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The pick-up-stick transistor concept is demonstrated using materials that are both air-stable and fully solution
processable. In this paper, the thin film transistor (TFT) semiconductor is a bilayer structure with an array of
carbon nanotubes (CNTs) as an underlayer and an alkyl-substituted hexabenzocoronene (HBC) overcoat.
Electrical current flowing through the structure favors the low resistance CNTs, and therefore, the effective
channel length, transconductance, and charge carrier mobility are modulated by the CNT density. With this
structure, we measure a field effect mobility of 0.1 cm2/Vs which represents a factor of 6 improvement over
that of HBC without a CNT underlayer. All fabrication is carried out in a bright, air-filled environment.

Introduction
Research in organic electronics is primarily guided by the
desire to inexpensively manufacture a variety of electronic
devices such as RFID labels, displays, and memory storage
devices.1-3 Although the operational figures of merit for organic
devices are not expected to match those of contemporary
inorganic materials,4-6 organic semiconductors offer significant
processing and manufacturing advantages. Organic electronics
research has, therefore, primarily been an effort to achieve
adequate electrical properties, while processing in an ambient
environment using high throughput techniques such as inkjet,
thermal transfer, or reel-to-reel printing.7-11
In a soluble semiconductor, the parameter most commonly
used to evaluate device performance is the charge carrier
mobility (µ), and considerable research has focused on developing semiconductor molecules with increasingly large intrinsic
mobilities. Greater values lead to a wider range of available
switching frequencies, yet from a device standpoint, it is not
fully accurate to attribute this effect solely to the intrinsic charge
carrier mobility. Geometric factors including the channel length
(L), channel width (W), and gate capacitance (Ci) as well as the
driving voltage (Vsd) play equally critical roles, and a parameter
incorporating many of these quantities is the transconductance,
gm.6 The transconductance is related to the charge carrier
mobility by the following formula:

gm )

∂Id
W
= µCi Vsd
∂Vg
L

()

(1)

Although charge carrier mobility is indeed important, increasing
the channel width/length ratio also linearly increases the
transconductance, and therefore, channel length reduction, as
in high-resolution photolithographic approaches, is also a viable
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path to improved performance. Unfortunately, the cost of
photolithography is prohibitive in high volume production, and
therefore, the poor resolution of commercial printing techniques
(currently in the range 20-50 µm) becomes the primary factor
preventing the production of inexpensive organic electronic
devices. The situation can be improved, however, by printing
composite materials entirely within the equipment resolution
limits, which operate as if they had reduced effective channel
lengths. This is the essence of the “pick-up-stick transistor”
concept.12
In a pick-up-stick transistor, a pure organic semiconductor
with a known charge carrier mobility is combined with a high
conductivity, large aspect ratio material, such as carbon nanotubes (CNTs). This two-component semiconductor is applied
to a substrate and provided with source, drain, and gate
electrodes in a typical thin film transistor (TFT) geometry
(Figure 1a). Electrical interfaces between CNTs and a number
of organic semiconductors have previously been shown to create
exceptionally low resistance contacts,13,14 and therefore, composite devices are expected to benefit from low contact
resistance. In our case, the CNTs and semiconductor are applied
in a bilayer configuration, and three situations of interest occur
as the density of nanotubes in the underlayer is increased.15 At
low densities (Figure 1c), the effective channel length is
somewhat reduced by short-circuiting through the CNTs, but
the charge carrier mobility remains largely determined by that
of the semiconducting component. In this regime, a gradual
increase in performance is expected with increasing CNT
density. For large CNT densities (Figure 1e), interconnected
nanotubes provide numerous low-resistance routes between
source and drain electrodes. Under these circumstances, the
organic semiconductor has little influence over the electrical
properties of the composite, and the measured parameters are
essentially equivalent to random CNT networks.16-18 The target
of the pick-up-stick transistor concept lies between the two
extremes (Figure 1d). In this situation, a large fraction of the
channel is electrically short-circuited by nanotubes, yet finite
gaps remain which are filled with semiconductor. Any gaps near
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Figure 1. In the “pick-up-stick” transistor concept, the semiconductor
of a conventional organic transistor is replaced by a two-component
composite (a). In our case, the materials are tetraoxydodecyl-substituted
hexabenzocoronene (b), and carbon nanotubes. Three situations of
interest occur as the concentration of nanotubes is increased: subpercolating networks (c), marginally sub-percolating networks (d), and
fully percolating networks (e).

the dielectric interface may be switched by gate voltage
modulation and become the active component of the transistor.
Under these circumstances, we expect a transconductance
significantly greater than that of the pure organic semiconductor,
together with an on/off current ratio that remains large.
The pick-up-stick concept was first demonstrated with
homogeneous CNT/polythiophene (P3HT) composites and with
a CNT/pentacene system in a bilayer configuration.19,20 In each
case, large improvements in transconductance and carrier
mobility were measured; however, these particular semiconductors do have certain disadvantages when considering a scaleup to high throughput printed electronics. Pentacene, for
example, was deposited under vacuum, whereas P3HT was
handled under dark, low-oxygen conditions. In this paper, we
investigate the pick-up-stick concept using tetraoxydodecylsubstituted hexabenzocoronene (HBC, Figure 1b) as the organic
semiconductor.21-26 This compound is highly advantageous due
to its air-stability and processability from organic solutions, both
of which are properties critical to applications in low cost printed
electronics.
Results and Discussion
Hexabenzocoronene. The HBC semiconductor was synthesized and purified using a previously reported technique.21 At
room temperature and in the pure state, the raw semiconductor
is a yellow/orange compound that is readily soluble in chloroform and shows little propensity toward photooxidation in air.
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Crystallographic studies have predicted a monoclinic structure
with unit cell parameters a ) 24.414(4) Å, b ) 19.764(3) Å, c
) 8.7374(16) Å, and β ) 96.984(5)°. X-ray diffraction (XRD)
spectra of thin films spun from chloroform solution (see Figure
2a) are dominated by the group of peaks at 2θ ≈ 3.7°, 7.3°,
11.2°, 14.9°, and 18.6°, corresponding to multiple reflections
at a d spacing of 24 Å. This value agrees closely with the
measured periodicity along the a-axis, and we can assign the
set of peaks to the (h00) crystal planes. Few additional features
are present in the XRD spectra. The broad peaks centered at
roughly 2θ ≈ 27° and 42° do not markedly vary with processing
conditions and can be assigned to scattering in the amorphous
glass substrate. The absence of any additional (hkl) reflections
from the HBC semiconductor allows us to partially determine
the crystal orientation and place the a axis roughly normal to
the substrate surface. Periodicity in this direction is 24 Å, while
charge transfer is more likely to occur by transverse core-tocore hopping along an axis lying in the plane on the film.
The intensity of the XRD peaks varies strongly with processing conditions, with the most intense spectrum collected for a
sample prepared on a pretreated glass substrate (i.e., the substrate
was immersed in a 0.1 M solution of octadecyltrichlorosilane
(OTS) in toluene for 30 min prior to the application of the HBC
semiconductor) and annealed (for 1 h at 250 °C before cooling
at 1 °C/min to room temperature) following spin-coating. This
spectrum is shown in Figure 2a. (OTS pretreatment is thought
to provide a low surface energy substrate which limits molecule/
surface interactions, encourages crystallinity, and provides a
degree of orientation control.) The evolution of crystallinity in
the HBC semiconductor, as inferred from intensity variation in
the (200) (2θ ) 7.3°) peak, is tracked in the inset of Figure 2a.
Substrate surface treatments and postdeposition anneals clearly
improve crystallinity, and higher performance TFTs are expected
from these samples. Although temperatures as high as 250 °C
are not strictly compatible with printed electronics in many
applications, significant improvements in crystallinity are also
observed using more modest anneal temperatures. The (200)
intensity, for instance, increased from 35 to 640 counts when
an OTS treatment and anneal at 140 °C were used (Figure 2a,
inset), and both treatments are compatible with fabrication on
flexible PET substrates.
The ability of the HBC compound to self-organize is also
reflected in its UV-vis absorption spectra (shown in Figure
2b), as strong bathochromic shifts are readily observed between
solution and thin film forms. The primary peaks in the range
2.9-3.5 eV are assigned to various vibronic (π f π*)
excitations within the HBC core,27 and each is red-shifted more
than 0.1 eV when the system is transferred to the solid state.
Surface treatments and anneal steps, which enable increased
crystallinity as measured by XRD, also drive small additional
bathochromic shifts (e.g., a ∼0.02 eV shift is observed between
the curves in the inset of Figure 2b), and therefore, we can
correlate an increased crystallinity with a concomitant reduction
in the π f π* band gap.
Carbon Nanotubes. Critical to this study is the ability to
achieve well dispersed carbon nanotube suspensions without
degrading the electrical properties. Although many surfactants
effectively disperse CNTs, most are also insulating materials
with energy barriers prohibitive to electrical conduction. In our
case, HiPco single-walled CNT precursors28 were individually
suspended in a 1 wt % sodium dodecyl sulfate (SDS) aqueous
solution via sonication followed by ultra-centrifugation.29,30 The
CNT solution, flocculated by acetone, was then filtered while
rinsing with methanol to remove SDS. The solid material was
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Figure 2. Analysis of the HBC material. (a) XRD spectrum for HBC
spin-cast onto an OTS-treated substrate and annealed at 250 °C. The
intensity variation for the (200) 2θ ) 7.3° peak under various processing
conditions is shown in the inset. (b) UV-vis absorption spectra for
HBC in (1 wt %) chloroform solution (blue), as a thin film without
surface treatment or annealing (red), and as a thin film with both surface
treatment and anneal cycle (green). A limited region is magnified in
the inset.

then dried and re-dispersed in an aromatic organic solvent
(ortho-dichlorobenzene, oDCB). At this stage, the mixture
consists of 200 mg/L individual single-wall carbon nanotubes
in suspension with oDCB. Before application to a substrate,
the stock mixture was generally diluted with varying quantities
of oDCB to adjust the CNT density in the final film. An atomic
force microscope (AFM) image of a CNT film spin-cast at 1000
rpm from a 20 mg/L CNT dispersion in oDCB is shown in
Figure 3a.
TFT Fabrication. TFTs were fabricated on heavily doped
silicon wafers with a 3000 Å thermal oxide. Gold source and
drain electrodes were lithographically patterned on one wafer
face, and a gate electrode was applied on the other. In all cases,
we employ large channel dimensions (W ) 200 µm, L ) 20
µm) which are appropriate considering the end application as
inexpensive printed electronics. The wafer surface was OTStreated for 30 min prior to application of the semiconductor
components. The CNT/HBC semiconductor composite was
applied in a bilayer configuration, and all processing was
performed under ambient environmental conditions. The CNTs
(dispersed with varying concentrations in oDCB) were spincast at 1000 rpm and dried at 65 °C. HBC was applied directly
onto CNT-coated substrates by spin-coating (from 1 wt %

Figure 3. AFM images of CNT and CNT/HBC bilayers. Carbon
nanotubes spun from a 20 mg/L dispersion are shown in panel a, and
a thin HBC film spin-cast over a similar CNT-coated substrate is shown
in panel b. A height profile for the points along the red line is provided
in the inset of panel b, and the 26 Å steps are in good agreement with
the d-spacings observed by XRD. In panel c, an AFM phase image in
shown in a 150 nm thick region.

chloroform solution) at 1000 rpm. The samples were dried at
65 °C, annealed in air at 250 °C for 1 h, and cooled at 1 °C/
min to room temperature. AFM images of HBC/CNT bilayers
are included as Figure 3, panels b and c, and in the images,
HBC is continuous over the entire frame, with no CNTs or areas
of the Si substrate visible. Figure 3b shows a region of thin
HBC where an incomplete monolayer has formed above several
complete layers. A surface profile (along the red line) is shown
in the inset, and sharp boundaries can be observed between
layers. The measured height differences across a number of these
boundaries were tabulated and generally found to occur in
discrete multiples of ∼26 Å, a value which corresponds with
that of the 24 Å d spacing observed by XRD. This suggests
that the disordered CNT underlayer does not disrupt the
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crystallinity of the HBC and that its semiconducting properties
may be preserved in the bilayer structure. In Figure 3c, the
surface of a ∼150 nm sample is shown in a phase image, and
large crystal platelets remain visible in this thickness range.
Electrical Measurements. Electrical properties of the HBC
semiconductor, CNT arrays and CNT/HBC bilayers were
measured using a three terminal TFT characterization technique.
A gate capacitance of 11.5 nF/cm2 was used in all calculations
(i.e., a value equivalent to 300 nm of thermal silicon oxide).
Source and drain electrodes were energized with Vds ) -80 V,
and the gate voltage was swept from +20 V to -80 V, while
measuring the drain current (Id). Without CNTs, field effect
mobilities measured for the pure HBC compound were on the
order of 0.01 cm2/Vs. (Rather than reporting transconductance
values, most authors report field effect mobilities inferred from
plots of Id vs Vg, and therefore, we also report field effect
mobilities calculated using the procedure outlined previously.)21
The maximum value achieved without CNTs was 0.016 cm2/
Vs, and this value will be used as the baseline for all
comparisons with HBC/CNT bilayers. For CNT layers measured
before application of an HBC overcoat, no appreciable drain
current or gating effect was observed in samples prepared from
low concentration CNT dispersions (below ∼20 mg/L). Above
percolation, the electrical properties of a CNT network become
strongly concentration dependent. With a CNT concentration
of 50 mg/L (i.e., well above the percolation threshold), an
average effective mobility of 0.5 cm2/Vs was measured over
eight 200 µm x 20 µm devices, and the accompanying average
on/off current ratio was 50. In the past, some TFTs based on
percolated CNT networks have shown significantly greater field
effect mobilities; in a number of cases, values as large as 40
cm2/Vs have been reported.31,32 In these devices, CNTs were
generally grown by chemical vapor deposition (CVD) and
patterned by transfer-printing, and their improved field effect
mobility suggest that the performance of hybrid devices may
potentially be improved using similar materials and methods.
Using the pick-up-stick concept, it was found that the
semiconducting properties of the HBC system were considerably
improved with the addition of a CNT underlayer in the nearpercolation regime. In Figure 4a, a plot of the effective mobility
and on/off ratio measured for numerous CNT/HBC bilayer
devices is shown. In the figure, the concentration noted is that
of dispersed carbon nanotubes spin-cast to form the underlayer.
Due to the semirandom nature of the CNT spin, the semiconductor parameters for the CNT/HBC system cannot be fully
predicted from the initial concentration of nanotubes, but strong
statistical trends are apparent in the data. With nanotube
concentrations greater than approximately 30 mg/L in oDCB,
the devices have measured effective mobilities greater than 0.1
cm2/Vs and on/off ratios below 10. In the lowest concentration
regime, below approximately 20 mg/L, little change is observed
from the behavior of the pure HBC. No obvious variation in
the on/off ratio, and only a gradual increase in effective mobility
with increasing CNT content are recorded. In the intermediate
concentration range (20-30 mg/L), rapid variation is measured.
This concentration regime is associated with CNT densities near
the onset of percolation and represents the target of the pickup-stick transistor concept. The majority of our best performing
samples were fabricated from CNT concentrations in this range.
In order to map the field effect mobilities for individual
devices to their associated on/off ratios, the parameters for each
CNT/HBC device are directly plotted against one another in
Figure 4b. With 104 taken as a minimum acceptable on/off ratio
limit, mobility values on the order of 0.1 cm2/Vs are represented
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Figure 4. (a) Effective mobility (blue circle) and on/off ratio (red X)
of CNT/HBC bilayer TFTs as a function of CNT concentration during
spin coating. A sharp transition in the range 20-25 mg/L reflects the
onset of percolation. (b) The range of effective mobility and on/off
ratio values measured for individual CNT/HBC bilayer devices.

in Figure 4b. Compared to the 0.016 cm2/Vs established for
the best pure HBC devices, this represents a factor of 6
improvement over bulk HBC devices and pushes the HBC/CNT
system into the range of values achieved for P3HT.4 The P3HT
compound, which is generally considered among the bestperforming semiconductors processable from solution, must be
handled under low-oxygen conditions to preserve acceptable
mobilities, and therefore HBC/CNT systems carry a significant
advantage in that processing and device fabrication is possible
in an ambient environment.
Conclusions
By embedding high conductivity carbon nanotubes beneath
an organic semiconductor (HBC), the transconductance and
charge carrier mobility of the semiconductor have been significantly improved. For the CNT/HBC system, the effective
mobility was increased by a factor of 6 while preserving on/off
ratios above 104. In addition, the semiconductor/conductor
combination of HBC/CNT has the particularly advantageous
feature that all processing was completed in an air environment,
and no special precautions regarding the ambient lighting were
required. This renders the composite attractive in low-cost
electronics applications.
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