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Semiconductor nanowires and nanotubes represent attrac-
tive building blocks for “bottom-up” assembled nanoscale
electronic and photonic devices.1,2 In particular, inorganic
semiconductor nanowires and carbon nanotubes have shown
great promise because they can potentially function as device
components for logic,3 memory,4 and sensing applications.5

One-dimensional (1-D) nanostructures could also function
as interconnects for integrated nanosystems or molecular
electronic devices.6 Polymers and small organic molecules
are attractive materials for (opto-) electronics due to their
chemically tunable optical and electronic properties,7 as well
as their potential for low-cost fabrication of flexible or large
area devices.8 In particular, pentacene has shown tremendous
promise for thin film transistor (TFT) applications,9 with
reports of hole mobilities approaching 1 cm2 V-1 s-1 for
TFTs fabricated on flexible substrates.9d Recently, a new
method for formation of 1-D organic nanotubes and nano-
wires by wetting of porous anodized alumina membranes

has been reported.10a This method of template wetting has
been extended to a broad range of materials, including
polymers,10 small molecules,11 liquid crystals,12 metals,13

ferroelectrics,14 and multicomponent or heterostructure
systems.10a,b,13b

In this work, we report on convenient synthesis of
pentacene nanotubes by the method of melt-assisted template
wetting and on electrical contacting of single tubes. Briefly,
pentacene powder is placed on an alumina pore array and
heated above its melting point under an inert atmosphere;
see Supporting Information. As a result of the high surface
energy of the alumina membrane, a thin surface film will
rapidly cover the pore walls in the initial stages of wetting,
forming nanotubes with well-defined wall thicknesses.10a

Figure 1a shows a scanning electron microscopy (SEM)
image of an array of pentacene nanotubes following partial
dissolution of the alumina template in aqueous NaOH. The
density of nanotubes (∼109 per template) demonstrates the
efficiency of the melt-assisted wetting process for high-yield
preparation of these novel 1-D nanostructures. Figure 1b
shows a high magnification image of the back side of part
of the membrane shown in Figure 1a. The large number of
protruding nanotubes indicates almost complete filling of the
template during melt injection, confirming formation of∼60
µm long tubes. Histogram analysis of tube diameters and
wall thicknesses measured using SEM yielded mean values
for the tube outer diameter (D ≈ 350 nm) and wall thickness
(W ≈ 40 nm).

Following synthesis, the nanotubes could be liberated from
the template by completely dissolving the alumina in aqueous
NaOH and ultimately dispersed in an appropriate solvent
following several cycles of washing by sonication and
centrifugation. The mean nanotube length measured for
dispersed tubes decreased as a function of the number of
sonication steps, resulting in a mean wire length∼ 15 µm,
measured for dispersed single wires following a total of three
sonications. Individual tubes with lengths up to 30µm were
also observed at low number density (less than 1 in 50).

Figure 2a shows a high-resolution SEM image of a
pentacene nanotube drop-deposited on an oxidized silicon
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substrate and sputter coated with an ultrathin gold layer (∼5
nm) to facilitate high-resolution imaging. In order to
investigate whether the hollow structure was maintained
along the length of the nanotubes, local structure editing
using focused ion beam (FIB) milling was employed on
single pentacene nanotubes dispersed onto gold substrates.
Figure 2b shows a SEM image of the central section of a
pentacene nanotube following spatially resolved FIB milling
of a series of pits in order to open a series of holes along
the tube. This “nanoflute” demonstrates that the tubular
characteristics persist along the length of these 1-D nano-
structures. Figure 2c shows a magnified image of a milled

hole. Figure 2d shows a high-resolution TEM image of a
single nanotube. The surface appears textured, suggesting a
certain degree of molecular organization. In the selected area
electron diffraction image shown in the inset neither dif-
fraction spots nor rings are evident, indicating that the
pentacene molecules within the tube do not adopt any
appreciable long-range order. The disk-like features in the
diffraction pattern suggest a liquid-like structure, where only
short-range molecular correlations are present.15

In order to further characterize the structural properties
of the synthesized nanotubes, X-ray diffraction (XRD)
measurements were carried out on pentacene nanotube arrays
embedded in porous alumina membranes; see Supporting
Information. To investigate the thermal stability of pentacene
during melt wetting, XRD data were first acquired for a thick
film of pentacene, prepared under similar conditions to the
melt-wetted nanotubes; see Figure 3a. The strong peak
observed in theΘ-2Θ scan at 2Θ ) 6.17° corresponds to
ad(001) value of 14.4 Å, characteristic of the pentacene bulk
phase.16 A weaker peak centered at 2Θ ) 6.3° indicates the
presence of a second pentacene polymorph, with a corre-
spondingd(001) value of 14.1 Å.16 Peaks observed at larger
2Θ values correspond tod(00l) peaks (l ) 2-6), together
with a strong peak at 2Θ ) 19.3°, which corresponds to the
d(110) reflection.16a All of these peaks show splitting (see
Supporting Information, Figure S2) indicating the presence
of two pentacene polymorphs in the thick film.16 Figure 3b
shows aΘ-2Θ X-ray diffractogram of an empty alumina
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Figure 1. (a) SEM image of a pentacene nanotube array following template
removal. (b) Higher magnification image of part of the back side of the
membrane used in part (a) following partial template removal.

Figure 2. (a) High-resolution tilted SEM image of the end of a single
pentacene nanotube. (b) Tilted SEM image of a pentacene “nanoflute”
formed by local FIB milling. (c) Magnified image of a single hole from
the nanoflute shown in part b. (d) TEM image of a pentacene nanotube
showing texturing. Inset: Selected area electron diffraction data. The disk-
like regions suggest a lack of long-range order within the tubes.

Figure 3. Θ-2Θ XRD data acquired for (a) a thick film of pentacene
prepared by melting pentacene powder, (b) a blank alumina template, and
(c) an array of pentacene nanotubes embedded in an alumina template.
Inset: magnified view of the nanotube peak observed at 2Θ ) 37.9°. (d)
Rocking-angle (Ψ) data (triangles) acquired for this peak. The curve shows
a Gaussian fit to the data, with full width at half-maximumwfwhm ≈ 1.7°.
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membrane. Three broad peaks are evident, centered at 2Θ
) 14.3°, 17.1°, and 25.9°, respectively, in agreement with
literature reports.17

Figure 3c shows a diffractogram acquired for an array of
pentacene nanotubes embedded in an alumina membrane.
In addition to the three peaks observed for the blank
membrane in Figure 3b, a weaker peak with maximum
intensity at 2Θ ) 37.9° was also observed; see Figure 3c
(inset). This peak corresponds to thed(006) peak for the thick
film data shown in Figure 3a with ad spacing ofd ≈ 2.37 Å.
The absence of the lower angled(00l) reflections, together
with this smalld spacing, suggests short-range herringbone-
like packing with the long axes of pentacene molecules lying
parallel to the pore long axis.16a Rocking-angle (Ψ) scans
were then performed in order to investigate the degree of
molecular alignment within the nanotubes.Ψ is defined as
the angle between the scattering vector and the sample
surface normal; see Supporting Information, Figure S1.
Figure 3d shows rocking-angle data acquired as a function
of Ψ for successive scans of the 2Θ ) 37.9° peak shown in
the inset to Figure 3c. For each scan, the maximum peak
intensity was plotted againstΨ. Fitting the acquired data to
a Gaussian line shape yielded a full width at half-maximum
value,wfwhm ≈ 1.7°. The correlation length (Lcorr) associated
with this reflection can be calculated fromwfwhm by means
of the Debye-Scherrer method, yieldingLcorr ≈ 5 nm; see
Supporting Information. The appearance of the 2Θ ) 37.9°
reflection for the pentacene nanotubes and the angular
dependence of its intensity suggests short-range alignment
of the pentacene molecules. Thus, both the electron diffrac-
tion and the XRD data indicate a lack of long-range order
within the nanotubes.

Single nanotubes were electrically contacted using two-
terminal (source, drain) top-contact device configurations on
a range of oxide substrates. Figure 4a,b show optical and
tilted SEM images, respectively, of single nanotube devices
fabricated by drop-deposition of well-dispersed nanotubes
onto substrates, followed by thermal evaporation of arrays
of square gold contact electrodes through a TEM grid shadow
mask. Well-resolved electrode contacts to each nanotube are
clearly visible. Single nanotube devices were fabricated on
oxidized silicon substrates for electrical characterization
under ambient conditions. Figure 4c shows measured cur-
rent-voltage (I-V) characteristics for two typical devices
(1 and 2). For both devices, the data are linear and quasi-
symmetric for low bias voltages (-2.5 V < V < 2.5 V). In
this regime, the extracted device resistances (Ri, i ) 1, 2)
areR1 ) 10( 1 TΩ andR2 ) 22( 2 TΩ. For these devices,
the measured wire lengths (Li) wereL1 ) 3.3 µm andL2 )
4.2 µm. Taking the mean measured values for the nanotube

outer diameter (D ≈ 350 nm) and mean wall thickness (W
≈ 40 nm), the nanotube resistivity can be calculated,Fi ) π
Ri[D2 - (D - W)2]/4Li. This yields resistivity valuesF1 ≈ 3
× 105 Ω‚m andF2 ≈ 5 × 105 Ω‚m. The measuredI-V data
for the single pentacene nanotubes shown in Figure 4c dis-
play nonlinear behavior at higher bias (particularly for device
2), suggesting an injection barrier at the gold-pentacene
interface, in agreement with photoemission spectroscopy data
obtained for interfaces between pentacene and gold.18

In summary, we have presented a convenient synthesis of
pentacene nanotubes with good uniformity for key parameters
such as tube length, outer diameter, and wall thickness. While
initial structural data indicate an absence of long-range order
within the tubes, preliminary two-terminal electrical char-
acterization of single nanotube devices yielded resistivities
∼ 5 × 105 Ω‚m. Ongoing work is directed toward optimizing
synthesis and processing methods for demonstration of a
single nanotube transistor.
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Figure 4. (a) Optical and (b) tilted SEM images of top-contacted single
pentacene nanotube devices fabricated on oxidized aluminum substrates.
(c) I-V data for two single nanotube devices fabricated on oxidized silicon
substrates.
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