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Regioregular poly(3-hexylthiophene) (RR-P3HT) nanorod arrays were prepared on the indium 
tin oxide (ITO) substrate by capillary force in a vacuum oven (0.855 torr, 250 °C) using a drop-
coating of RR-P3HT and anodic aluminium oxide (AAO) templates. The AAO templates were 
prepared by a two step anodizing process in an oxalic acid electrolyte. The templates had a 
highly ordered structure with a uniform pore diameter of 55–80 nm and cell lengths of 100–
3930 nm. With suitable temperature and capillary force in the vacuum oven, the drop-coated 
RR-P3HT solution infiltrated the AAO templates. After removal of the AAO template, the RR-
P3HT has a nanorod array form, with diameters of 55 nm and heights of 70 nm. 

Introduction  

The design and modification of conjugated polymers have attracted considerable interest in both 
fundamental studies and applied research.1–5 Conjugated polymers have many advantages over 
low molecular weight organic and inorganic materials.6–10 In addition, conjugated polymers 
offer the advantages of low cost and flexibility of use. Furthermore, the physical, chemical, and 
electrical properties of polymers can be easily controlled by changing the molecular structure 
and weight of the polymer. Conjugated polymers have been used in electrical devices, optical 
systems, and various sensor applications.11–15  

The surface morphology of a polymer on an electrode should be considered to develop 
efficient nanoscale devices based on the polymer. Not surprisingly, the performance of polymer 
devices is strongly influenced by the surface morphology of the polymer on the electrode.16–20 
Among numerous strategies in the design and modification of polymer surface morphology, 
one-dimensional structures including nanowires, nanotubes, and nanorods have attracted great 
attention in the field of nanoscale devices.21–24  

One-dimensional structural materials can help enhance electron transport by avoiding the 
particle-to-particle hopping that occurs in titanium oxide networks and hybrid polymer solar 
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cells.25,26 Moreover, the morphology of the one-dimensional structure can improve the 
possibility that all electrons have a direct connection to the collection electrode.27–29 Joo and 
colleagues reported the synthesis of nanotubes and nanowires of poly(3-methylthiophene) 
(P3MT) using a nanoporous anodic aluminium oxide (AAO) template through an 
electrochemical polymerization method.28,29 Using scanning electron microscope (SEM) and 
transmission electron microscope (TEM) techniques, they observed the formation of nanotubes 
with diameters of 100–200 nm and wall thicknesses of 5–10 nm. Relatively long nanotubes and 
nanowires of P3MT ( 40 m in length) were obtained.28 However, although a number of 
interesting strategies have been developed and examined in this context over the past several 
decades, the design and modification of the surface morphology of the polymer has not yet been 
fully understood. To date, formation of regioregular poly(3-hexylthiophene) (RR-P3HT) 
nanorod arrays on the indium tin oxide (ITO) substrate using an AAO template and capillary 
force has not been reported. Compared to other conjugated polymers, RR-P3HT has many 
unique properties. The charge carrier mobility of RR-P3HT at room temperature is higher than 
that of regiorandom P3HT.30,31 In addition, RR-P3HT is of particular interest due to its self-
organizing properties to form a microcrystalline structure.30,31 To date, RR-P3HT appears to be 
one of the most suitable conjugated polymers for nanoscale devices. 

With the aid of our previous research concerning the design and modification of polymers,32–

35 in this paper, we describe a facile methodology for the formation of RR-P3HT nanorod arrays 
on the ITO substrate using an AAO template and capillary force in a vacuum oven. 

Results and discussion  

Formation of RR-P3HT nanorods in AAO templates with various pore diameters  

The formation of RR-P3HT nanorod arrays in AAO templates resulted from capillary forces in 
a vacuum oven. Fig. 1 shows SEM images of AAO templates with cell lengths of 1000 nm 
and various pore diameters. To control the pore diameters of the AAO templates, the pore 
widening time was varied between 60, 75, 90, 105, and 120 min. As shown in Fig. 1, the pore 
diameters of the AAO templates were approximately (a, b) 55 (60 min), (c) 60 (75 min), (d) 70 
(90 min), (e) 75 (105 min), and (f) 80 nm (120 min). Fig. 1(a) shows an AAO template itself 
and Fig. 1(b–f) displays AAO templates filled with RR-P3HT. 
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The RR-P3HT nanorods were successfully formed by capillary force in a vacuum oven 

(0.855 torr, 250 °C). The capillary force phenomenon can be equated as the height of a liquid 
column (h), as expressed by the following capillary action formula.36  

Here,  is the liquid–air surface tension (J m−2 or N m−1),  is the contact angle,  is the density 
of liquid (kg m−3), g is acceleration due to gravity (m s−2), and r is the radius of the tube (m). 
According to this formula, the length of the RR-P3HT nanorods in the AAO templates (h) is 
inversely proportional to the pore diameter (2r) of the AAO template. Therefore, the pore sizes 
of the AAO templates influence the infiltration of RR-P3HT solutions into the AAO templates. 

Formation of RR-P3HT nanorods in AAO templates with various cell lengths  

Fig. 2 shows SEM images of RR-P3HT nanorods in AAO templates with various cell lengths. 
The cell lengths of the AAO templates were controlled by varying the 2nd anodization time. As 
shown in Fig. 2, the cell lengths of the AAO templates were approximately (a) 100 (2 min), (b) 
220 (5 min), (c) 1000 (30 min), (d) 1850 (60 min), (e) 2950 (90 min), and (f) 3930 nm (120 
min). Up to a cell length of 1850 nm, the RR-P3HT solutions filled the AAO templates by 
capillary force in a vacuum oven. However, the RR-P3HT solution could not fill the AAO 
templates by capillary force when the cell length was in excess of 1850 nm. This is attributed to 
a limitation of the capillary force when the cell length is long. 
 

Fig. 1 SEM images of (a) an AAO template 
and (b–f) RR-P3HT nanorods in AAO 
templates with various pore diameters (cell 
length of 1000 nm): (a, b) 55, (c) 60, (d) 70, 
(e) 75, and (f) 80 nm.

 h = 2  cos / gr (1)
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Effect of RR-P3HT concentration and solvents  

Not surprisingly, the formation of RR-P3HT nanorods was strongly influenced by the 
concentration of RR-P3HT in solution. Fig. 3 shows SEM images of RR-P3HT nanorods in 
AAO templates with various concentrations of RR-P3HT when chlorobenzene was used as a 
solvent. At the low concentration of 2 w/v% shown in Fig. 3(a), the RR-P3HT solution 
completely penetrated the pores of the AAO template. However, at the higher concentrations of 
4 and 6 w/v% shown in Fig. 3(b) and (c), respectively, the AAO templates were not fully filled 
and RR-P3HT nanorods were formed at 400 nm (4 w/v%) and 280 nm (6 w/v%). According 
to the capillary action formula (eqn (1)), the length of the RR-P3HT nanorods in the AAO 
template (h) is inversely proportional to the density of the liquid ( ). Therefore, it can be 
understood that unsuccessful filling of RR-P3HT in the AAO template is due to their density, 
which is directly proportional to the concentration of the RR-P3HT solution. 
 

Fig. 2 SEM images of RR-P3HT nanorods in 
AAO templates with various cell lengths (pore 
diameter of 55 nm): (a) 100, (b) 220, (c) 1000, 
(d) 1850, (e) 2950, and (f) 3930 nm.
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The formation of RR-P3HT nanorods was also strongly influenced by the solvent used. In 

order to confirm the effects of the solvent, RR-P3HT was dissolved in chlorobenzene, toluene, 
and 1,2-dichlorobenzene. Fig. 4(a–c) shows SEM images of RR-P3HT nanorods formed using 
chlorobenzene, toluene, and 1,2-dichlorobenzene, respectively. As discussed with regards to the 
effect of concentration, with chlorobenzene solvent RR-P3HT nanorods were completely 
formed into the pores of the AAO template. However, when compared to chlorobenzene, 
poorly-shaped RR-P3HT nanorods were obtained in AAO templates when toluene and 1,2-
dichlorobenzene were used as solvents. The filling of the RR-P3HT solution into the AAO 
template seems to be affected by the wetting energy between the RR-P3HT solution and the 
ITO substrate that the AAO templates are placed on. 
 

Fig. 3 SEM images of RR-P3HT nanorods in 
AAO templates formed with (a) 2, (b) 4, and 
(c) 6 w/v% RR-P3HT solutions in 
chlorobenzene.

페이지 5 / 11A facile method to prepare regioregular poly(3-hexylthiophene) nanorod arrays u..... ...

2009-02-10http://www.rsc.org/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=NJ&...



 
In the case of chlorobenzene solvent, the wetting energy is 64.61 mN m−1. However, the 

wetting energies of toluene and 1,2-dichlorobenzene are 68.25 mN m−1 and 68.20 mN m−1, 
respectively. Compared to toluene and 1,2-dichlorobenzene, the wetting energy between the 
RR-P3HT solution and the ITO substrate in chlorobenzene is decreased, which facilitates easy 
filling of the RR-P3HT solutions into the AAO templates. Accordingly, the pores of the AAO 
template were well-filled using the RR-P3HT solution in chlorobenzene as compared to toluene 
and 1,2-dichlorobenzene. 

Surface morphology and optical properties of RR-P3HT nanorod arrays on the ITO 
substrate after removing the AAO templates  

In order to obtain RR-P3HT nanorod arrays, AAO templates were removed using a NaOH 
solution.28 The surface morphology of the RR-P3HT nanorod arrays on the ITO substrate 
without the AAO template is shown in Fig. 5. These were prepared using an AAO template 
with a cell length of 100 nm and a pore diameter of 55 nm. Large area, non-collapsed, and 
vertically aligned RR-P3HT nanorod arrays with average heights of 70 nm and widths of 55 
nm were successfully obtained on the ITO substrate. Fig. 6 shows absorption spectra of the 
nanorod arrays and a spin coated film of RR-P3HT. The absorption coefficient over a 
wavelength of 520 nm, particularly on the red shoulder at 600 nm, increases for nanorod 
arrays.37 This indicates that the degree of the RR-P3HT chain packing increases in nanorod 
arrays resulting in a higher crystallinity than the spin coated film. 
 

Fig. 4 SEM images of RR-P3HT nanorods in 
AAO templates formed using 2 w/v% RR-
P3HT in (a) chlorobenzene, (b) toluene, and 
(c) 1,2-dichlorobenzene solutions.

페이지 6 / 11A facile method to prepare regioregular poly(3-hexylthiophene) nanorod arrays u..... ...

2009-02-10http://www.rsc.org/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=NJ&...



 
 

 
Conclusions  

In conclusion, AAO templates were prepared under different pore diameters and cell lengths. 
The AAO templates, prepared by a two step anodizing process in oxalic acid electrolyte, had a 
highly ordered structure with a uniform pore diameter of 55–80 nm and cell lengths of 100–
3930 nm. These AAO templates were placed on drop-coated RR-P3HT films on the ITO 
substrate in a vacuum oven (0.855 torr, 250 °C) in order to prepare PP-P3HT nanorod arrays. 
By optimizing the pore diameter and cell length of the AAO template as well as the RR-P3HT 
concentration and solvents to control the capillary force in the vacuum oven, RR-P3HT 
solutions were successfully filled into the AAO templates. After removal of the AAO template, 
RR-P3HT nanorod arrays with an average height of 70 nm and width of 55 nm were 
obtained. The results presented in this study may pave the way for facile modification of 
conjugated polymers for nanoscale devices such as solar cells and displays. Investigation into 
applications of the RR-P3HT nanorod array films to solid state solar cells with an extremely 
thin absorber layer are currently underway. 

Experimental  

Materials  

Fig. 5 SEM images of RR-P3HT nanorod 
arrays on the ITO substrate without an AAO 
template.

Fig. 6 Absorption spectra of nanorod arrays 
and a spin coated film of RR-P3HT.
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Aluminium foil (99.999%, 0.5 T) and chemical solvents were purchased from Goodfellow 
Cambridge Ltd. and Aldrich, respectively. RR-P3HT was obtained from Rieke Metals, Inc. 
(USA, regioregularity = 95.4%).38,39 All chemicals were used as received. The ITO (10  cm) 
substrate was obtained from Samsung Corning Co. (Korea). High purity water (Milli-Q, 
Millipore) was used for all experiments. The ITO substrate was washed with acetone, ethanol, 
and deionized water (18.2 M  cm) in an ultrasonication bath for 30 min followed by a final 
wash in isopropanol. 

Preparation of AAO templates  

The AAO templates were prepared as reported elsewhere.40–43 In order to obtain well-aligned 
pore channels, the fabrication of the AAO template was carried out by a two step anodization 
method. For the 1st anodization of the aluminium, a constant voltage of 40 V was applied for 
about 12 h in a 0.3 M oxalic acid solution maintained at 0 °C. The grown alumina layer with 
pores was etched away in a mixed solution of phosphoric acid (6% H3PO4) and chromic acid 
(1.8% CrO3) for about 12 h at 60 °C. To obtain regular arrays of nano-channels, the 2nd 
anodization was carried out under the same conditions as the 1st anodization. Then, the pores in 
the alumina were widened by etching in 0.1 M phosphoric acid. The AAO templates of 
hexagonal nano-channel arrays were realized through a self-assembling process during the 
anodization of aluminium. In general, cell lengths and pore diameters are controlled by the 2nd 
anodization time and the pore widening time, respectively.40  

For one set of experiments, the 2nd anodization time was held constant at 30 min and the 
pore widening time was varied among 60, 75, 90, 105, and 120 min to determine the effect of 
pore diameter. In a separate set of experiments, the pore widening time was maintained at 1 h 
while the 2nd anodization time was varied among 2, 3, 5, 10, and 60 min to investigate the 
influence of the cell length. 

Formation of RR-P3HT nanorods using AAO templates by capillary force in a vacuum 
oven  

Initially, RR-P3HT (2 w/v%, 0.6 ml) films on the ITO substrate were prepared by a drop-
coating method. Then, AAO templates were attached on drop-coated RR-P3HT films on the 
ITO substrate. These samples were kept in a vacuum oven at 250 °C for 6 h in order to fill the 
melted polymer into the pores of the AAO template by capillary force (Scheme 1). After filling 
the pores of the AAO template by capillary force, the etching process to remove the AAO 
template followed. In our procedure, we used only NaOH for the etching process compared 
with the conventional method which uses both NaOH and mercury chloride (HgCl2).44,45 The 
RR-P3HT rods in the AAO template were immersed in a 3 M NaOH solution for 50 min to 
remove alumina between the Al foil and RR-P3HT nanorods. Al foil with an alumina layer was 
easily removed after 50 min from the RR-P3HT nanorods surface without additional HgCl2 
treatment. Then, the samples were once again soaked in a 3 M NaOH solution for 10 min to 
completely eliminate the remaining alumina particles. The surface morphology of the RR-P3HT 
nanorod arrays on the ITO substrate was measured using both a cold field-emission scanning 
electron microscope (Cold FE-SEM, Hitachi S-4800) and an Atomic Force Microscope (AFM, 
Digital Instruments, Tapping mode). The UV-visible absorption spectra were obtained using a 
Shimadzu UV-3600 spectrophotometer. 
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