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Electronic transport was investigated in poly(3-hexylthiophene-2,5-diyl) monolayers. At low temper-
atures, nonlinear behavior was observed in the current-voltage characteristics, and a nonzero threshold
voltage appeared that increased with decreasing temperature. The current-voltage characteristics could be
best fitted using a power law. These results suggest that the nonlinear conductivity can be explained using a
Coulomb blockade (CB) mechanism. A model is proposed in which an isotropic extended charge state
exists, as predicted by quantum calculations, and percolative charge transport occurs within an array of
small conductive islands. Using quantitatively evaluated capacitance values for the islands, this model was
found to be capable of explaining the observed experimental data. It is, therefore, suggested that percolative
charge transport based on the CB effect is a significant factor giving rise to nonlinear conductivity in
organic materials.
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The interface between an organic semiconductor and a
dielectric layer plays a critical role in carrier transport in
organic field-effect transistors (OFETs), because the intrin-
sic transport characteristics are governed by only a few
molecular layers at the interface. Good organic conductors
often have a low-dimensional configuration, e.g., quasi-
one-dimensional (1D) structures or two-dimensional (2D)
layers. Nevertheless, a large number of fundamental ques-
tions remain to be answered regarding the charge-transport
mechanism, particularly in low-dimensional structures.
One such question concerns the nonlinear behavior that

is often observed in the current-voltage (I-V) characteristics
of organic conductors. Even for materials that exhibit good
linear I-V characteristics near room temperature (RT),
nonlinearity can occur as the temperature is reduced,
reflecting a decrease in conductivity. This effect has been
interpreted using a variety of mechanisms—such as charge
hopping, trapping, tunneling, and emission—either within
the organic material or at the interfaces. Explanations
have been proposed involving classical physical models
previously developed for inorganic materials; what these
explanations have in common is that the expression for the
current contains an exponential term involving the electric
field (E) and the temperature (T). However, the observed
nonlinearity cannot be fully explained using these conven-
tional models or combinations of them.
Recently, it has been reported that the I-V characteristics

obey a power-law relationship in low-dimensional organic
materials such as polymer nanofibers [1], nanotubes [2],
and polymer films [3,4], as is the case for carbon nanotubes
and inorganic quantum wires. The observed power-law

relationship for polymer materials has been put forward
as evidence for tunneling into a 1D Luttinger liquid
because of the quasi-1D structure of these materials
[2,3]; however, power-law behavior was also observed
for a three-dimensional (3D) polymer film [4]. The origin
of such power-law behavior in organic materials is still
under debate [5].
On the other hand, in inorganic granular materials, the

power-law dependence of the I-V characteristics has com-
monly been attributed to dissipative tunneling processes,
such as that associated with a Coulomb blockade (CB)
[6–8]. The CB effect has been confirmed during charge
transport through a single molecule spanning adjacent
electrodes [9,10], although it has rarely been suggested as
the origin of nonlinear conduction in larger condensed
organic conductor systems [4,11,12]. CB transport occurs
in systems consisting of an array of small conductive islands
connected by narrow junctions, provided the tunneling
resistance between neighboring sites is significantly larger
than the quantum resistance (≫h=e2), the capacitance
associated with each island is sufficiently small, and the
energy corresponding to an additional electron charge at
each site is large compared to kBT. Here, h is Planck’s
constant, e is the charge of an electron, and kB is
Boltzmann’s constant. Since the nature of the individual
sites (i.e., whether they are metallic, superconducting, or
semiconducting) is irrelevant [13], there is no reasonwhy the
CB effect should not emerge in organicmaterials that consist
of small conducting segments.
In the present Letter, an investigation into charge trans-

port is carried out through a 2D conjugated polymer
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monolayer. The nonlinear current observed at low temper-
atures is found to be consistent with charge transport
associated with the CB effect in an array of small
conducting islands (CB array). The extended charge carrier
state in a π-stacked polymer is calculated, and a structural
model is proposed for a 2D CB array in a conjugated
polymer monolayer. Estimates of the capacitance and CB
parameters using this model suggest the validity of perco-
lative charge transport based on the CB effect.
The organic conductor used in the present study was

highly ordered poly(3-hexylthiophene-2,5-diyl) (P3HT),
which is one of the most common organic polymers used
in OFETs. The regioregularity-induced lamellar P3HT
chains have a strong tendency to stack together (π − π�
stacking) and eventually form a 2D sheet. A liquid-crystal
hybridized Langmuir Blodget method [14] was used to
prepare an ideally spread monolayer consisting of uniax-
ially aligned P3HT lamellae on a water surface, and the
layer was then transferred to a solid substrate.
The monolayer appeared homogeneous and isotropic in

atomic-force microscopy images, although structural
anisotropy was clearly identified by polarized absorption
spectroscopy, grazing-incidence x-ray diffraction [14], and
electron spin resonance [15]. To carry out electrical
measurements, we used metal electrodes embedded in a
SiO2 layer grown on a Si substrate and with a thickness of
100–300 nm, as shown in Fig. 1(a). In order to minimize
distortion of the molecular film, the electrode surface was
planarized by mechanical polishing [16] until the height
difference between it and the SiO2 was less than 3 nm. The
P3HT monolayer was transferred onto the substrate with
the electrodes, with the molecular lamellae aligned along the
channel direction. In this study, more than 50 samples were
investigated, with channel length (L) and width (W) varying
in the range 100–600 nm and 250–2000 nm, respectively.
Measurements were carried out using a variable temperature
probe (TPP-4, Lakeshore Co., Ltd.) and a semiconductor
characterization system (Keithley 4200) in a vacuumof about
1 × 10−5 Pa under dark conditions. The samples were found
to behave as bottom-contact FET devices, and exhibited
good p-channel characteristics with a charge mobility of

0.001–0.1 cm2=Vs. Typical FET characteristics are shown
in Fig. 1(b). The temperature dependence of the contact
resistance was investigated for a device with multiple
channels with different lengths. Although the contact resis-
tance at room temperature was high, and comparable to the
resistance of the P3HT monolayer, the ratio of the contact
resistance to the total resistance decreased dramatically with
decreasing temperature because of the large increase in film
resistivity. At lower temperatures, where the CB effect
apparently emerges, the charge-transport properties are
dominated by the P3HT monolayer, with a negligible
contribution from the contacts. Detailed experimental con-
ditions are described in the Supplemental Material [17].
The current flowing through the P3HT monolayer

between two electrodes was basically measured without
deliberately applying any gate bias voltage (VG) at temper-
atures from RT to 4.2 K. Figure 2(a) shows the I-V
characteristics. It can be seen that the current decreases
rapidly with temperature. The lower pane in Fig. 2(a) shows
the I-V curves for temperatures of 150 K and lower on an
expanded current scale. Clear nonlinear characteristics can
be observed, and a different threshold voltage (VT), below
which no current flows, exists at each temperature. The
ability to detect a current at low temperatures is due to the
use of a P3HT monolayer and a short channel length. This
was not possible for either a P3HT monolayer with a
channel length of several microns or more, or a thicker
spin-coated P3HT film with a channel length of less than
one micron [17].
All of the I-V curves in the lower pane of Fig. 2(a) have

the same shape, but they shift to higher voltage as the
temperature decreases. Figure 2(b) shows the I-V charac-
teristics below 150 K plotted on a double logarithmic scale,
where the curves are made to coincide by subtracting
the VT values. It can be seen that at higher voltages, the
data can be well fitted using a straight line, indicating a
power-law relationship given by

I ¼ αðV − VTÞξ ð1Þ

with coefficients α and ξ. VT decreases with increasing
temperature as shown in the inset in Fig. 2(b), and the
relationship is expressed by

VTðTÞ ¼ VTð0Þ × ð1 − βTÞ; ð2Þ

where VTð0Þ is the threshold voltage at 0 K and β is a
coefficient. Equations (1) and (2) describe percolative
charge transport in a 2D CB array, as predicted by
Middleton and Wingreen [25]. The solid lines in the lower
panel in Fig. 2(a) are fits using Eq. (1) with α and ξ values
of 2 × 10−16 and 3.9, respectively. There is seen to be good
agreement between the experimental data and the fitted
curves. No better fit could be obtained using any other
nonlinear charge-transport model [17].

FIG. 1 (color). (a) Schematic view of planar gold electrodes
covered by a P3HT monolayer. (b) Typical field-effect transistor
(FET) characteristics of the P3HT monolayer, for a sample with
L ¼ 200 nm and W ¼ 500 nm.
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In the present study, three parameters are used to evaluate
charge transport in a 2D CB array: VTð0Þ, ξ, and the critical
temperature (T�) for the blockade effect. Individual con-
ductive islands are considered to have a self-capacitance C0

and to be coupled together by a capacitance Ci. For thermal
energy well below the charging energy, i.e., kBT ≪ e2=2C,
charge transfer is blocked until the potential difference
between the islands is lower than the local tunneling
threshold voltage. The observed VT for such an array is
the sum of that for each island that lies along the transport
path. The extrapolated value of VT at 0 K is VTð0Þ; it
provides information about the energy of the system,
although it is sensitive to the array size. Furthermore,
when charge carriers acquire sufficient thermal energy to
overcome the local threshold, i.e., when the temperature is
T�, VT vanishes and a finite conductance (G) appears at
zero bias voltage. Charge transport in the CB array
is basically percolative. Since the number of available
transport paths increases with voltage under low-power
conditions, the exponent ξ depends on the dimensionality
and configuration of the array [25,26]. For the approx-
imately 30 samples in the present study, with different L
and W values, VTð0Þ was in the range 3–12 V, T� in the
range 110–160 K, and ξ in the range 3.3–3.9.

The higher-temperature I-V curves, obtained from RT to
T�, exhibit a finite GV¼0. Figure 2(c) shows GV¼0 plotted
on a logarithmic scale against T−1=2. It is noteworthy that
the data closely resemble that reported for a monodisperse
inorganic quantum dot (QD) array [8]. The observed linear
relationship can be ascribed to an Efros-Shklovskii varia-
ble-range hopping transport mechanism [27], which takes
into account Coulomb interactions. The inset in Fig. 2(c)
shows the slope of the lnðGÞ-T−1=2 curves plotted against
mobility at RT. For the inorganic QD array, the slope of
lnðGÞ-T−1=2 was found to depend on the array dimension-
ality. However, for the P3HT monolayers in the present
study, no clear dependence on mobility or any other
parameter was found [17]. The difference between the
curves in Fig. 2(c) is considered to be due to variations in
the quality of the molecular film from sample to sample.
Figure 2(d) shows I-V curves obtained at 4.2 K for a

device with multiple channel lengths. It is clear that VT
linearly increases as the channel length L increases. This is
reasonable because VT is the sum of the local threshold
voltages along the current path, and is, thus, proportional to
the channel length L. From the shape of the curves in
Fig. 2(d), it is also clear that ξ (i.e., the incline of current
increase) decreases as L increases. This is consistent with

FIG. 2 (color). (a) Typical I-V characteristics from RT to 4.2 K, for a sample with L ¼ 500 nm and W ¼ 2000 nm. The lower chart
shows data obtained below 150 K. The colored solid lines are fits using Eq. (1). (b) Low-temperature I-V curves shown on a log-log
scale. The slope of the dotted line yields an exponent ξ of 3.9. The subtracted VT values are shown in the inset. (c) lnðGÞ at zero bias
voltage against T−1=2 for six typical samples. The inset shows the dependence of the slope of the lnðGÞ − T−1=2 curve on the mobility at
RT for 25 samples. (d) I-V curves obtained at 4.2 K for a sample with multiple channel lengths with W ¼ 2000 nm. (e) I-V curves
obtained at 4.2 K for sample with L ¼ 200 nm and W ¼ 500 nm, and different VG values.
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the results of a recent theoretical study, in which ξ was
found to depend on the aspect ratio of a 2D CB lattice [26].
Figure 2(e) shows typical I-V curves obtained at 4.2 K

for different values of VG. The VT value is seen to decrease
as VG becomes more negative. This is reasonable because
the charge carriers in P3HT are holes. A negative VG will
reduce the island potential, and, thus, the charge injection
threshold will decrease. The opposite effect may occur for
inorganic QDs. For QDs with a large C0, a negative VG is
expected to increase the amount of positive charge accu-
mulated in each island, thus blocking further hole injection.
However, in organic systems with a small C0, little charge
accumulation is expected, so most islands will still be
electrically neutral. Thus, a negative VG enhances hole
injection into p-type organic semiconductor QDs similar to
the case for conventional field-effect charge accumulation.
The experimental results are basically consistent with

percolative charge transport in a CB array. The question
then arises as to the fundamental nature of the conductive
islands in the P3HT monolayer. We have previously
reported that P3HT monolayers with an anisotropic struc-
ture exhibited isotropic conductivity [28]. In fact, even
during the low-temperature measurements performed in the
present study, no anisotropic behavior was observed. To
account for this, we previously proposed the concept of a
random distribution of defects, as shown in Fig. 3(a). The
semicrystalline structure of polymers generally comprises
highly ordered domains (crystallites) and amorphous
regions. The P3HT monolayer is considered to have a
larger fraction of in-plane-oriented domains than that of
conventional spin-coated films due to the two-dimensional
confinement. Our structural model is simplified, in that it
consists of a regularly stacked polymer backbone together
with fatal defects in the highly ordered domains. These
defects correspond to breaks in the π conjugation, i.e., the
ends of polymer chains, in addition to points where tilting
and bending of the molecular plane occur. Based on a
relative neighborhood graph method [29], small segments
with continuous π stacking were found to be bounded by
these defects. Polaronic charge carriers may be energeti-
cally stable in segments that are sufficiently large, such as
the colored segments in Fig. 3(a). It was concluded that 2D
charge hopping is the origin of the isotropic charge trans-
port in P3HT monolayers. However, the spatial extent of
the polaronic states in the segments was still uncertain.
The electronic states were next calculated for a single

positively charged π stacked polythiophene sheet cluster.
The calculations were based on DFT and were carried out
using the DMol3 program [20] with a 6–31þ G � � basis set
[30]. Figure 3(b) shows the upper unoccupied orbital
in a singly occupied molecular orbital. The degeneracy of
the half-filled highest-occupied molecular orbital was
removed, and a split occurred between the upper unoccupied
and lower occupied levels. The upper unoccupied orbital
corresponds to the charge state of holes in a square sheet of

P3HT. It can be seen that for an 8 × 8T cluster, the hole states
are concentrated in a circular region near the center, whereas
they extend throughout smaller clusters. The edge of the
sheet cluster can be considered to be a structural defect. Itwas
found that when a structural defect was intentionally intro-
duced into the 8 × 8T cluster, the hole states assumed an
elliptical shape to avoid the defect [17]. These results indicate
that the hole states in a π-stacked polythiophene sheet can
extend isotropically, regardless of the polymer direction.
These results support the 2D charge-hopping model in an

array of small segmentswith continuousπ stacking in aP3HT
monolayer. This array could be regarded as the equivalent of a
CB array, which consists of conductive islands and charge
tunneling barriers, as shown in Fig. 3(c). In this study, the CB
parameters VTð0Þ and T� were estimated for a P3HT
monolayer assuming an array of conductive disks with a
radius a, a thickness t, and a spacing d, as shown in Fig. 3(c).
Details are provided in the Supplemental Material [17]. For
an array of N2 disks with a, t, and d values of 1.5, 0.01, and
6 nm, respectively, the elemental threshold voltage
[VTð0Þ=N] is estimated to be 0.059 63 eV. For the case of
electrodes with a separation of 100 nm, N ¼ 19, and the
measured VTð0Þ is then expected to be about 1.13 V. At the

FIG. 3 (color). (a) Random defect distribution in 100 ×
100 nm2 area of a 2D P3HT monolayer. The defects were
connected using the relative neighborhood graph method; only
regions wider than a circle with a diameter of 5 nm are colored.
(b) Density-functional theory (DFT) calculation results for singly
occupied molecular orbitals, i.e., hole states, in n × nT sheet
clusters, where n n-thiophene oligomers are stacked with a π-π
distance of 0.37 nm. (c) 2D CB array model consisting of
conductive disk-shaped islands. Details concerning the defect
distribution simulation and DFT calculation results are provided
in the Supplemental Material [17].
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critical temperature, the simple relation kBT� ¼ eVTð0Þ=N
holds.However, at a finite temperature, the chargesmust have
a Fermi-Dirac energy distribution. Such thermal energy
considerations have been discussed in relation to percolative
transport by Elteto et al. for a 2D triangular array [31]. Based
on their approximation and the energy distribution, T� was
estimated to be about 111 K.
In the present study, the measured VTð0Þ and T� values

for samples with a channel length of 100 nm were 2.8–
4.8 V and 110–160 K, respectively. The estimated values
using the simple model described above are in reasonably
good agreement with the experimentally measured values,
although the calculated VTð0Þ was smaller than the
experimental values. This supports the idea that CB-type
charge transport can occur in P3HTmonolayers. The model
used in the present study was simplistic, and did not take
into account factors such as the structural deformation
energy or chemical redox effects in organic materials,
which are also likely to block incoming charges. Also,
the existence of the underlying dielectric layer might affect
the intrinsic capacitance of each island. It should also be
noted that these additional mechanisms would be expected
to change the critical energy for charge blocking, and
could, therefore, potentially be taken into account by
changing the capacitance values in the CB array model.
The importance of the present results is that percolative

charge transport may well explain experimentally observed
charge transport in low-dimensional organic materials. The
significance of the blockade effect, i.e., the difficulty of
charge injection from one conducting segment into another,
should also be stressed, since this has not hitherto been taken
into account when considering the charge-transport mecha-
nism in organic materials. Conductive segments in poorly
conductive organic materials are expected to have a smaller
electrical capacity, leading to a higher T� for the blockade
effect. The presence of structural disorder in organic
materials will obscure the emergence of a distinguishable
conduction threshold; ironically, though, such disorder is a
requirement for percolative transport. By considering both
the charge-blockade effect and the influence of structural
disorder, it is hoped that a clear understanding of charge
transport in organic materials can be achieved.
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