), 184 (�50), and 471 (�107) nm, respectively. The

shape and degree of aggregation for P3HT NPs treated at temperatures of 110�C
and above were clearly different from those of the pristine and HT060 NPs.

Figure 17b shows the normalized UV–vis absorption spectra of the pristine and

hydrothermally treated P3HT NPs. The absorption peaks were observed at 510,

550, and 610 nm for the pristine P3HT NPs, which coincide with those of spin-

coated P3HT films [90, 96, 97]. The UV–vis absorption spectra changed with

increasing hydrothermal temperature, as shown in Fig. 17b: the peaks shifted to

longer wavelengths and their relative intensities changed. The absorption peak at

~510 nm was dominant for the pristine, HT060, and HT090 samples. However,

with increasing temperature, the absorption intensity at ~550 nm gradually

increased, as seen for the HT110, HT120, and HT130 samples. The peak at

610 nm, corresponding to the 0–0 transition, was the strongest for the HT150

P3HT NPs. A long-wavelength tail also progressively developed with increasing

hydrothermal temperature owing to the scattering effect. These results are

attributed to the interchain interactions and ring planarity in the P3HT main chains

that are strengthened owing to the higher pressure applied during the hydrothermal

process with increasing temperature [98–100].

Figure 17c shows the normalized LCM PL spectra for single pristine and HT

P3HT NPs averaged over 20 different dry NPs. The intensity and position of the 0–1

emission peak at 692�708 nm were different for the individual NPs and varied with

the hydrothermal temperature. Its dominance increased for the HT060 and HT110
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samples, in qualitative agreement with the changes in the UV–vis absorption

spectra. The 0–1 to 0–0 PL intensity ratio was maximum for the HT110 sample.

The external pressure in the hydrothermal process strengthened the interchain

interactions, leading to the increase in the degree of tilt of the alkyl side chains

and the planarity of the thiophene rings, and a decrease in the distance of interchain

π-stacking. The LCM PL spectra suggest that the interchain interactions strength-

ened (i.e., the interchain distance decreased) as the hydrothermal temperature was

increased from 60 to 110�C; however, severe conformational changes might have

occurred in the P3HT chains during hydrothermal processing at temperatures

of 130�C and above, leading to the decrease in the 0–1 emission for the HT150

sample.

4.4 Hybridization with Metal Nanostructures

Hybridization between π-conjugated polymers and metals at the nanoscale level has

been used for luminescence enhancement and to realize biosensing through SPR

coupling [6, 64, 65, 101, 102]. The surface plasmon defines a coherent excitation of

free electrons in metal nanostructures interacting with an incident electromagnetic

Fig. 17 (a) SEM images of P3HT NPs in pristine state and after hydrothermal treatment at various

temperatures. Inset: TEM images of corresponding NPs. Comparison of (b) UV–vis absorption

and (c) LCM PL spectra of P3HT NPs in pristine state and after hydrothermal treatment at various

temperatures. (Reproduced with permission from [94]. Copyright 2011 Institute of Physics.)
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wave, resulting in collective in-plane oscillations [101]. When the dimensions of

metal nanostructures, such as the thickness of an NT and diameter of an NP are

scaled down to levels comparable to the skin depth, the incident electromagnetic

energy is effectively absorbed by light-emitting polymers. Furthermore, SPR

coupling in hybrid nanostructures occurs if the surface plasmon absorption energy

of the metal matches the photon energy of the light-emitting polymer, which leads

to drastic variations in the optical properties of the hybrid nanostructures [6, 64, 65].

4.4.1 Hybrid Double-Layered Nanowires and Nanotubes

The variation in luminescence efficiency and color of hybrid double-layered (HDL)

NWs or NTs that were fabricated by coating the surface of light-emitting polymer

NWs or NTs with a nanoscale film of metal was reported [103, 104]. Figure 18a–c

shows the SEM and TEM images of pristine and HDL-NWs of P3BT/Ni and P3BT/

Cu [103]. The formation of two clear layers was observed: the inside and outside

layers of the HDL-NWs were P3BT and the metal (Ni or Cu), respectively. The

TEM image of an isolated single HDL-NW shows that the total diameter of the

hybrid P3BT/Cu NW and the thickness of the external Cu NT were ~200 and

~10 nm, respectively, as shown in Fig. 18b. The high-resolution (HR) TEM image

shows the fine and periodic stripe patterns of the outer metal NT, which match the

crystalline structure of Cu (lattice spacing ffi 0.21 nm). As shown in the inset of

Fig. 18c, the crystalline spots in the selected area electron diffraction (SAED)

pattern of the P3BT/Cu HDL-NWs support the conclusion that the outer Cu NT

has a crystalline structure in accordance with the HR-TEM results.

Figure 18d, e shows luminescent color CCD and 3D LCM PL images of an

isolated single P3BT NW and HDL-NWs of P3BT/Ni and P3BT/Cu. Weak green

light emission was observed for the P3BT single NW owing to the lightly doped

states, whereas both HDL-NWs (P3BT/Ni and P3BT/Cu) showed bright

orange–red light emission, as shown in Fig. 18d. The intensity in the 3D LCM PL

image of the P3BT single NW was measured at 22�28 mV. For single HDL-NWs

made of P3BT/Ni or P3BT/Cu, the measured voltages of the LCM PL intensities

were 1.8�2.3 and 1.5�2.0 V, respectively. The application of the nanoscale Ni or

Cu metal coating on the outside of the P3BT NWs led to a 60- to 110-fold increase

in the measured voltages of the 3D LCM PL intensities compared with that of the

P3BT single NW. Similar results for the HDL-NTs of PTh/metals were reported

earlier [64]. Figure 18f shows the averaged LCM PL spectra of corresponding

samples. The main LCM PL peak for a single P3BT NW was observed at ~544 nm,

corresponding to green light emission. With the nanoscale metal coating, the main

LCM PL peaks of the HDL-NWs of P3BT/Ni and P3BT/Cu were red-shifted to

~635 and ~639 nm, respectively, in the range of orange–red light emission. The

peak intensity and integrated area of LCM PL spectra significantly increased up to

about 80�90 times after hybridization with nanoscale metals [61, 68].

The PL enhancement and color variation of the HDL-NWs are attributed to the

energy and charge-transfer effects in SPR coupling. The inset on the right in Fig. 18f
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illustrates the schematic energy band diagram for HDL-NWs of P3BT/Ni or P3BT/

Cu. Because the surface plasmon energies of the nanoscale Ni or Cu were approxi-

mately matched by the energy band gap of P3BT (~2.0 eV), energy transfer occurs

between P3BT and the metals owing to SPR coupling, which leads to enhancement of

the PL efficiency of the HDL-NWs. For the electrochemically synthesized P3BT

NWs with relatively doped states, the Fermi energy (EF) of the metal and doping-

induced bipolaron states of the P3BT NWs matched with each other. Then, charges

could be transferred from the bipolaron band of the lightly doped P3BTNWs to the EF

of the metals. This might explain the dedoping effect and the red-shifted LCM PL

peaks for the HDL-NWs of P3BT/Ni and P3BT/Cu. In addition to energy transfer,

charge transfer also contributed to the increased PL efficiency [6, 64, 65].

Figure 19a shows a magnified SEM image of an isolated single partial HDL-NT

of P3MT/Ni in which only the lower half was coated with Ni by controlling the

electrochemical deposition time [104]. The diameters of the P3MT NT section and

P3MT/Ni HDL-NT section were ~180 and ~200 nm, respectively. Figure 19b

shows a 3D LCM PL image of an isolated single partial HDL-NT of P3MT/Ni.

The averaged PL intensities of the pristine P3MT NT and P3MT/Ni HDL-NT

sections were 12�15 and ~600 mV, respectively. Figure 19c compares the

normalized LCM PL spectrum of the P3MT/Ni HDL-NT section with that of the

pristine P3MT NT section. A broad LCM PL peak was observed in the P3MT/Ni

HDL-NT section at 625�675 nm. It was ~40 times higher than that of the pristine

P3MT NT section, excluding the Raman modes detected at 525 and 570 nm.

Fig. 18 (a) SEM image of HDL-NWs of P3BT/Ni. Inset: chemical structure of a P3BT monomer

unit. (b) TEM image of a single P3BT/Cu HDL-NW. Inset: magnified SEM image of the same

sample. (c) Magnification of HR-TEM image of outside Cu part of a single P3BT/Cu HDL-NW.

Inset: SAED pattern of the P3BT/Cu HDL-NW. (d) Luminescence color CCD images of P3BT

NW (left) and HDL-NWs of P3BT/Ni (middle) and P3BT/Cu (right). (e) 3D LCM PL images of

the corresponding samples. (f) LCM PL spectra of an isolated single P3BT NW in the pristine state

and HDL-NWs of P3BT/Ni and P3BT/Cu. Left inset: magnification of the LCM PL spectrum of a

P3BT NW for reference. Right inset: energy band diagram explaining the enhancement of PL

efficiency and red-shift of the LCM PL peak of the HDL-NWs of P3BT/Ni and P3BT/Cu.

(Reproduced with permission from [103]. Copyright 2009 Electrochemical Society.)
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Enhancement of PL efficiency and variation in light-emitting color attributed to

hybridization with metal NTs were also observed by using PTh NTs, as shown in

Fig. 19d, e. For the pristine PTh NT section, the measured voltages of the LCM PL

intensity and the position of the maximum PL peak were 35�40 mV and ~620 nm,

respectively. These values were 540�585 mV and ~650 nm for the PTh/Ni HDL-

NT section.

4.4.2 Hybridization with Metal Nanoparticles

Recently, hybrid nanostructures using metal NPs have been intensively studied for

improving the physical properties and the efficiencies of optoelectronic devices and

biosensors [102, 105–113]. Among the various metals, gold (Au) and silver (Ag)

have drawn particular attention owing to their strong SPR effect in the visible

spectrum [101, 102, 105]. Kim and coworkers reported PL enhancement in hybrid

NPs composed of MEH-PPV NP and Au NPs, which was attributed to the SPR-

mediated energy transfer effect [51]. Park and coworkers fabricated a hybrid

nanostructure comprising functionalized Au NPs attached to the outer surface of

electrochemically synthesized P3MT single NT (denoted as P3MT-NT/Au-NPs)

[114].

Fig. 19 (a) Magnified SEM image of single partial P3MT/Ni HDL-NT. (b) 3D LCM PL image of

partial P3MT/Ni HDL-NT. (c) Comparison of the LCM PL spectra of the pristine and P3MT/Ni

HDL-NT sections. Insets: magnification of the LCM PL spectrum of the corresponding pristine

NTs for reference. (d, e) Corresponding LCM PL data of PTh/Ni. (Reproduced with permission

from [104]. Copyright 2009 Elsevier B.V.)
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Figure 20a shows a magnified HR-TEM image of a single unit of hybrid P3MT-

NT/Au-NPs. Small black spots representing the Au NPs were clearly observed on

the surface of the P3MT NT, which was evidence for the formation of hybrid

nanostructures of P3MT NT with Au NPs. As shown in the inset of Fig. 20a, the fine

and periodic stripe patterns of the Au NPs with diameters of 2�3 nm indicate a

crystalline structure of the Au material. In addition, nanoscale gaps of 3�20 nm

were observed between the Au NPs.

Figure 20b–d shows the results of luminescence color CCD and LCM PL

experiments on a single pristine P3MT NT and the hybrid P3MT-NT/Au-NPs. For

the pristine P3MT NT, the averaged intensity of the 3D LCM PL image and the peak

position of the LCM PL spectrum were 8�10 mV and ~544 nm, respectively. For the

hybrid P3MT-NT/Au-NPs, the PL intensity measured at 2.1�2.5 V had increased up

to 210�310 times. The PL spectrum was red-shifted, with two characteristic peaks at

640 and 685 nm. These results are consistent with bright red light emission in the

Fig. 20 (a) HR-TEM image of single unit of hybrid P3MT-NT/Au-NPs. Inset: magnified

HR-TEM image of the corresponding sample. The small black spots represent the Au NPs.

(b) Color CCD images of a single P3MT NT (top) and the hybrid P3MT-NT/Au-NPs (bottom).
(c) 3D LCM PL image of corresponding samples of (b). (d) Comparison of the LCM PL

spectra of a single strand of the P3MT NT and the hybrid P3MT-NT/Au-NPs. Inset: LCM PL

spectra of single P3MT NT for reference. (e) Normalized UV–vis absorption spectra of the

P3MT NT and the hybrid P3MT-NT/Au-NPs. (f) Local electric field distribution of 2D

nanostructure model of light-emitting polymer with Au NPs attached, based on the FDTD

calculation. Inset: magnification of local electric field distribution of the 2D nanostructure of

polymer/Au-NPs based on the FDTD calculation. (Reproduced with permission from [114].

Copyright 2010 Elsevier B.V.)
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color CCD image. Comparison of the LCM PL spectra showed a PL enhancement

estimated at 220-fold, which shows good agreement with the results in the LCM PL

images.

Figure 20e shows the normalized UV–vis absorption spectra of the P3MT NTs

and hybrid P3MT-NT/Au-NPs. Typical absorption characteristics were observed

for the pristine P3MTNTs with doped states. For the hybrid P3MT-NT/Au-NPs, the

intensity of the doping-induced bipolaron peak was considerably decreased, and

two new absorption peaks were generated at 567 and 616 nm. These new peaks

were assigned to the electrical dipole and quadrupole contributions in the surface

plasmons, which resulted from the matching of the Fermi energy (EF) levels

between the P3MT NT and the Au NPs.

Figure 20f shows the electric field distributions in hybrid polymer-NT/Au-NPs

according to simulation using the finite-difference time-domain (FDTD) method

[51]. By choosing experimental values as the simulation parameters [114], a strong

local electric field enhancement in the nanogaps between Au NPs was calculated

in the background of the light-emitting P3MT [115–117]. This local electric field

enhancement, represented by the red color parts in Fig. 20f and its inset, also

contributes to the PL enhancement of the hybrid P3MT-NT/Au-NPs. All the

results support the occurrence of energy and/or charge transfer attributed to the

SPR coupling effects in the hybrid nanostructures of light-emitting polymers and

metals.

5 Applications

In this section, various applications of light-emitting polymer nanostructures are

introduced. The application of low-dimensional heterojunction NWs to optoelec-

tronics, photonics, and biotechnologies has received considerable attention

[118–124]. Inorganic material-based heterojunction NWs have been reported, and

their application to optically reflecting barcode NWs has been investigated

[118, 119, 125–130]. This section introduces novel organic-based heterojunction

NWs, light-emitting color barcode (LECB)-NWs, and quasi-superlattice NWs

made using light-emitting polymers. Solid-state and label-free DNA detection is

discussed in terms of PL characteristics. Finally, nano-optoelectronic applications

of light-emitting polymer nanostructures, such as rectifying, photo-switching, and

photovoltaic effects, are presented.

5.1 Barcodes

Conventional black and white barcodes have been used for the identification of

commercial products through optical reflection. For effective identification of

nanoscale products with complex physical shapes, the identification sensitivity,
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accuracy, flexibility, and stability of optical barcode nanomaterials must be

improved in combination with the development of appropriate detection tools.

Park et al. reported on flexible LECB-NWs synthesized by sequential electrochem-

ical polymerization with distinct light-emitting polymers [131].

Figure 21a shows a schematic illustration of LECB-NWs consisting of two

different light-emitting polymer NWs. The length and number of repeated units of

the polymer NW code sections were controlled by the polymerization conditions in

the electrolyte. As an example, a single strand of other P3BT-PEDOT LECB-NWs

having a total of 22 sections is shown in the color CCD image in Fig. 21b. To fabricate

the 22 sections of the LECB-NWs, 11 dippings were performed per electrolyte and

alternating dipping was employed. The lengths of the P3BT and PEDOTNW sections

were controlled to be 1�2 μm by electrochemical polymerization for 60�90 s, with

an applied current density of 0.6 mA/cm2 for P3BT and 0.2�0.4 mA/cm2 for PEDOT.

Fig. 21 (a) Sequential electrochemical polymerization method for LECB-NWs. (b) Color CCD

image of single P3BT-PEDOT LECB-NWwith 22 sections. (c) Comparison of LCM PL spectra of

P3BT and PEDOT sections of a single LECB-NW. (d) Nanoscale metal coating on LECB-NW.

(e) HR-TEM image of single P3BT-PEDOT/Cu LECB-NW. Inset: magnified HR-TEM image of

the outside Cu part of a LECB-NW. (f) Comparison of 3D LCM PL images of isolated single

LECB-NWs: P3BT-PEDOT (top) and P3BT-PEDOT/Cu (bottom). (g) Color CCD images of fresh

(top) and 2-month-aged (bottom) P3BT-PEDOT/Cu LECB-NWs. (h) Comparison of LCM PL

spectra of P3BT, P3BT/Cu, and PEDOT/Cu sections of the fresh (top) and aged (bottom) P3BT-
PEDOT/Cu LECB-NWs. Insets: normalized LCM PL spectra of the fresh and aged PEDOT/Cu

sections for reference. (Reproduced with permission from [131]. Copyright 2010 American

Chemical Society.)
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Figure 21c shows the LCM PL spectra of the P3BT and PEDOT sections of the

same single LECB-NW. The LCM PL peaks for the P3BT and PEDOT sections of

the same single NW were detected at ~626 nm (i.e., orange–yellow light emission)

and 554 nm (i.e., green light emission), respectively. The LCM PL peak intensity

and integrated area of the sections of the P3BT NW were approximately nine times

higher than those of the PEDOT NW.

Enhanced luminescence efficiency can be expected for polymer-based light-

emitting NWs with a nanoscale metal coating, because of energy transfer via SPR

coupling [64, 103]. Figure 21d shows a schematic illustration of an LECB-NW com-

prising nanoscale Cu metal-coated P3BT-PEDOT (denoted as P3BT-PEDOT/Cu).

The formation of the hybrid P3BT-PEDOT/Cu LECB-NWs was confirmed through

HR-TEM experiments, as shown in Fig. 21e. From the magnified HR-TEM image,

the total diameter of the single P3BTPEDOT/Cu LECB-NW and thickness of the

outside Cu NT were found to be ~200 and ~10 nm, respectively. The fine and

periodic patterns of the outer tube are attributed to the crystalline structure of the Cu

material, as shown in the inset of Fig. 21e.

Figure 21f compares the 3D LCM PL images of isolated single P3BT-PEDOT

and P3BT-PEDOT/Cu LECB-NWs under the same LCM experimental conditions.

The measured voltages of the LCM PL intensities of the hybrid P3BT/Cu and

PEDOT/Cu sections were 1.8�2.0 V and 26�30 mV, whereas those of the P3BT

and PEDOT sections without the Cu coating were 140�180 and 22�25 mV,

respectively. The measured voltages of the LCM PL intensities for the hybrid

P3BT/Cu sections were approximately 10�14 times higher than those of the

P3BT sections. The surface plasmon energy (~2.1 eV or 585 nm) of the nanoscale

Cu closely matched the emissive photon energy of the P3BT materials. Thus, SPR

coupling occurred, which induced energy transfer between the nanoscale Cu and

P3BT materials [103]. This explains the considerable enhancement in the PL

efficiency for the hybrid P3BT/Cu sections.

Figure 21g shows color CCD images of single P3BT-PEDOT/Cu LECB-NW in

the fresh state and after aging by exposure to the atmosphere for 2 months. Green

light emission was observed from the PEDOT/Cu sections of the aged LECB-NWs,

whereas orange–yellow light emission was dominant for the P3BT/Cu sections of

the fresh LECB-NWs. These results imply that the Cu metal-coated P3BT-PEDOT

LECB-NWs are promising optical barcode NWs because of their highly sensitive

light emission and long-term stability for identification. These results were con-

firmed by measurements of the LCM PL spectra, as shown in Fig. 21h. The LCM

PL peak positions and intensities of the aged samples were found to be comparable

with those of the fresh samples because of the protection from oxidation given by

the nanoscale Cu coating.

LECB-NWs consisting of three different light-emitting polymers (P3MT, P3BT,

and PEDOT) coated with nanoscale Cu were fabricated. Red, orange–yellow, and

green luminescence were observed corresponding to the P3MT/Cu, P3BT/Cu, and

PEDOT/Cu sections of the same LECB-NW, respectively, as shown in the

top image of Fig. 22a. In the color CCD image for the mixture of two different

LECB-NWs, the three luminescence colors (red, orange–yellow, and green) of the
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P3BT-P3MT-PEDOT/Cu LECB-NWs can be selectively distinguished from the

two luminescence colors attributed to P3BT-PEDOT/Cu LECB-NWs, as shown in

the bottom image of Fig. 22a.

Figure 22b compares the LCM PL spectra of the P3MT/Cu, P3BT/Cu, and

PEDOT/Cu sections of the same LECB-NW. The LCM PL peaks for the P3MT/

Cu, P3BT/Cu, and PEDOT/Cu sections were detected at 640�685 nm (i.e., red light

emission), 620 nm (i.e., orange–yellow light emission), and ~545 nm (i.e., green

light emission), respectively. The LCM PL peak intensity and integrated area of the

sections of the P3MT/Cu NW and the P3BT/Cu NW were approximately 85 and 90

times higher than that of the PEDOT/Cu NW, respectively.

Figure 22c shows a photograph of the bending of NWs fixed onto a

polyethersulfone (PES) flexible substrate. The alternating orange–yellow and green

emissions from the P3BT-PEDOT/Cu LECB-NWs on the PES substrate are clearly

observed in the color CCD image in Fig. 22d. The flexibility of these NWs was

investigated by applying a nanotip impetus to some parts of the NW. Depending on

the position of the nanotip impetus (as shown in Fig. 22e), folding and unfolding of

the LECB-NW was accomplished, implying that the NW is flexible (as shown in

Fig. 22f). These results imply that the P3BT-PEDOT/Cu LECB-NWs can be

promising optical barcode NWs that are both durable and flexible.
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Fig. 22 (a) Color CCD images of P3MT-P3BT-PEDOT/Cu single LECB-NW (top) and mixture

of P3MT-PEDOT/Cu and P3BT-P3MT-PEDOT/Cu LECBNWs (bottom). (b) LCM PL spectra of

P3MT/Cu, P3BT/Cu, and PEDOT/Cu sections of single P3BT-P3MT-PEDOT/Cu LECB-NW.

(c) Photograph of P3BT-PEDOT/Cu LECB-NWs on bended PES substrate. (d) Color CCD images

of P3BT-PEDOT/Cu LECB-NWs on PES substrate as-prepared (top) and after 1,000 bending

cycles (bottom). (e) Flexibility experiments for LECB-NWs through nanotip impetus. (f) Color

CCD images of single P3BT-PEDOT/Cu LECB-NW during the applied impetus. The arrows

represent the positions of the applied nanotip impetus. (Reproduced with permission from [131].

Copyright 2010 American Chemical Society.)
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5.2 Focused E-Beam Treatment: Fine Barcodes
and Quasi-superlattice

Focused E-beam irradiation has been used for precisely tailoring the optical and

structural properties of organic nanostructures at the nanoscale level [132, 133].

Recently, Hong et al. reported that individual light-emitting P3MT NWs can be

tailored successfully to contain multiple 1D serial sections, similar to a quasi-

superlattice NW [62]. These sections can have different lengths and characteristics,

which can be modified precisely through treatment with a focused E-beam. The

spot size of the focused E-beam was adjusted between 50 and 100 nm, and the step

size of the focused E-beam irradiation was 2.4 nm, as shown in Fig. 23a.

Figure 23b, c shows the nanoscale optical properties of individual treated P3MT

NWs measured by CCD and LCM PL experiments. The PL color of the sections of

the pristine P3MT NW remained at the original green with relatively low brightness.

When designated positions of the single NW were irradiated with a focused E-beam

dose of 7.5 � 1016 electrons/cm2, the PL color changed from green to yellow, and the

emission intensity was clearly enhanced, as shown in the left image of Fig. 23b. The

LCM PL intensities of the treated sections (dose of 7.5 � 1016 electrons/cm2) were

approximately 12 times higher than those of the pristine P3MT NW. When the dose

was increased to 2.5 � 1017 electrons/cm2, the PL color of the treated P3MT NW

sections changed to bright red (middle image of Fig. 23b), and a significant increase

(~31 times) in the light-emission intensity was confirmed from the LCM PL images.

When the focused E-beam dose was increased to 2.5 � 1018 electrons/cm2, the PL

intensity of the treated sections decreased and bright yellow–green emission was

observed from the pristine sections of the same NW (right images of Fig. 23b, c). The

results indicate the existence of a critical E-beam dose (EDC) for modification of the

optical properties of P3MTNWs and for E-beam energy transfer along the NWs. The

size of the sections in a P3MT NW treated with a focused E-beam can be controlled

on the basis of the designed patterns (including size and position). In the left and

middle images of Fig. 23b, the lengths of the treated sections on the NW were 1 and

2 μm, respectively. The lengths of the treated sections were also adjusted to 0.25, 0.5,

1, 2, 3, 4, 5, and 6 μm in the same NW.

The averaged LCM PL intensities of the NW sections, as obtained from the line

profile of the 3D LCM PL images, changed considerably with the E-beam dose, as

shown in Fig. 23d. The LCM PL intensity of the pristine P3MT NWwas six photon

counts and those of the pristine sections in the treated P3MT NW were 7, 34 (�1),

265 (�5), and 326 (�14) photon counts for doses of 7.5 � 1016, 2.5 � 1017,

2.5 � 1018, and 1.0 � 1019 electrons/cm2, respectively. The LCM PL intensities

of the treated NW sections were 70 (�3), 185 (�6), 24 (�1), and 3 (�1), respec-

tively, for these doses.

The LCM PL peak was gradually red-shifted from 520�530 nm for the pristine

NW to approximately 560 and 590�600 nm for the NW sections treated with doses

of 7.5 � 1016 and 2.5 � 1017 electrons/cm2, respectively, as shown in Fig. 23e.

The intensities of the LCM PL peaks of the treated sections with these doses were
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enhanced up to 25 and 50 times that of the pristine NW, respectively. Below the

EDC, the positions and intensities of the LCM PL peaks were red-shifted and

increased with the E-beam dose. However, the emission intensity of the sections

treated with a dose higher than the EDC was considerably lower (inset of Fig. 23e).

Therefore, the PL color and intensity of single P3MT NWs can be tailored precisely

at the nanoscale level as a function of the focused E-beam dose.

Figure 23f shows the micro-Raman spectra of pristine and treated P3MT NW

sections and reveals the structural and doping characteristics. Significant

differences in the micro-Raman spectra associated with the focused E-beam treat-

ment were observed in the range of 1,050�1,650 cm�1. The intensities of the

Raman peaks at 1,192, 1,223, and 1,361 cm�1, corresponding to Cβ–H bending,

antisymmetric Cα–Cα ring stretching, and Cβ–Cβ ring stretching deformation

modes, respectively [67, 68, 134], decreased with increasing E-beam dose [67].

Fig. 23 (a) Focused E-beam treatment at designated positions of a single NW. (b) Color CCD

images of single P3MT NWs treated with focused E-beam doses of 7.5 � 1016 electrons/cm2 (left),
2.5 � 1017 electrons/cm2 (middle), and 2.5 � 1018 electrons/cm2 (right). Insets: Images of focused

E-beam-treated P3MT NWs with different section lengths. The arrows indicate the treated sections.
(c) 3D LCM PL images of corresponding samples in (b) and their insets. The color scale bar on the
right represents the photon counts. (d) Averaged LCM PL intensity of P3MT NW sections treated

with a focused E-beam as a function of dose. (e) LCM PL spectra of the pristine P3MT NW sections

and of sections treated with various focused E-beam doses. Inset: magnified LCM PL spectra of

pristine sections and of the sections treated with a high dose of 2.5 � 1018 electrons/cm2.

(f) Normalized micro-Raman spectra for pristine and treated P3MT NW sections at various doses.

(Reproduced with permission from [62]. Copyright 2011 Wiley-VCH.)
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The intensity of the doping-induced Q mode at 1,404 cm�1 decreased gradually

with increasing E-beam dose. The intensities, positions, and line widths of the

Raman peaks at 1,457 and 1,510 cm�1, corresponding to the disorder mode (D) and
the antisymmetric Cα═Cβ ring stretching mode (ν1), respectively [67, 134, 135],

were increased, up-shifted, and broadened with increasing E-beam dose. The

changes in the D and ν1 vibration peaks indicate structural modifications to the

main polymeric chains in the NW. The spectra reveal that focused E-beam irradia-

tion induces conformational changes in the polymer chains at the nanoscale level

and causes a decrease in the doping level of the polymer [67].

Figure 24a shows a schematic diagram of multiple 1D serial junctions of a single

P3MT NW on Au electrodes through focused E-beam treatment. The dose of the

focused E-beam was fixed to 1.0 � 1017 electrons/cm2. Figure 24b shows a com-

parison of the current–voltage (I–V) characteristic curves of a single pristine P3MT

NW and a NW treated with a focused E-beam to form single, double, and triple

nanojunctions. As the number of treated sections (i.e., junctions) increased, the

current levels of the single P3MT NW decreased dramatically, and the nonlinearity

of the I–V curves became severe. The results were similar to those reported for

heterojunction nanomaterials with multiple 1D serial sections and superlattice

structures [125, 136, 137]. The voltage dependence of the differential conductance

in the low-bias region was reduced and sharpened when the number of junctions

was increased, as shown in Fig. 24c. The results suggest that the treated sections act

as tunneling barriers for charge transport [136, 138].

5.3 Biosensing

An efficient method for DNA detection without a fluorescent dye on the nanoscale

can be realized through the use of a single light-emitting polymer NW with lightly

doped states, as reported by Park and coworkers [139]. Biological materials can be

Fig. 24 (a) Diagram of NW with triple junctions on Au electrodes. (b) Comparison of I–V
characteristic curves of pristine and treated single P3MT NWs with various numbers of serial

junctions. (c) Voltage dependence of differential conductance between pristine and treated

single P3MT NWs with various numbers of junctions. (Reproduced with permission from [62].

Copyright 2011 Wiley-VCH.)
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detected readily through variations in the light-emitting characteristics of the

polymer NWs with high signal amplification when the appropriate receptors are

linked to the surfaces of the NWs. The light-emitting P3MT material is a promising

system to study dopant-mediated DNA detection in fluorescence chain reaction-

enhanced PL because of the formation of doping-induced bipolaron (i.e., cationic)

states.

Figure 25 shows color CCD images and LCMPL images and spectra of an isolated

single P3MTNWwithDBSA dopant in the as-prepared, p-DNA attached, and t-DNA
hybridized states. The luminescence color of the single P3MT(DBSA) NWwas green

with relatively low brightness (left image of Fig. 25a). When coupled with p-DNA,
the luminescence color changed from green to red (inset of left image of Fig. 25a).

This red-shift is attributed to conformational modification of the P3MT main chains

by electrostatic interactions between the SO3
� group of the NW and the NH3

+ group

and the negatively charged phosphate backbone of the wrapping p-DNAs. After
hybridization with t-DNA, the luminescence intensity was enhanced considerably

Fig. 25 (a) Color CCD images of P3MT(DBSA) (left) and P3MT(DBSA)/p-DNA + t-DNA
(right) single NWs. Inset: color CCD image of a P3MT(DBSA)/p-DNA single NW. (b) 3D

LCM PL images of a P3MT(DBSA) (left top), P3MT(DBSA)/p-DNA (left bottom), and P3MT

(DBSA)/p-DNA + t-DNA single NWs (right). (c) LCM PL spectra of P3MT(DBSA), P3MT

(DBSA)/p-DNA, P3MT(DBSA)/p-DNA + t-DNA (1-mer mismatch), and P3MT(DBSA)/

p-DNA + t-DNA (perfect match) single NWs. Inset: quantum yield of P3MT(DBSA) (A),
P3MT(DBSA)/p-DNA (B), P3MT(DBSA)/p-DNA + t-DNA (1-mer mismatch) (C), and P3MT

(DBSA)/p-DNA + t-DNA (perfect match) (D) NWs. (Reproduced with permission from [139].

Copyright 2011 Royal Society of Chemistry.)
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compared to as-prepared and p-DNA-immobilized P3MT(DBSA) NWs, as shown in

the right image of Fig. 25a.

Figure 25b shows 3D LCM PL images of the P3MT(DBSA), P3MT(DBSA)/

p-DNA, and P3MT(DBSA)/p-DNA + t-DNA single NWs. The average voltages of

the LCM PL intensities for the as-prepared P3MT(DBSA), P3MT(DBSA)/p-DNA,
and P3MT(DBSA)/p-DNA + t-DNA single NWs were 11 (�2), 10 (�1), and 61

(�3) mV, respectively. The LCM PL intensity of the functionalized P3MT

(DBSA)/p-DNA + t-DNA single NW was about six times higher than that of the

as-prepared P3MT(DBSA) single NW.

The LCM PL spectra of the single NWs were compared, as shown in Fig. 25c. The

main PL peak of the as-prepared single NWwas observed at ~554 nm.When coupled

with p-DNA, the main PL peak was red-shifted to ~640 nm and its intensity

decreased slightly. Upon hybridization of the P3MT(DBSA)/p-DNA NW with

t-DNA, the maximum intensity of the LCM PL peak was enhanced up to about six

times compared with that of the as-prepared NW. The change in the luminescence

characteristics of P3MT(DBSA) NWs was also studied using 1-mer mismatched

t-DNAs. When the p-DNAs were coupled with the 1-mer mismatched t-DNAs
(100 nM), the LCM PL intensity of the P3MT(DBSA)/p-DNA + t-DNA (1-mer

mismatch) single NW was much lower than that in the perfect match case, as

shown in Fig. 25c. The significant increase in the PL intensity of the P3MT

(DBSA)/p-DNA + t-DNA single NW might be due to the dopant-mediated energy

transfer effect in the fluorescence chain reaction between the t-DNA and light-

emitting P3MT chains. These results highlight the possibility for nanoscale optical

detection of DNA without a fluorescent dye using a light-emitting P3MT(DBSA)

single NW on the basis of the change in the luminescence color and intensity.

The nanoscale luminescence characteristics of a single P3MTNWwith a different

dopant, namely, tetrabutylammonium trifluoromethane sulfuric acid (TBACF3SO3),

and the DNA-functionalized states were examined to reconfirm the feasibility of

dopant-mediated DNA detection. Weak green light emission was observed for the

P3MT(TBACF3SO3) single NW (left image of Fig. 26a). When the NWs were

coupled with p-DNA, the color changed from green to red with a slightly decrease

in luminescence intensity, as shown in the inset of the left image of Fig. 26a. The

luminescence color CCD image of a P3MT(TBACF3SO3)/p-DNA + t-DNA single

NW showed significantly brighter red light emission than the single NW without

t-DNA (right image of Fig. 26a). The novel PL enhancement of P3MT(TBACF3SO3)

single NWs through hybridization with t-DNA was examined as a function of the

t-DNA concentration from 100 aM to 100 nM, as shown in Fig. 26b. As the

concentration of t-DNA increased, the LCM PL intensity of the single NW also

increased, suggesting that effective energy transfer occurs in the fluorescence chain

reaction between the light-emitting NW and t-DNAs. The maximum intensity of the

LCM PL peak and its integrated area for a single NW hybridized with complemen-

tary t-DNA (100 nM) increased by a maximum of approximately 30-fold compared

with that of the as-prepared and p-DNA-functionalized NWs. In addition, the LCM

PL intensity of the NW hybridized with t-DNA at a concentration of 100 aM

increased seven to eightfold compared with that of the NW without t-DNA.
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5.4 Nano-optoelectronics

Organic photodiodes and phototransistors are fabricated by using photosensitive

π-conjugated organic materials, and the photovoltaic properties of these materials

have been intensively studied for application to inexpensive and renewable energy

sources [140]. The mechanism of charge recombination and dissociation in the p–n
junctions of semiconductors is used in various applications such as diode lasers,

LEDs, photodetectors, and photovoltaic cells. With the rapid development of

nanotechnology, nanoscale p–n junctions have been investigated by using low-

dimensional nanostructures such as carbon nanotubes (CNTs) and inorganic or

organic semiconducting NWs.

A doped Si substrate with as-grown multiwalled (MW) CNTs synthesized through

a thermal chemical vapor deposition (CVD) method was attached to a stainless steel

working electrode, as shown in Fig. 27a [141]. A P3HT layer with a thickness of

~20 nm was directly deposited on the surface of the MWCNTs using an electrochem-

ical polymerization method. The electrolyte for the electrochemical polymerization

consisted of 3-HT monomers, BMIMPF6 as the ionic liquid, and anhydrous acetoni-

trile as the solvent.

The formation and surface morphology of the coaxial P3HT/MWCNT hybrid

NTs were investigated using HR-TEM, as shown in Fig. 27b [141]. The MWCNTs

had an outer diameter of 10�30 nm and a wall thickness of 2�8 nm. The total

diameter of the hybrid NTs was ~60 nm. The thickness of the P3HT layer deposited

on the MWCNTs was ~20 (�10) nm, and the formation of the coaxial-type

MWCNTs coated with P3HT was clearly observed.

Figure 27c shows a schematic illustration of the four-probe electrodes on a

P3HT/MWCNT hybrid single NT. Two Au/Ti electrodes make contact with the

outer P3HT single NT, while the other two make contact with the inner single
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Fig. 26 (a) Color CCD images of P3MT(TBACF3SO3) (left) and P3MT(TBACF3SO3)/p-DNA +

t-DNA (right) single NWs. Inset: color CCD image of a P3MT(TBACF3SO3)/p-DNA single NW.

(b) LCM PL spectra of P3MT(TBACF3SO3), P3MT(TBACF3SO3)/p-DNA, and P3MT

(TBACF3SO3)/p-DNA + t-DNA single NWs with various concentrations of t-DNA (from 100 aM

to 100 nM). Inset: magnification of LCM PL spectra of P3MT(TBACF3SO3) and P3MT

(TBACF3SO3)/p-DNA single NWs. (Reproduced with permission from [139]. Copyright 2011

Royal Society of Chemistry.]
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MWCNT through partial etching of P3HT. Figure 27d shows the I�V characteristic

curves of a single NT in the dark at room temperature. The I�V characteristic curve

for the outer P3HT single NT in the hybrid NT shows semiconducting behavior,

whereas ohmic behavior is observed for the inner single MWCNT, as shown in

Fig. 27d. From the slope of the I�V curves for the MWCNT, the conductivity of the

single MWCNT was estimated to be 103�104 S/cm. The current level of the P3HT

NT is much smaller than that of the MWCNT.When two electrodes were separately

contacted with the MWCNT and the P3HT NT, the I�V characteristic curve of the

single P3HT/MWCNT hybrid NT showed rectification behavior (i.e., nanorectifier)

owing to the formation of a hybrid junction between the MWCNT and the semi-

conducting P3HT NT.

Figure 27e shows the photoresponsive I�V characteristics of a P3HT/MWCNT

hybrid single NT. Under illumination (100 mW/cm2), the I�V characteristics of the

P3HT/MWCNT hybrid NT also show rectification behavior. The current levels of

the hybrid single NT were enhanced through the illumination, as shown in Fig. 27e.

The increase in the current level of the P3HT/MWCNT hybrid NT through illumi-

nation was relatively higher than that of the MWCNT, as shown in the inset of
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Fig. 27 (a) Illustration of electrochemical deposition of P3HT on the MWCNT surface. (b) HR-

TEM image of P3HT/MWCNT hybrid NT. Inset: HR-TEM image of MWCNTs. (c) Diagram of

single P3HT/MWCNT hybrid NTwith four-probe Au/Ti electrodes (top) and cross-sectional view of

P3HT/MWCNT hybrid NT with electrodes (bottom). (d) Comparison of I–V characteristic curves of

a single P3HT NT, MWCNT, and P3HT/MWCNT hybrid NT measured in the dark at room

temperature. (e) Comparison of I–V characteristic curves of P3HT/MWCNT hybrid NT with and

without illumination. Inset: comparison of normalized currents of P3HT/MWCNT hybrid NT and

MWCNT with and without illumination as a function of time. (f) I–V characteristic curves

representing quasi-photovoltaic effect with and without illumination for a single P3HT/MWCNT

hybrid NT. (Reproduced with permission from [141]. Copyright 2010 American Chemical Society.)
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Fig. 27e. Figure 27f shows the quasi- photovoltaic effect (i.e., the linear increase

in the photocurrent with the applied bias) measured in the P3HT/MWCNT hybrid

single NT. In the experiments, the short circuit current (Isc) was measured to

be – 0.67 nA, and the open circuit voltage (Voc) was measured to be 2.44 mV.

The power conversion efficiency (η) of the P3HT/MWCNT hybrid single NT was

estimated to be ~0.42%.

Nanoscale photovoltaic cells are now considered as potentially new types of

solar energy harvesting nanosystems. A single coaxial silicon NW with a p-type/
intrinsic/n-type (PIN)-doped semiconductor structure has been experimentally

realized as a nanoscale electronic power source [142]. Recently, single NW photo-

voltaic devices using coaxial NWs consisting of ZnO and P3HT were shown to

exhibit a η value of 0.036% [143]. The nanoscale photovoltaic cells using the

coaxial NWs, composite NWs, or various nanostructures must be studied to fabri-

cate high-efficiency future energy harvesting systems.

Figure 28a shows the fabrication process for the P3HT:PCBM composite NWs

through a wetting method by using Al2O3 nanoporous templates with a pore size of

100 nm [144]. Figure 28b shows the normalized LCM PL spectra (λex ¼ 488 nm)

for single NWs of P3HT, PCBM, and P3HT:PCBM composite (1:1 wt%). For

single P3HT NW, the LCM PL peaks corresponding to the 0–0 and 0–1 transitions

of P3HT were observed at 650 and 700 nm, respectively. The LCM PL peak of the

single PCBM NWwas observed at 730 nm, with a shoulder peak at 810 nm. For the

single P3HT:PCBM composite NW, the maximum LCM PL peak was observed at

725 nm, with shoulder peaks at 650 and 810 nm, indicating the coexistence of P3HT

and PCBM phases in the single NW.

Figure 28c, d shows a schematic illustration and SEM image of a nanodevice

comprising a single P3HT:PCBM NW with Au and Al electrodes. The I�V charac-

teristic curve of the single P3HT:PCBM (1:2 wt%) NW in the dark shows diode-like

behavior, as shown in Fig. 28e. Under illumination, the current levels were enhanced

at a relatively high bias (V � 10 V), as shown in Fig. 28e. Excitons were created in

the major P3HT and minor PCBM components, and they dissociated into electrons

and holes under the applied electric field near the interface between P3HT and

PCBM.

Recently, Lee and coworkers reported the fabrication and nanoscale physical

properties of hybrid P3HT/PCBM NPs and their photovoltaic applications [52].

Figure 29a shows the LCM PL spectra of annealed and non-annealed hybrid NPs of

p-type P3HT and n-type PCBM prepared by the mini-emulsion method [46, 50].

From the wide-angle X-ray diffraction patterns, the annealed P3HT NPs had a lager

crystalline size (~76.5 Å) than non-annealed NPs (58.8 Å), as shown in the right

inset of Fig. 29a. The LCM PL intensities of single annealed and non-annealed

hybrid P3HT/PCBM NPs were lower than those of a single annealed P3HT NP, as

shown in Fig. 29a, indicating PL quenching.

Figure 29b shows the scheme of a conducting atomic force microscope (c-AFM)

experiment using a single hybrid P3HT/PCBM NP. An indium tin oxide (ITO)

electrode was used as the cathode because of its relatively low work function

(4.8 eV) compared with that (5.1 eV) of the Pt metal used as the anode. Figure 29c
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shows the photoresponsive I�V characteristic curves in a low-bias regime for a single

annealed P3HT/PCBM (1:2 wt%) NP at room temperature. The photovoltaic effect

was observed in the single annealed hybrid NP, as shown in Fig. 29c. From the

photovoltaic I�V characteristic curves, the open-circuit voltage and short-circuit

current were measured to be about 293.15 mV and 11.29 pA, respectively, and the

Fig. 28 (a) Fabrication process for P3HT:PCBM composite NWs. (b) Comparison of normalized

LCM PL spectra for single NWs of P3HT, PCBM, and P3HT:PCBM composite. (c) Nanodevice

with Au and Al electrodes using P3HT:PCBM single NW. (d) SEM image of nanodevice using a

single NW with Au and Al electrodes. (e) I–V characteristic curves for single P3HT:PCBM NW

with a P3HT:PCBM concentration of 1:2 wt% with and without irradiation. Inset: normalized

currents of the composite NW with and without illumination as a function of time. (Reproduced

with permission from [144]. Copyright 2011 Elsevier B.V.)

Fig. 29 (a) LCM PL intensities of single annealed P3HT NPs and annealed and non-annealed

P3HT/PCBM (1:1 and 1:2 wt%) NPs. Left insets: LCM PL mapping images of annealed P3HT and

hybrid NPs. Right inset: wide-angle X-ray diffraction patterns of annealed and non-annealed P3HT
NPs. (b) Illustration of c-AFM experiment using single hybrid P3HT/PCBM NP. Inset: energy
band diagram of hybrid NP with Pt and ITO electrodes. (c) Photovoltaic I–V characteristic curves

of single annealed P3HT/PCBM (1:2 wt%) NP. Inset: photoresponsive I–V characteristic curves of

NPs in the full measured range. The lines are guides for the eye. (Reproduced with permission

from [52]. Copyright 2012 Royal Society of Chemistry.)
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fill factor was estimated to be about 0.398. The monochromatic η (λex ¼ 488 nm) of

the single annealed P3HT/PCBM (1:2 wt%) NP was estimated to be about

1.32 � 10�5%.

6 Conclusions and Outlooks

Nanostructures of light-emitting polymers with π-conjugated structure have been

synthesized and used as electronic and optical nanomaterials for nanoscale

optoelectronic devices and biosensors. Various synthetic methods such as chemical,

electrochemical, reprecipitation, and electrospinning methods with or without

nanoporous templates have been developed for the fabrication of polymer

nanostructures. The physical sizes and formation of the nanostructures can be con-

trolled by adjusting the synthetic conditions. High-resolution LCM spectroscopy

allowed investigation of the light emission characteristics of individual

nanostructures. The light absorption and emission efficiencies of the light-emitting

polymer nanostructures can be tuned by chemical processing and post-synthetic

treatments, as well as by adjusting their physical dimensions. Post-synthetic

treatments such as electrochemical doping, E-beam irradiation, hydrothermal

processing, and nanoscale metal hybridization were used to modify the intrinsic

properties of the polymer nanostructures. The electronic structures of polymer NTs

and NWs can be varied through electrochemical doping and E-beam irradiation. The

optical properties and formation of NPs are dependent on the hydrothermal tempera-

ture. The hybridization of polymer nanostructures with nanoscale metals induces

drastic PL enhancement owing to SPR coupling. The light-emitting polymer

nanostructures introduced here can be applied to nanoscale identification barcodes,

label-free DNA-sensing, nanodiodes, and nanophotovoltaic devices. Industrial

applications of light-emitting polymer nanostructures are in their nascent stages.

Homogeneous dispersions of nanomaterials must be developed to enable further

applications in flexible optoelectronics. In addition, advanced device fabrication

techniques using single nanostructures are also required for nano-optoelectronics.
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