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A
rrays of nanometer-scale structures
such as nanorods, nanowires, and
nanotubes have attracted increas-

ing attention, mainly because of the poten-
tial application in many fields of research
like data storage,1�3 artificial actuators,4,5

surfaces exhibiting special wetting
probabilities,6�8 sensing,9 and
optoelectronics.10�12 For example, one cru-
cial and still very challenging part of the fab-
rication of high-efficient organic solar cells
is to produce a nanometer-scale interpen-
etrating network of a donor and an accep-
tor phase, with an interfacial distance
smaller than the exicton diffusion length
(ca. 10�20 nm) in the organic material.13

An ideal morphology that has been pro-
posed for these cells consists of an array of
vertically aligned hole-conducting poly-
meric nanorods attached to an electrode
and surrounded by an electron-conducting
material connected to a cathode or vice
versa.14,15

Polymeric nanorods and nanowires can
be fabricated by submicrolithography,16

electro-spinning,17 mechanical drawing,18

and template-based methods.19 For the pro-
duction of highly ordered nanorod arrays
the template-based approach seems to be
the most suitable. Track-etched polymer
membranes or block copolymer thin films
as well as anodic aluminum oxide (AAO)
membranes are widely used as templates
to prepare nanowires. The former usually
are made by bombarding a polycarbonate
sheet with nuclear fission fragments to cre-
ate damage tracks and then chemically etch
these track into pores.20 The membranes

were used to fabricate arrays of conduct-
ing polymer rods but their pores are only
randomly distributed and their areal den-
sity of �109 pores/cm2 is relatively low com-
pared to other template-based
methods.21,22

By using thin films of diblock copoly-
mers with cylindrically aligned micro-
domains, porous templates with areal den-
sities in excess of 1011 pores/cm2 can be ob-
tained after selective removal of the minor
component of the block copolymer.23�27

For example, Russell and co-workers re-
cently showed the fabrication of nanorods
of electropolymerized polypyrrole by using
diblock copolymers templates of
polystyrene-block-
poly(methylmethacrylate).28

AAO membranes provide lateral pore
densities comparable to that of block co-
polymer templates but they also allow a
greater range of pore sizes (pore diameter
and pore length) and offer a higher thermal
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ABSTRACT Free-standing nanorod arrays of a thermally cross-linked semiconducting triphenylamine were

fabricated on conductive ITO/glass substrates via an anodic aluminum oxide (AAO) template-assisted approach.

By using a solution wetting method combined with a subsequent thermal imprinting step to fill the nanoporous

structure of the template with a cross-linkable triphenylamine derivative, a polymeric replication of the AAO was

obtained after thermal curing and selective removal of the template. To obtain well-aligned and free-standing

nanorod arrays, aggregation and collapse of the nanorods were prevented by optimizing their aspect ratio and

applying a freeze-drying technique to remove the aqueous medium after the etching step. Because of their

electrochemical properties and their resistance against organic solvents after curing, these high density nanorod

arrays have potential application in organic photovoltaics.

KEYWORDS: triarylamine · semiconductive polymer(s) · template-assisted
patterning · anodic aluminum oxide · nanorod(s) · organic photovoltaics
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and mechanical stability. They can easily be fabricated

by a controlled anodization process and have been well

characterized in the last decades.7,29�32 Polymeric nano-

rods and nanotubes have been fabricated by either

wetting of the porous alumina template with (i) a poly-

mer solution or (ii) a melt or by direct polymerization

of a monomer inside of the template.33 For example, the

latter case has been used to prepare nanowires and

nanotubes of polypyrrole, poly(3-methylthiophene)

and poly(3,4-ethylenedioxythiophene) (PEDOT) by

electropolymerization.34�36 One very challenging step

for the template-based fabrication of arrays of free-

standing nanorods is the retention of the integrity of

the polymeric structure after the selective removal of

the template. The nanorods tend to collapse and lose

their well-aligned orientation during the wet-chemical

etching of the template in acidic or alkaline solutions.

These collapsing and aggregation is mainly caused by

capillary forces between the rods upon drying. Ap-

proaches to overcome aggregation mainly avoid the

occurrence of liquid/solid interfaces during the removal

of the template, for example by supercritical drying or

non-wet-chemical mechanical release from the

template.37�39

In this work, we describe the fabrication of arrays of

high density free-standing nanorods composed of a

cross-linked triphenylamine derivative on ITO/glass

substrate by using AAO templates. Because of the lim-

ited usability of aggregated arrays in photovoltaic de-

vices, one of the key issues is to overcome aggregation

and collapsing of the semiconducting nanorods after

removal of the template Therefore, the aspect ratio of

the rods was varied by using AAO templates, whose

pore length and diameter can be precisely controlled

during their fabrication. We also demonstrate that the

tendency of forming aggregates of nanorods can be

significantly decreased by applying a freeze-drying step

after wet-chemical etching of the porous alumina.

RESULTS AND DISCUSSION
The template-assisted fabrication of arrays of hole-

conducting nanorods seems to be an appropriate ap-

proach for building up polymer/polymer solar cells with

a well-defined photoactive layer consisting of nano-

rods embedded into an electron-conducting matrix.

For the application in such photovoltaic devices the ar-

rays of nanorods have to fulfill a number of require-

ments. First, the dimension of the rods needs to be

adapted to the needs in organic photovoltaics. Owing

to the relatively low exciton diffusion length in poly-

meric materials, the diameter and the space between

the rods need to be in the order of several nanometers

to provide a large donor/acceptor interface that is

within the accessible exciton diffusion range. Further-

more the nanorods need to be contacted to a conduct-

ing electrode and have to be aligned perpendicular to

Scheme 1. Schematic diagram of the template-assisted fabrication of cross-linked free-standing nanorod arrays.

Figure 1. (A) Cross-sectional scanning electron microscopy (SEM) micrographs of an AAO template fabricated in 0.3 M oxalic acid of 2 °C
at 40 V for 5.5 min. Pore widening was carried out in 5 wt % phosphoric acid at 25 °C for 35 min (inset: top view of the AAO; scale bar, 500
nm). (B) Corresponding current�time transient during the second anodization step of the aluminum substrate (inset: charge used for
the anodization as a function of time). (C) Film thickness as a function of total charge used during the anodization step in 0.3 M oxalic
acid of 2 °C at 40 V.
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the substrate. To provide the maximal interfacial area

and to permit a subsequent complete filling of the

space between the rods with an electron-conducting

material, it is crucial that the nanorods are free-standing

and do not show any sign of aggregation and col-

lapses. In addition, a high chemical resistance of the

nanorod array against organic solvents is required for

a subsequent spin-coating of the second polymer layer.

We present a template-assisted approach, which allows

the fabrication of large-area and high density arrays of

nanorods fulfilling the criteria mentioned above.

Scheme 1 illustrates the stepwise production of these

arrays.

For the template-assisted patterning of the semicon-

ducting triphenylamine derivative DVTPA, the use of

AAO templates seemed to be promising since the pa-

rameters of their pores, such as diameter, pore-

interdistance, and length can independently be varied

during the fabrication process. As a consequence, this

offers the possibility to exactly tune the structural prop-

erties of the nanorods replicating the structure of the

AAO. The templates were fabricated by a well-

established two step anodization process in oxalic acid

yielding templates with an interpore distance of �100

nm and pore diameters down to 40 nm. Pore lengths of

only several hundreds of nanometers are desired for po-

tential application in photovoltaics. These thin tem-

plates were fabricated by performing a short second an-

odization step for less than 10 min. The obtained

thickness of AAO membranes usually correlates lin-

early with the anodization time when micrometer thick

membranes are produced.40 However, we observed

that for thin templates a correlation between the pore

length and the total charge used for the anodization

seems to be a more suitable correlation parameter

rather than the anodization time because of the typi-

cal variation of current density at the beginning of the

pore formation. Furthermore, determination of the

thickness by measuring the total charge instead of the

time minimized the influences from experimental varia-

tions like temperature fluctuations.

Figure 1A shows a cross-sectional and a top view

SEM micrograph of one AAO template anodized for

5.5 min at 40 V, demonstrating the determination of

the pore lengths. Noteworthy, even after very short an-

odization times the pores are well-ordered and have a

narrow size distribution. The total charge was deter-

mined by integration of the corresponding time/cur-

rent transient, which is shown in Figure 1B exemplary

for one of the anodization steps. A correlation curve

(see Figure 1C) can be created by plotting the pore

length of several AAO templates that have been anod-

ized for different periods of time, ranging from 3 to 6

min, versus the total charge. With this correlation plot,

it was possible to fabricate templates with very well ad-

justed pore lengths without checking every template

by cross-sectional SEM, which usually requires the de-

struction of at least a small part of the template.

Figure 2. SEM images of (A) side view of an empty AAO template and (B) cross-section of the corresponding cross-linked
DVTPA replica after removal of the AAO by treatment with a 0.9 M KOH solution (30 min, room temperature).

Figure 3. TEM cross sections of a cross-linked DVTPA replica after removal of the template. The patterned DVTPA film was
detached from the ITO glass by dipping into liquid nitrogen and the mechanical stability was increased by coating of an ep-
oxy film on the backside. After curing the sample was ultramicrotomed into 60 nm thick sections at room temperature.
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To obtain a complete filling of the fabricated AAO

templates with the cross-linkable divinyltriphenylamine

(DVTPA) and to attach this nanostructured material to

an ITO/glass substrate, a solution wetting process com-

bined with a subsequent thermal imprinting step was

applied. In contrast to the wetting of hard templates

with polymeric solutions, which usually results in the

formation of hollow nanowires,2 the wetting with solu-

tions of small organic molecules, that is, DVTPA mono-

mer, leads to formation of mechanically more stable,

completely filled rods.

To minimize the thickness of the remaining DVTPA

layer on top of the template after the solution wetting

process, the solution was spin-coated on the AAO in-

stead of drop-casted. After drying, an ITO/glass sub-

strate that has been prefunctionalized with vinyltri-

methoxysilane was pressed on the top of the filled AAO

template and clamped together. The sample was ini-

Figure 4. SEM images showing top and cross-sectional view of thermally cured DVTPA nanorod arrays after removal of the
AAO template by treatment with a 4.5 M KOH solution (30 min, room temperature) followed by a conventional drying step:
(A and B) nanorods with a length of 375 nm and a diameter of 60 nm (aspect ratio � 6.3, average interpore distance of the
template 100 nm); (C and D) 310-nm long and 60-nm diameter nanorods (aspect ratio 5.2, average interpore distance of AAO,
100 nm); (E and F) nanopillars with an aspect ratio of 3.1 (length, 240 nm; diameter, 77 nm).

Figure 5. SEM micrographs of free-standing cross-linked DVTPA nanorod arrays after removal of the AAO template
followed by a lyophilization step. Top (A) and cross-sectional (B) view of nanopillars with an aspect ratio of 4.0 (length,
200 nm; diameter, 50 nm). (C and D) Ensemble of nonaggregated nanorods with an aspect ratio of 3.1 (length, 200
nm; diameter, 65 nm).
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tially heated up in vacuo above the melting tempera-

ture of DVTPA (mp � 60 °C) to remove any air inclusions

between the DVTPA film and the ITO/glass as well to im-

prove the complete filling of the nanopores. Subse-

quently, the samples were thermally annealed at 150

°C for 180 min. Prior experiments have shown that us-

ing ITO substrates without any prefunctionalization re-

sulted in a relatively low adhesion of the ITO substrate

to the cured DVTPA film, which made it difficult to se-

lectively remove the AAO and its supporting aluminum

layer without causing any delamination of the pat-

terned DVTPA film from the ITO/glass. The adhesion

was dramatically increased by using ITO/glass that has

been functionalized with vinyltrimethoxysilane as it

provides a covalent attachment of the DVTPA film to

the ITO via incorporating the vinyl group of the silane

into the polymer network during thermal annealing

procedure. Nevertheless, the layered construct was very

fragile and delamination can occur during the removal

of the template, in particular during wet chemical etch-

ing of the supporting aluminum because of the heat re-

lease during the exothermic reaction. Accordingly, the

samples were ice-cooled during the chemical etching

process and the concentration of the CuCl2 solution,

which was used to oxidatively etch the aluminum away,

was lowered to 0.2 mol L�1 to slow down the exother-

mic reaction. As a result, pattered DVTPA films on ITO

substrates could routinely be obtained.

Arrays of the polymeric nanorods (see Figure 2B)

that match to the contours of the used AAO template

(Figure 2A) can be obtained after subsequent removal

of the AAO by treatment with KOH solution. To check if

the fabricated nanorods were completely solid without

any embedded gas bubbles or hollow canals, cross-

sectional transmission electron microscopy (TEM) mea-

surements were performed. The TEM images (see Fig-

ure 3) show a homogeneous filling of the rods, which

ensures that they have a maximal mechanical stability

and their conductivity is not degraded by any voids in-

side the material.

For the fabrication of free-standing nanorod arrays it

is very important to overcome the collapsing and aggre-

gation of the replica after removal of the template. Owing

to their polymer nature, nanorods generally show a cer-

tain tendency to bend, and thus arrays of nanorods eas-

ily aggregate into bundles, which are mainly due to capil-

lary forces acting on the rods during evaporation of the

solvent after the wet-chemical etching step.41,42

To investigate the degree of aggregation as a func-

tion of the aspect ratio of the nanorods, arrays of cured

DVTPA nanorods with aspect ratios ranging from 3.1

to 6.3 and lengths of 240�375 nm with a constant dis-

tance of 100 nm between the rods were fabricated. Af-

ter wet-chemical removal of the AAO with KOH solu-

tion, the samples were conventionally air-dried. The

top-view SEM micrographs of the samples are shown

in the upper row of Figure 4.

Even though highly cross-linked poly(DVTPA) pro-

vides an improved mechanical stability, it can be seen

that the regular patterns of the rods were distorted and

bundles of rods have formed after the drying step. In

the case of nanorods with an aspect ratio of 5.2 and

higher (see Figure 4A,C) bundles consisting of more

than 20 rods in average have formed. By reducing the

aspect ratio down to 3.1, the degree of aggregation was

decreased to an average of 6 rods per bundle but still

the physical integrity of the arrays was distorted due to

the capillary forces during the drying process.

Besides the influence of the aspect ratio and the me-

chanical stability of the rods the degree of aggrega-

tion also depends on the properties of the liquid that

is used during the drying process. The capillary forces

are proportional to the surface tension of the liquid and

to the cosine of the contact angle at the liquid/rod in-

terface. To minimize these forces either the contact

angle must be brought close to 90° or the surface ten-

Figure 6. (A) Difference UV�vis absorption spectra of a spin-coated DVTPA film (10 wt % in dichloromethane, 3000 min�1)
on ITO glass cured at 150 °C for 1 h, before rinsing (solid line), after rinsing for three times with dichloromethane (dashed line)
and after dipping for 10 min in dichloromethane (dotted line. (B) Cyclic voltammogram of a cured (2 h at 150 °C) patterned
DVTPA film on ITO glass in a solution of n-Bu4NPF6 in acetonitrile (0.1 mol L�1) at a scan rate of 0.1 V s�1. (C) Energy level dia-
gram for thermally cross-linked DVTPA. (HOMO level was converted from the measured oxidation potentials assuming the
absolute energy level of ferrocene to be �4.8 eV; LUMO level was estimated from the HOMO level and energy gap, which was
calculated from the onset of the UV�vis absorption spectrum.)
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sion must be reduced. This can be achieved by either
supercritical drying, which is an expensive process and
demands special equipments, or by freeze-drying, a
technique that has already been proven to be very use-
ful in the area of lithography to prevent collapses of
the resists by nullifying the surface tension.43

It turned out that the freeze-drying technique is in-
deed an appropriate and cost-effective method to mini-
mize the aggregation of the cured DVTPA nanorods
during the drying step. To remove residual water that
remained on the top of the polymeric replica after the
removal of the AAO by wet-chemical means, the
samples were cooled down to �60 °C and dried in
vacuo. Arrays of nanorods with an aspect ratio of up to
4.0 and a total length of 200 nm showed only a small
degree of aggregation after the freeze-drying step (see
Figure 5A). The majority of the rods were totally free-
standing and nonaggregated. Applying the freeze-
drying step to samples with an aspect ratio of the rods
of 3.1 and a length of 200 nm proved that it was pos-
sible to totally suppress the aggregation and to obtain
large areas of nonaggregated, free-standing nanorod
arrays (Figure 5C). Thus, the preparation of nanopat-
terned films, which provide a large internal surface nec-
essary for photovoltaic devices, has been achieved.

The thermally cured poly(DVTPA) films also showed
a sufficient resistance against organic solvents, which
would allow a subsequent polymer solution coating
step. The thermal properties of monomeric DVTPA were
studied by differential scanning calorimetry (DSC) mea-
surements (see Supporting Information, Figure S1).
The DSC measurement showed a broad exothermic
transition in the range between 120 and 160 °C, corre-
sponding to the heat released during of the cross-
linking process. After an isothermal heating of DVTPA
at 150 °C for 1 h and a slow cooling to room tempera-
ture, which are the same thermal conditions used for
the curing step of the patterned DVTPA films, the res-
can did not show any exothermic transition up to 180
°C, indicating that the cross-linking was completed dur-
ing the first heating at 150 °C.

Further, the films on ITO/glass, which were thermally
cured at 150 °C for 1 h under inert atmosphere, were
washed thoroughly with dichloromethane, which is excel-
lent solvent for the noncross-linked DVTPA, and the
UV�vis spectra of the thin films before and after wash-
ing were investigated. After rinsing with dichlo-
romethane, the absorption of the cured film slightly de-
creased (see Figure 6A). But even after dipping the film in

dichloromethane for 10 min the absorption did not de-
crease further, which indicated that the cured films
showed a sufficient resistance against organic solvents.

In the end, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of poly(DVTPA) were determined
using cyclic voltammetry measurements along with
UV�vis absorption spectroscopy. The HOMO level was
determined from the oxidation peak of the cyclic volta-
mmetry curve. Using E(ferrocene/ferrocene�) � �4.8
eV below the vacuum level, the HOMO level was deter-
mined to be �5.7 eV for poly(DVTPA). The optical band
gap value of 3.3 eV, obtained from the lower energy on-
set of the absorption spectra, was then used to calcu-
late the LUMO level as �2.4 eV. Accordingly, the posi-
tion of the energy levels and the totally reversible cyclic
voltammetry of the arrays of the free-standing nano-
rods of poly(DVTPA) proved that the nanopatterned
poly(DVTPA) films fulfill the required properties in or-
der to be used as hole-conducting materials in an or-
ganic photovoltaic devices.

CONCLUSION
In this contribution, we reported on the fabrication

of large arrays of semiconducting, polymeric nanorods
attached to an ITO/glass electrode via an anodic alumi-
num oxide (AAO) template-assisted approach. The use
of AAO templates with a dimensionally controllable,
highly ordered porous structure allowed the produc-
tion of polymeric nanorods with tunable aspect ratios.
By filling the templates with a triphenylamine derivative
via a template-wetting step combined with a subse-
quent imprinting, a good polymeric replication, which
matches to the contours of the pores and does not
show any voids, was obtained. The thermally initiated
cross-linking of the triphenylamine derivative while
pressing on an ITO/glass electrode, which was prefunc-
tionalized with vinyltrimethoxysilane, resulted in good
resistance against organic solvents and a sufficient ad-
hesion between the substrate and the replica. Arrays of
perfectly free-standing and nonaggregated nanorods
with a length of 200 nm and an aspect ratio larger than
3 have been fabricated by applying a freeze-drying
technique to remove the aqueous medium after the
etching of the template. Because of the electrochemi-
cal properties and the highly ordered two-dimensional
nanostructure, which provides a larger interface, these
nanorod arrays have a potential application to build up
ordered bulk-heterojunction solar cells.

EXPERIMENTAL SECTION
Materials. ITO-coated glass substrates (with sheet resistance

of �10 Ohm/sq obtained from Präzisions Glas & Optik GmbH)
were cleaned by ultrasonication in detergent, isopropyl alcohol,
and acetone. They were then dried with a stream of pressurized
N2 and subjected to O2 plasma cleaning for 10 min. For the si-

lanization of ITO/glass substrates the O2-plasma treated sub-
strates were dipped into a 1 wt % solution of vinyltrimethoxysi-
lane in tetrahydrofurane for 48 h at 40 °C.

Synthesis. Divinyltriphenylamine (DVTPA) was synthesized via
a Vilsmeyer and a subsequent Wittig reaction starting from triph-
enylamine by modification of the procedure described in the lit-
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erature.44 The detailed synthetic procedure and characterization
data are given in the Supporting Information.

Fabrication of AAO Templates. AAO templates were fabricated by
a two-step anodization process developed by Masuda and
Fukuda.29,30 High purity aluminum (99.997%, 0.1 mm thick) pur-
chased from Alfa Aesar was cleaned by sonification treatment in
isopropyl alcohol and acetone, respectively, followed by an elec-
tropolishing step in a mixture of ethanol and perchloric acid
(v/v 4:1) at a current density of 300�350 mA/cm2 for 1 min at 0
°C. Subsequently the samples were rinsed with deionized water,
isopropyl alcohol, and acetone. The anodization steps were per-
formed in a self-build apparatus, similar to those described in the
literature. Briefly, the aluminum sheets were mounted on a cop-
per plate serving as the anode. A radial area of 2.27 cm2 was ex-
posed to an aqueous acidic solution. A platinum wire was used
as the cathode. The apparatus was surrounded by a cryostatic
bath to control the temperature during anodization and the
electrolyte solution was rigorously stirred during anodization.
The anodization current as a function of time was measured us-
ing a multimeter and recorded with an attached computer.

Anodization was performed in an aqueous solution of oxalic
acid (c � 0.3 mol/L) at 40.0 V and 2 � 1 °C. In the first step, alu-
minum was anodized for 6 h, followed by an etching step in
aqueous solution of chromic acid (1.8 wt %) and phosphoric acid
(6.0 wt %) at 60 °C for 12 h. The second anodization was per-
formed for different time intervals ranging from 3 to 10 min. Pore
widening was carried out in aqueous phosphoric acid (5 wt %)
at 25 °C for a defined time.

Fabrication of Arrays of Free-Standing Nanorods. The template-
assisted fabrication of arrays of free-standing nanorods is sche-
matically shown in Scheme 1. The AAO templates consisted of an
aluminum substrate with a thin porous anodized alumina layer
with nanopores opened on one side. A solution of 4,4=-
divinyltriphenylamine (DVTPA) in dichloromethane (20 wt %)
was degassed by two freeze�pump�thaw cycles and subse-
quently spin-coated on the top of the AAO template (2000 rpm,
1 min). The samples were vacuum-treated for 30 min at room
temperature. An ITO/glass substrate, which had been treated
with O2-plasma and silanized with vinyltrimethoxysilane, was
pressed on the top of the spin-coated film and clamped together
with the template. Under vacuum conditions the sample was
heated up to 80 °C for 1 h and then cured for 3 h at 150 °C. Sub-
sequently, the supporting aluminum layer was removed by treat-
ment with a solution of CuCl2 (c � 0.2 mol/L) at room tempera-
ture. By treatment with a solution of potassium hydroxide (5 wt
%) for 1 h the porous alumina template was removed. The pat-
terned polymer film attached to ITO/glass was rinsed with deion-
ized water (Milliopore 18 M�) for several times and then stored
in deionized water for 30 min to remove residual potassium and
aluminum hydroxide. For samples that were not dried via freeze-
drying technique, the water was removed under reduced pres-
sure at room temperature. In the case of applying the freeze-
drying technique, the wetted samples were first cooled down
to �60 °C and then dried by subliming the ice under high
vacuum conditions.

Characterization. The morphologies of the fabricated nanopo-
rous AAO templates and their polymeric replicas were investi-
gated by low voltage field emission scanning electron micros-
copy (FE-SEM, Zeiss LEO 1530) at 3 and 0.7 kV, respectively,
without using any conductive coating. For cross-sectional TEM
measurements a sample with a relatively thick (�1 	m) poly-
meric layer was fabricated in a similar way to the procedure de-
scribed above by using drop-casting instead of spin-coating. Dip-
ping the patterned polymer film into liquid nitrogen resulted in
a delamination from the ITO/glass. The delaminated film was cut
by ultramicrotomy, and TEM measurements were performed us-
ing a Philipps EM-420 at 120 kV. Cyclovoltametric measure-
ments were performed using an Autolab PGSTAT30 (Eco Che-
mie) potentiosat/galvanostat. Pt wire and Ag/AgCl were used as
the counter and reference electrode, respectively. The patterned
hole-conducting polymer film on ITO/glass was used as the
working electrode, and 0.1 M tetrabutylammonium tetrafluoro-
borate (TBABF4) in acetonitrile was used as electrode.
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