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ABSTRACT: Using conducting probe atomic force microscopy (CAFM)
we have investigated the electrical conduction properties of monolayer ﬁlms
of a pentathiophene derivative on a SiO2/Si-p+ substrate. By a combination
of currentvoltage spectroscopy and current imaging we show that lateral
charge transport takes place in the plane of the monolayer via hole injection
into the highest occupied molecular orbitals of the pentathiophene unit.
Our CAFM data suggest that the conductivity is anisotropic relative to the
crystalline directions of the molecular lattice.
KEYWORDS: Oligothiophene, LangmuirBlodgett monolayer, current
sensing atomic force microscopy, molecular electronics, conduction anisotropy, lateral transport

T

he use of molecules as components of molecular scale
electronic devices is a ﬁeld of continuous interest, both in
its fundamental scientiﬁc aspects and for potential applications in
devices such as organic light emitting diodes and biosensors.13
However, the electronic properties of the molecules and the
correlation with their structure and assembly is still not well
understood. Such understanding is necessary for the discovery of
new properties and for the design of molecular scale devices.
Eﬀorts in that direction are underway in various laboratories. For
example, intra- and intermolecular charge transport mechanisms
have been studied in single molecules,4 in molecular monolayers,
in thin ﬁlms,58 in molecular crystals9 and in biomolecular
materials.10
Using conducting probe (current sensing) atomic force microscopy (CAFM) we investigated the electrical conduction properties of monolayer ﬁlms of an oligothiophene derivative, 4-(5⁗Decyl-[2,20 ;50 ,200 ;500 ,2000 ;5000 ,2⁗] pentathiophen-5-yl)-butyric acid,
or D5TBA for short (Figure 1a). Oligo- and poly thiophenes
are p-type semiconductors that have applications in electronic
devices and photovoltaics.11,12 The structural and mechanical
properties of self-assembled monolayers of D5TBA and of a
similar molecule, TD5TBA on mica, have been studied previously with AFM.1315
In this work, we show how electric charge is transported
over micrometer distances away from the point of injection
in monolayer thin ﬁlms of oligothiophene molecules. The
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experimental setup that made this study possible is an unconventional diode conﬁguration, where one electrode (the Si-p+
substrate) is covered by a thin insulating SiO2 ﬁlm and the other
electrode is a conductive Pt-coated tip of an AFM. The SiO2 ﬁlm
plays a crucial role because it prevents the conducting substrate
from short-circuiting the molecules, eﬀectively separating conduction channels through and across the molecules (Figure 1g).
The current ﬂowing laterally through the oligothiophene molecules is determined from the increase in tip-to-substrate current.
In other words, we do not measure the current between the AFM
tip and a laterally separated electrode;8,16 instead the lateral
transport is determined from its contribution to the current
ﬂowing from the CAFM tip and spreading through the molecular
ﬁlm before going to the substrate. We use CAFM to simultaneously determine the structure and the charge transport properties. CAFM has the advantage of preserving the structural
integrity of the ﬁlm, whereas contacting the molecular monolayers with microfabricated electrodes generally disrupts the
layers.
Structure of the D5TBA Monolayer. The molecular films of
D5TBA were prepared using the LangmuirBlodgett (LB)
technique. The typical morphology of D5TBA on native-SiO2/
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Figure 2. (a) Schematic top view of the Herringbone structure. Red
lines represent directions where the molecules are most closely packed.
These are the lattice rows resolved in the AFM images. Black and grey
segments represent the thiophene units (b) TEM image of islands on a
SiN substrate. The arrow indicates the a direction of the lattice in real
space on the ﬁngerlike domain where the diﬀraction pattern (c) was
recorded. (c) TEM diﬀraction pattern. Notice the absence of (1,0) and
(0,1) diﬀraction spots. The a direction in reciprocal space is shown by
the arrow.

Figure 1. (a) Structure of the decyl-pentathiophene-butyric acid
(D5TBA) molecule. (b) Topography of a characteristic monolayer
island of D5TBA on SiO2/Si. (c) Friction image, with dark corresponding to lower friction. (d) Image of the current measured at the tip at
2 V sample voltage. (e) Schematic representation of the D5TBA
island. Black lines represent domain boundaries, blue arrows indicate the
a direction of the molecular lattice (see Figure 2a). (f) Lattice-resolved
friction image of one domain; red lines indicate the molecular lattice row
directions in real space; the Fourier transform is shown in the inset. (g)
Schematic of D5TBA molecules on a silicon substrate covered by the
native oxide.

Si imaged by AFM is shown in Figure 1b,c. The film is always in
the form of flowerlike islands with an islandisland separation
determined by the surface pressure during emersion of the
sample from the LB trough. The height of the islands is
2.5 nm, which is smaller than 3.65 nm expected for fully extended
molecules. The friction force on the islands is always lower than
on the substrate (Figure 1c) due to the inert and lubricating
properties of the exposed alkane chains. The size of the island
varies from hundreds to thousands of nanometers. They are
composed of elongated fingerlike domains extending roughly
radially from the center as a result of nucleation from a point
close to the center (Figure 1e). The domains are separated by
boundaries that are particularly visible in friction images by the
larger value of the force as the tip scans over them (Figure 1c).

This is consistent with the general observation that structural
disorder gives rise to higher friction.17 The CAFM current image
shown in Figure 1d was recorded simultaneously with Figure 1b,c
and will be discussed below.
Figure 1f shows a lattice resolved AFM friction image from one
domain of the D5TBA islands on the SiO2/Si substrate. The
Fourier transform of the image (inset in Figure 1f) shows a nearly
hexagonal symmetry. We found that D5TBA ﬁlms deposited on
mica have the same morphology and structure as D5TBA on
SiO2/Si substrates. Lattice-resolved images of the mica substrate
obtained in the same experiment were used as a reference to
correct for image distortions due to thermal drift and nonlinearity of the piezo scanner. In this way, the spacing between rows of
molecules was measured to be 4.8 ( 0.4 Å and the angle between
lattice directions 60 ( 5. Such an apparent hexagonal lattice is
consistent with the well-known Herringbone structure commonly found for planar π-systems.5
In the AFM experiments, the AFM tip is in contact with the
alkyl chains and the orientation of the thiophene rings is not
visible. This and the fact that we measure similar row spacings of
4.8 Å for each direction prevents us from unambiguously
indexing the lattice directions in the images. To obtain more
information on the structure of the unit cell we used electron
diﬀraction in a transmission electron microscope (Figure 2). In
this experiment, monolayers of D5TBA were deposited on
hydrophilic SiN TEM windows using the LB method. As shown
in Figure 2b, the morphology of the islands is the same as on the
SiO2/Si and mica substrates. The diﬀraction pattern shown in
Figure 2c was acquired with a beam size of 100 nm through an
individual ﬁngerlike domain (arrow in Figure 2b) and shows
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Figure 3. (a) Current-sensing AFM image of D5TBA monolayer
islands on a SiO2/Si-p+ substrate at Vsample = 2.0 V. (b) Dependence
of the current on average island diameter (yellow squares) and on the
local width in the b lattice direction (blue circles) within islands.
Diameter and width are deﬁned in the inset by the yellow circle and
the blue arrows. (c) Schematic representation of the AFM-sample
contact. On the bare SiO2/Si substrate current only ﬂows through the
SiO2 in the contact area of the tip. Over the islands the current can ﬂow
laterally over a distance d, before tunneling through the SiO2. This gives
rise to the island size dependence.

strong (1,1), (1,1), (2,0), and (2,1) reﬂections. The conspicuous absence of (1,0) and (0,1) reﬂections is the result of glide
reﬂection symmetry in the p2gg space group, consistent with the
Herringbone structure of the unit cell of the D5TBA ﬁlm
(Figure 2a).
We also performed classical molecular dynamics calculations
to determine the most stable packing of the D5TBA molecules.
We have tested the CFF91 force ﬁeld,18 as implemented in the
LAMMPS code,19 as well as the COMPASS force ﬁeld.20 We
found a better agreement for the COMPASS force ﬁeld with the
experimental results. We have thus rescaled the Lennard-Jones
parameter σ by 87% in the CFF91 force ﬁeld to match the results
of the COMPASS force ﬁeld. This allows us to calculate large
systems with the LAMMPS code. Various initial structures and
lattice constants were explored. The lowest energy conﬁguration
after relaxation is indeed a Herringbone structure (Figure 2a)
with the D5TBA molecules inclined to give a ﬁlm height of
2.7 nm (Figure 1g). The calculated unit cell dimensions are a =
9.5 Å in the [1,0] direction and b = 5.5 Å in the [0,1] direction.
The lines in Figure 2a are drawn along directions of close
molecular packing, which correspond to the rows resolved in
AFM: two equivalent diagonal directions and a third direction
parallel to [0,1]. The spacing between parallel rows of 4.8 Å is in
agreement with the periodicity measured in the AFM images.
The structure measured by electron diﬀraction is similar to the
calculated one with a unit cell that was only slightly diﬀerent (a =
9.1 ( 0.4 Å, b = 5.9 ( 0.3 Å). Whether this small discrepancy is
due to substratemonolayer interactions is currently under
investigation.
We measured the orientation of the long axis in the ﬁngerlike
domains relative to the directions of the molecular lattice in both
AFM and TEM. AFM images of adjacent domains of D5TBA
monolayer on mica revealed that the molecular lattice had a ﬁxed
orientation relative to the ﬁngerlike domain short axis with one
lattice row direction being always orthogonal to the long axis of
the domains. The same comparison was done with TEM from
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which we conclude that the a = [1,0] and b = [0,1] directions of
the unit cell are respectively parallel (as shown in Figure 1e) and
orthogonal to the long axis of domains (see Supporting Information Figure S1).
Lateral Charge Transport and Anisotropy. The electrical
conduction properties of the D5TBA islands were studied using
CAFM. A net load of 15 nN was applied for a reliable electrical
contact without noticeable perturbation of the molecules. Much
higher loads however do affect the current, an interesting effect
that will be described separately in a forthcoming paper. Typical
current images are shown in Figures 1d, 3a, and 6a,b. The current
level at each pixel of the CAFM current image is the combined
result of (1) injection of charge carriers from the tip (substrate)
into the monolayer island, (2) transport through the monolayer
island, and (3) ejection from the monolayer island into the
substrate (tip). The first observation is that for negative sample
bias the current is higher on the islands than on the bare SiO2.
This seems counterintuitive: by adding material and increasing
the separation between the metallic tip and the substrate by
2.5 nm, the resistance of the junction decreases. In principle, the
addition of an organic layer in the junction can increase the
tipsample current by modifying the potential drop in the
junction.21 However, here we demonstrate that the higher current
level on the islands is due to lateral conduction across molecules,
which increases the effective electrical contact area.
Current images, as those in Figures 3a and 6a, show that at
negative sample voltage the current level is signiﬁcantly higher on
the larger islands. Figure 3b shows a loglog plot of the average
current for each island as a function of the island size at Vsample =
2 V. The current increases linearly with island size up to several
micrometers in the largest islands. The lattice periodic structure,
thickness of the monolayer, tipsample contact potential diﬀerence (CPD, not shown here), tip load, and the thickness of the
SiO2 are the same for all island sizes, although they may vary
locally within an island. Therefore we do not expect that the
barriers for injection and ejection of charge carriers in and out of
the islands vary with island size. Instead, we propose that the
island size dependence of the current at negative sample voltage
is the result of charge carrier transport laterally through the
monolayer (Figure 3c).
Lateral transport in SPM junctions containing nanometer-size
clusters of molecules was ﬁrst demonstrated by STM measurements of the apparent height as a function of cluster size.2224
CAFM provides a more direct method to determine conductivity
properties, since the tipsample distance is controlled independently of the transport current.25,26 Lateral conduction in a
molecular ﬁlm can become signiﬁcant if the barrier for carrier
transport from molecule to molecule is small compared to the
barrier between molecule and substrate. This can be illustrated by
a resistor network (see Figure 4c), where N + 1 parallel resistors
represent the intermolecule resistances (Rmol-mol). Each of the
molecules is connected to the substrate by a series resistance
(Rmol-sub). This leads to a reduction of the total resistance of the
junction for the 1D case as 1/R = (1/Rmolsub) + ∑N
n = 1(2/
Rmolsub + nRmolmol).2224 From this it is easy to see that it is
thanks to the thin insulating SiO2 layer that the lateral intermolecular charge transport can be clearly observed in our
measurements, that is, Rmol-sub is large compared to Rmol-mol.
On a substrate without oxide barrier, for example, Au, the vertical
transport through the D5TBA molecules is dominant. We should
emphasize that an ohmic resistor model does not realistically
represent the true transport properties of the molecules and
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Figure 4. Conduction anisotropy in resistor model and charge patch
calculations. (a,b) Calculated current images for a simpliﬁed island
geometry consisting of a square main body and a ﬁngerlike protrusion
using a resistor network. (a) isotropic conduction model, where
Rmol-mol,a = Rmol-mol,b. (b) Anisotropic conduction model where Rmol-mol,a
> Rmol-mol,b. (c) Resistor network consisting of resistors Rmol-mol,a and
Rmol-mol,b representing the contact resistance between molecules in the
a and b directions, and Rmol-sub representing the moleculesubstrate
contact resistance (for clarity only a small network is shown). (d) Top
ﬁve hole wave functions corresponding to a snapshot in a room
temperature molecular dynamics simulation of the 7  7 cell Herringbone structure. The globular shapes are isosurfaces enclosing regions
with 98% probability of ﬁnding the hole inside. The energies of the ﬁve
levels are 2.787 (blue), 2.758 (red), 2.746 (pink), 2.738 (black), 2.735 eV
(gray). (e) Plot of g (proportional to carrier mobility) as a function of
the angle R in the unit cell, with 90 corresponding to the b = [0,1]
direction.

the tunneling barriers of our tipmolecular islandsubstrate
junctions.
The graph in Figure 3b shows that the current scales linearly
rather than quadratically with island diameter. This demonstrates that the current level is not simply proportional to the
island area. It also suggests that the conduction is not isotropic.
In order to relate the lateral conduction to the structure of the
molecular lattice, we focus on the single-domain, ﬁngerlike
protrusions of the islands. We observe that the current level
increases from the end of the ﬁngerlike protrusions toward the
island main body. The current gradient is not continuous but
increases by steps when individual ﬁngerlike domains or
clusters of ﬁngers connect (this can be observed in Figures 1d
and 6a). To quantify these observations, we determined the
dependence of current on local width of the domains in the b =
[0,1] direction, that is, in the direction orthogonal to a ﬁnger long
axis (which points in the a-direction). This direction is indicated
by blue arrows in the inset of Figure 3b. The data in Figure 3b
(blue dots) show that the current scales linearly with local width,
which implies that the current is dominated by conduction
pathways in the b = [0,1] direction of the domains. To further
evaluate the eﬀect of conduction anisotropy we calculated current
images for a simpliﬁed island shape for isotropic and anisotropic
conduction (Figure 4a,b) using a 2D resistor network model
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Figure 5. (a,c,d) Kelvin probe microscopy images of the contact
potential diﬀerence (CPD) between the Pt AFM tip and a D5TBA
island (image size = 1.48  1.20 μm, NC-AFM parameters: f = 68kHz,
Δf = 30 Hz. KPFM sample voltage modulation: frequency fKPFM =
1.2kHz, amplitude AKPFM = 0.05 V). (b) Line proﬁles of the CPD along
the lines in each image (see also Supporting Information). Between (a)
and (c) the monolayer was point contacted by the tip at the position
marked * at a Vsample= 3 V. This resulted in a lowering of the CPD in an
area well outside of the tip-island contact. Between (c) and (d) the island
was point contacted at Vsample = +3 V resulting in an increase in the CPD.
Yellow lines mark the boundaries of modiﬁed contact potential.

(Figure 4c) (see Supporting Information). For an isotropic
resistor network the gradients in the current vary smoothly in
all directions, while the anisotropic network reproduces better the
characteristic gradients of the protrusions of the experimental
CAFM current images. These results suggest that transport
occurs preferentially in the b direction, where the thiophene rings
of adjacent molecules are parallel to each other.
We used molecular dynamics simulations in a periodic 7  7
supercell of D5TBA to gain a molecular level insight on the
dependence of conductivity on crystal lattice direction. We
calculated the hole wave functions and their overlap at room
temperature to estimate the anisotropy of the hole mobility. The
calculation was performed using the charge patch method,27
which has an accuracy similar to that of density functional theory
in the local density approximation. A snapshot of the top ﬁve hole
wave functions is shown in Figure 4d. The hole hopping
probability between states k and m is assumed to be proportional
to the square of the wave function moduli overlap
Z
2
Wkm  Mkm ¼ ½ jψðkÞ ðrÞjjψðmÞ ðrÞjd3 r2
where ψ(k) and ψ(m) are the wave functions for the roomtemperature structure (not the ideal zero temperature crystal
one), which are obtained from snapshots in the molecular dynamics
simulation. In recent work,28 we have shown that such overlap
integral approximates very well the full hopping matrix calculated
by taking into account the electronphonon interaction.
The function g, deﬁned as
gðRÞ ¼ Æ½ðxk  xm Þcos R þ ðyk  ym Þsin R2 Mkm 2 æ
is proportional to the diﬀusion constant and to the carrier
mobility by the Einstein relation (see the Supporting Information
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Figure 6. (a) current image at Vsample = 1.0 V, (b) current image at
Vsample = +2.5 V of D5TBA on SiO2/Si in dry N2. The outline of the
D5TBA islands has been superimposed (see Supporting Information for
more details). (c) Currentvoltage spectra acquired in the four locations marked in (a). The current is obtained by averaging selected
regions of the islands. (d) Schematic energy diagram of charge transport
through the tipmolecular islandSiO2Si junction. For Vsample < 0,
holes are injected in the HOMOs of the molecules contacted by the tip.
Holes move laterally through the islands across HOMO (H) orbitals of
adjacent molecules followed by tunneling through the SiO2. For Vsample
> 0 transport results mainly from direct tunneling with a small
contribution by lateral transport through the LUMO (L) levels.

for more details). This function quantiﬁes the angular dependence of hole mobility. In Figure 4e, we plot the dependence of g
on the direction R. The hole mobility is 30% larger in the b =
[0,1] direction than in the a = [1,0] direction, which is in
qualitative agreement with our experimental results.
An additional proof for lateral transport is provided by Kelvin
probe force microscopy (KPFM), which makes possible to detect
local potential distribution due to local dipoles and trapped
charges, which we could locally introduce by tip contact at
suﬃciently high voltages.29 Figure 5a shows a KPFM image of
an island, which appears more negative than the surrounding
substrate relative to the tip. The island was subsequently contacted by the tip at the locations marked by a star in (c) and (d),
ﬁrst at Vsample = 3 V sample bias (Figure 4c) and later at Vsample =
+3V (Figure 4d) (see Supporting Information). After contact at
Vsample = 3 V, positive charges became trapped, while after
contact at Vsample = +3 V the trapped charges were negative. The
amount of trapped charge increased with the duration of the
current ﬂow. The measurements however do not provide
information on the location of the trapped charges, that is, in
the D5TBA island or in the underlying SiO2. The results however
show that they can be found well outside of the CAFM tip
contact area of 50 nm, again showing that charge carriers injected
into the molecular islands move laterally. We note that the
probability of charge trapping was low, so that measurable eﬀects
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on the current images were only visible after prolonged current
ﬂow, much longer than that required to acquire a series of CAFM
current images.
Electronic Properties of the D5TBA Monolayer. The electronic properties of the D5TBA islands and of the exposed SiO2
substrate were studied by currentvoltage (IV) spectroscopy.
IV spectra were obtained by averaging the current over selected
regions in images acquired at sample bias between 3 V and +2.5 V
in 0.5 V increments (Figure 6a,b). The IV curves of the
PtSiO2Si junction (acquired on the bare substrate regions)
are consistent with tunneling through the oxide with no rectifying effect. The doping level of the silicon is such that it can be
considered as a metal. In contrast, IV curves acquired over the
islands show a rectifying behavior. For negative sample voltages
the current onset is close to 0.5 V, while for positive voltages
the onset is close to +2.0 V. Curves 1, 2, and 3 correspond to the
islands marked with the corresponding numbers in Figure 6a.
The curves have the same dependence but scale according to
their size. The images in Figure 6a,b were acquired at Vsample =
1.0 V and +2.5 V, which are 0.5 V below and above the current
onsets for negative and positive sample biases (for the complete
set see Supporting Information).
The rectifying behavior of a molecular junction30 can be
caused for example by Aviram-Ratner donoracceptor moieties,31
asymmetric tunneling barriers,3234 Schottky barriers,35 and
pinning of the electronic levels at the molecule/substrate
interface.36 The observed asymmetry of the current shown in
Figure 6c is best explained by pinning of the molecular orbitals to
the Si substrate Fermi level. Pinning leads to well-deﬁned
voltages at which injection of electrons and holes into the lowest
unoccupied molecular orbitals (LUMO) and the highest occupied molecular orbitals HOMO respectively becomes eﬃcient
(Figure 6d).37 Pinning to the substrate despite the interposed
oxide ﬁlm can be rationalized ﬁrst by the strong bond between the
butyric acid headgroup and the substrate, as compared to the weak
van der Waals interaction between the tip and the methyl end
groups of the alkyl chains. Second, the high lateral conductivity of
the monolayer eﬀectively enhances the contact area between the
thiophene part of the molecular ﬁlm and the Si substrate.
Unsubstituted oligothiophenes are p-type semiconductors with
the HOMO at 4 to 5.5 eV below the vacuum level, which is close
to both the Fermi level of Pt on the tip and of the Si.11 We
therefore conclude that the lateral conduction at negative sample
voltage is through the HOMO orbitals located approximately
0.5 V below the sample Fermi level (Figure 6e). This agrees with
the observation of trapped positive charge (holes, after a conduction measurement at negative sample voltage (Figure 5c). At
positive sample bias, the current increases only above +2 V but
remains well below the value measured in the tipSiO2Si
contacts outside the islands. KPFM demonstrated that at Vsample =
+3 V at least some electrons were injected in the monolayer
islands and that these were transported laterally. Two observations, however, suggest that the lateral electron transport does
not contribute substantially to the tipsample current at positive
sample bias; the current image of an island is virtually independent of island size and is not homogeneous, showing strong local
spikelike variations (see also Supporting Information). Lateral
transport would smear out such local current variations, as
observed for negative sample voltages. Therefore only limited
lateral transport occurs if an electron is injected into the LUMO.
The electron tunnels into the oxide more eﬀectively than
hopping to a neighboring molecule. Therefore we ascribe the
4111
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smaller current at positive sample voltages to a much-reduced
lateral mobility of the electrons, possibly in combination with a
reduced eﬃciency for electron injection in the LUMO. Mechanisms that could account for a reduced mobility include recombination and scattering by holes in the HOMO or a high density
of trap states for electrons.37
Conclusions. The structure of decyl-pentathiophene butyric
acid (D5TBA) islands on various substrates (SiO2/Si, mica and
SiN TEM supports) has been determined by a combination of
AFM topographical and friction imaging, transmission electron
microscopy, as well as molecular dynamics calculations. The
presence of an insulating oxide film between the D5TBA
molecules and the Si substrate electrode made possible the study
of lateral conduction, which led to a linear island size dependence
of the CAFM tipsubstrate current. The electrical properties of
the film on SiO2/Si were investigated by IV spectroscopy.
A strong rectifying behavior was observed with the current being
2 orders of magnitude higher at negative sample voltage, which
involves the HOMO orbitals, than at positive voltage. Conduction through the HOMO orbitals increases with island size up to
1.5 μm and shows clear signs of anisotropy with higher conductivity orthogonal to the domain growth direction, which
corresponds to the direction where π-orbitals of the thiophene
units overlap more strongly. Our study provides a clear link
between the molecular level orbital structure, crystallography,
and electronic properties of the films.
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Experimental details
The D5TBA oligomer was synthesized by Stille cross-coupling methods. The semiconducting
part of the molecule is the pentathiophene unit (5T). The butyric acid group (BA) serves as a
hydrophillic anchoring group and the hydrophobic decyl group (C10H21) improves solubility
and promotes ordering. Monolayers of D5TBA were prepared by the Langmuir-Blodgett
method. A volume of 1 ml of 0.1mM D5TBA in chloroform was deposited on the surface of
ultrapure water contained in a Teflon trough. After evaporation of the chloroform the
amphiphillic molecular layer floating on the water was compressed to surface pressures in the
range of 0-10mN/m before deposition. The substrates were mica and p-type Si(001) wafers
with a resistivity <0.00099 Ohm.cm covered by a native oxide 2.2 nm thick, as determined by
ellipsometry. No qualitative differences were observed in the structural and electrical
properties of D5TBA films on Si samples covered by native off-the-shelf oxide, or by oxides
prepared by oxidation in acidic piranha solution, or in pure oxygen plasma. The D5TBA
covered samples were heated to 90-100oC for several hours in a N2 atmosphere to remove
water.
AFM images were obtained using a 5500 Agilent AFM in contact mode in a dry nitrogen
atmosphere. For high-resolution contact-mode imaging, BudgetSensors 0.27N/m SiNi probes
were used. Current imaging and I-V spectroscopy were performed using 0.2N/m PtcoatedBudgetSensors ElectriCont-E probes. The p-type Si(001) sample was electrically
contacted to the voltage supply by a spring-loaded copper wire. A net load of 15nN was
applied for a reliable electrical contact without noticeable perturbation of the molecules.
TEM experiments were performed in a Jeol 2100F at 120kV on Langmuir-Blodgett D5TBA
monolayers deposited on a silicon nitride membrane. The membrane was previously treated in
oxygen plasma to make it hydrophilic. Electron diffraction patterns of single crystal domains
were obtained using a collimated parallel illumination, with a spot size of approx. 100nm and
corresponding flux of 10 electrons Å-2 s-1. To minimize the electron dose received by the
organic monolayer, the beam was scanned with a step size of 100nm and dwell time of less
than a second per pixel. More than one pattern was recoded at each pixel, each of them with
an exposure of about 0.2 seconds. Scanning transmission electron micrographs such as fig.2
(main text) were recorded after the acquisition of the diffraction data. The rotation between
the real space image and the diffraction patterns was taken into account and corrected for.
Kelvin Probe Force Microscopy (KPFM) was performed in a UHV environment at a pressure
RI Â-9 Torr. The cantilevers were Pt-coated doped Si with spring constant and resonance
frequency of 2 N/m and 75 kHz respectively (BudgetSensors Multi75E). We used single-pass
imaging, i.e. topographical and contact potential images were obtained simultaneously, with
the electrical modulation applied at a frequency far below the resonance frequency of the
cantilever. Topograhical feedback was done in frequency modulation, non-contact mode. For
the current spreading experiments, the tip was brought into controlled contact with the
monolayer only for the duration of the current injection.
1

Orientation of the domains
In order to establish a relation between the structure of the molecular lattice and the island
morphology we imaged the molecular lattice at high resolution with AFM on different areas
of a D5TBA island, in particular on the finger-like protrusions, which are single-domain
grains. In addition we recorded TEM diffraction patterns on various locations on an island.
The result of this analysis is summarized by figure S1, which shows the correlation between D,
the angle of the long axis of the grains with respect to a constant reference direction and E, the
angle between the a=[1,0] direction of the molecular lattice and the same reference direction.
The one-to-one correspondence indicates that the [1,0] direction is always parallel to the
grain’s long axis and consequently the b=[0,1] direction of the lattice is perpendicular to the
long axis.

Figure S1. Scatter plot of domains long axis direction versus direction of the a molecular
lattice vector [1,0] obtained for single grains by electron diffraction (orange circles), and
ODWWLFH UHVROXWLRQ $)0 \HOORZ VTXDUHV  7KH DQJOHV Į DQG ȕ DUH ZLWK UHVSHFW WR WKe same
UHIHUHQFHGLUHFWLRQ7KHOLQHĮ ȕVKRZVWKDWWKHORQJD[LVRIWKHGRPDLQVLVDOZD\VSDUDOOHOWR
the a=[1,0] lattice direction.



Resistor model for anisotropy in lateral transport
Figure 3 (main text) shows that the average current level of an island depends linearly on the
size, given by the island diameter. We model this by a 1D and by a 2D network of Ohmic
resistors, from which we derive the following relation:
N
V
V
I ¦ in
 ¦2
(for the 1D case)
Rmol sub n 1 Rmol sub  nRmol mol
N
Of course this linear approximation of the current dependence on the voltage does not
represent the realistic characteristics of the intermolecular and molecule-substrate transport.
Figure S2 shows conduction maps of a circular island where for each pixel the current
contributions are calculated for the 1D and for the 2D cases. The distance from the tip at
which the current contribution is still significant depends on the ratio Rmol-mol /Rmol-sub. When
N
V
this ratio is large there is no or only small lateral transport since V !! ¦ 2
.
Rmol sub

n 1

Rmol sub  nRmol mol

Because the current does not spread through the island the tip-sample current does not depend
on the island size (fig.S3p and q). On the other hand, when the ratio Rmol-mol /Rmol-sub is small

lateral transport is significant. In the extreme case the current
contribution comes from the
entire island width for the 1D case (figS3k) and for the entire area for the 2D case (fig.S3m)
and therefore scales with the island dimensions.
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Figure S2. Calculated normalized current as function of the diameter of a circular shape
resistor network consisting of (dashed blue) uncoupled arrays of resistors representing 1D
conduction and (solid red) a square lattice of resistors representing 2D isotropic conduction.
The current is shown for various ratios of Rmol-mol:Rmol-sub.
We calculated the current level at the center of a circular island as function of the island
diameter using a square resistor network for various values of Rmol-mol /Rmol-sub. Figure S2
shows linear scaling of the current with diameter (=length) of the network in 1D is only
obtained when Rmol-mol<<Rmol-sub. For the 2D case quadratic scaling is obtained in this case
and linear scaling is only found when Rmol sub | Rmol mol . When we approximated the island
shape in the experiments by a circular shape we observed a linear dependence on the diameter
(fig. 3 of main text).
The ratios Rmol sub : Rmol mol , which led to the linear dependence for 1D and 2D respectively,
 calculated current maps (fig.S3 c and f). For 1D there is no
show distinctive gradients in the
gradient in the direction along the resistor arrays. Because the current depends on the length
of the array, the current is lower for smaller widths resulting in a gradient in the perpendicular

direction
(fig.S3k and l). For the 2D case gradients exist when the area contributing to the
current approaches the island edge (fig.S3o).




We used a similar resistor network model to calculate the current variations for a
characteristic, simplified island shape consisting of a rectangular main body and a triangular
protrusion representing a finger-like domain (Figure S4). Instead of using 1D arrays of
resistors or a 2D isotropic network we use two separate resistors to represent the molecule-tomolecule resistance: Rmol mol,a in the a direction and Rmol mol,b in the perpendicular b direction.
In figure 4a and b of the main text we show the results for the two situations, which led to a
linear size dependence of the current, i.e. isotropic conduction with [ Rmol sub | Rmol mol,a,b and
],
and
anisotropic
nearly-1D
conduction
with
Rmol mol,a Rmol mol,b


[ Rmol sub | Rmol mol,a !! Rmol mol,b ]. These current images were calculated for each tip position
by integration over all current paths contributing to the current.
 The calculated current paths
contributing to the total current for one single pixel contact point (the CAFM tip position) are
shown in figure S4 a-c. The isotropic conduction paths are a function of the distance away
from the tip position. For the anisotropic case there is nearly no distance dependence in the b
direction and a strong decrease in the a direction. The entire width in the b direction
contributes to the tip-sample current.

3

Figure S3. Current maps calculated for various Rmol-mol:Rmol-sub ratios. (a-e) for a circular
island containing a 2D resistor network. (f-j) for a 1D resistor network. (k,l) For the 1D case
and a small molecule to molecule resistance the current flows through the entire array and
depends on the length of the resistor array and therefore on the local width of the circular
island. (m) For the 2D case and small molecule to molecule resistance the current flows
through the entire resistor network, irrespective of the position of the tip contact. (n,o) For
both 1D and 2D: when there is an appreciable molecule to molecule resistance current flow
laterally through the network is limited. For contact locations at the center of the island the
current is uniform, however the current level is reduced and a gradient exists. (p,q) For 1D
and 2D: when the molecule to molecule resistance is large the lateral contribution of the
network is small leading to a uniform current map, with only gradients at the very edge of the
network (too small to observe).
Current images for various anisotropy ratios between the molecule-to-molecule resistance, i.e.
for various Rmol mol,a : Rmol mol,b and fixed Rmol sub , are shown in fig.S4e-h. The most striking,
but not surprising, difference between the current maps of fig.S4 e and h is the gradient in the
current level. For the isotropic case the gradients are small and isotropic and for the
anisotropic case no gradients exist in the b direction and strong gradients exists in the a

direction.
When we compare the calculated current images to the experimental CAFM images
(an example is given in figure S4d) we find that there is best agreement with anisotropic
conduction. In particular the large gradient at the position where finger-like protrusions
connect to the main body of an island shows strong resemblance. The agreement between
figure e and f suggests that there is no or little current flowing in the a direction and the
current only depends of the width in the b direction.
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Figure S4. Current paths contributing to the total current for a single contact point (pixel)
represented in grey scale (a) for isotropic conduction (Rmol-sub=Rmol-mol,a=Rmol-mol,b) for (b, c)
anisotropic conduction (Rmol-sub§5mol-mol,a>>Rmol-mol,b). By integrating all current paths for
each contact point pixel (CAFM tip position) we calculated the current maps of fig.4a and b in
the main text. (d) Experimental CAFM current map showing a characteristic gradient, which
is best reproduced by an anisotropic resistor network. (e)-(h) Current maps for a fixed Rmol-sub
and various anisotropy ratios Rmol,mol,a:Rmol,mol,b. The resistor network is defined in fig.4c of
the main text.
Current vs width in b direction
When we plot the experimental current level for several finger-like protrusions as function of
their local width we indeed find a linear dependence, shown as blue filled circles in fig.3b of
the main text. These data were obtained from the current map shown in fig.S5a. The
schematic in figure S5b illustrates that the width in the b direction may include grain/domain
boundaries. The anisotropy is therefore mixed with conduction through these boundaries. The
preparation of the D5TBA islands did not lead to single domain islands with sufficient spread
in the a and b aspect ratios to allow a pure analysis of the conduction anisotropy. The D5TBA
islands analyzed here always consisted of several domains separated by boundaries.

Figure S5. (a) Current-sensing AFM image of a D5TBA monolayer on a SiO2/Sip+ substrate
at Vsample= -2.0V and (inset) current as function of local width.. Blue lines indicate cross
sections where the local width and current were measured for the plot of the inset and fig3b
(the blue filled circles). (b) Schematic of the D5TBA island structure with blue arrows
indicating the local widths in the b direction of the molecular lattice.
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Electronic structure calculations
Room temperature atomic structures were obtained by taking a snapshot from the room
temperature molecular dynamics simulation. The top 10 HOMO wavefunctions were
calculated for 10 different room temperature molecular dynamics snapshots. Isosurfaces
displayed in fig.4d show that molecular orbitals are strongly localized. Carrier hopping is
likely the dominant transport mechanism in D5TBA LB monolayers.
Anisotropy of hopping probabilities
We estimate the hopping probability (which is linearly related to carrier mobility[1]) between
the states k and m as being proportional to the square of the wavefunction moduli overlap
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where \(k) and \(m) are the wavefunctions for the realistic room temperature atomic structure
(not the ideal crystal one) obtained as a snapshot from molecular dynamics simulation (some
of these wavefunctions are shown in Fig. 4d which demonstrates that these are well localized).
In our recent work [2] , we have shown that such overlap integral approximates very well the
full hopping matrix calculated by taking into account the electron-phonon interaction.
Next, we estimate the carrier diffusion constant using the following approach. The change of
carrier x-coordinate after n carrier hops taking place during time t is
'x 'x1  'x 2    'x n ,
where 'xi is the change of x-coordinate in the i-WKWLPHLQWHUYDOǻWi. For uncorrelated carrier
hops, it follows that
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The diffusion constant in the x-direction is by definition
'x
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Consider the i-WKFDUULHUKRSZLWKLQWKHWLPHVWHSǻWi from state k to all possible state m, we
have the average distance square within this time step as:
'x i

2

¦

2

x k  x m W km 't i ,

m

NRWHWKLVDQJOHEUDFNHWDYHUDJHLQFOXGHVFDVHZKHUHQRKRSSLQJKDVKDSSHQHGZLWKLQǻWi, and
Wkm 't i is the probability that the carrier will hop to state m. If we further take an average over
the initial state k (e.g., using a Boltzmann distribution, which is the initial state k distribution

in a random walk), we will have
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Here f(k) is the Boltzmann distribution of state k depending on its eigenenergy.
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Plug this into the above equation, and note that t

¦ 't

i

, then we have D x

D x* ,

i

and
Dx v

2

x k  x m M km 2

The above expression can be generalized to an arbitrary direction cos D,sin D other
than x as
2
2
 Dx v [ x k  x m cos D  (y k  y m )sin D ] M km
In Fig. 5b we plot the dependence of

g(D ) [ x k  x m cos D  (y k  y m )sin D ]2 M km 2
on the direction DJKDVPD[LPXPDWĮ  WKH>@GLUHFWLRQ DQGWKHPLQLPXPDWĮ 
0° in the [1,0] direction. This implies that the [0,1] direction is the preferred direction for
carrier diffusion. Since the diffusion constant and the mobility are linearly related by the

Einstein relation, the same conclusion can be extended to carrier mobility.
Kelvin probe force microscopy of trapped charges
Figure 5 of the main article shows KPFM data, which we used to show that charge carriers
can flow laterally and that these had opposite polarity for negative sample voltage (positive
charge corresponding to holes) and positive sample voltage (negative charges corresponding
to electrons). Figure S6 shows the complete set of KPFM images and a schematic illustration
of the subsequent KPFM imaging and point contacting the D5TBA island. When the CAFM
tip is brought in contact with the island a voltage is applied and holes/electrons are injected in
the D5TBA island, which flow laterally through the island. A small fraction of the charge
carriers is trapped either in the island or the underlying oxide. If we assume that the trapped
charge is proportional to the local current density during contact charge injection, then the
KPFM image represent the current profiles during the current flow. The KPFM images
however do not reflect the conduction anisotropy discussed above.
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Figure S6. (a) NC-AFM topography. (b-f) Contact potential different images obtained by
KPFM. (c,d) KPFM images obtained after point contacting the D5TBA island at positive
sample voltage. This resulted in a lowering of the CPD (indicative of trapped positive charge)
well outside of the point contact. (e,f) Same after point contact at negative sample voltage,
which resulted in an increase of the CPD (trapped negative charge) again well outside of the
point contact area. (g) Scheme of the sequence of KPFM and point contact measurements.
Current maps as function of sample voltage
Figure S7 shows the current images at various sample voltages, which were used for the IV
curves of fig.S7c and figure 6 of the main text; the color scales were adjusted for each image
for best contrast. Figure S7a and b show the topography and lateral force images respectively.
The current image at -0.5V shows that the current level on each island is nearly uniform (e.g.
for largest island at Vsample=-0.5V: average current <I>=-0.028nA, standard deviation
V=0.01nA; at Vsample=-2.5V: <I>=0.210nA, V=0.07nA) and shows no internal structure except
for the finger-shaped protrusions, which have a reduced current due to their smaller width (see
above). All current images in the range of -0.5 to -3.0V look identical, but with different,
increasing magnitude of the current level scale. This trend is consistent with lateral transport
of holes injected into the HOMO, which starts at Vsample=-0.5V as soon as the HOMO
becomes resonant with the Fermi level in the tip.
At positive sample voltage the spatial variations of current are different. The current levels are
not uniform within an island and local spike-like variations can be observed with lateral
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dimensions of 10-60nm (for largest island at Vsample=+2.5V: <I>=-0.031nA, V=0.054nA).
These variations in the current are reproducibly found at the same location on the islands, but
they did not correlate with structural variations of the islands observed in the friction images,
e.g. domain boundaries. We believe that these variations are visible because of a reduced
lateral conduction for electrons (i.e. at positive sample voltage). The variations in the current
reflect: (1) spatial variations in the tip-molecule contact; (2) the length scale of the lateral
transport; or (3) variations in the local resistance in the SiO2 substrate. Since variations in the
tip-molecule contact are expected to be the same for positive and negative sample voltages we
conclude that (2) or (3) are responsible for the observed variations. Also (3) implies a reduced
lateral conduction, because lateral conduction in the islands obscures variations in the local
resistance of the oxide layer below the island, as is the case for negative sample voltages.

Figure S7. (a) AFM topographic image of D5TBA island on SiO2/Si and (b) lateral force
(friction) image. (c) Current-voltage characteristics extracted from CAFM current maps. (d)
CAFM current maps from which the IV curves in (c) were extracted. At each sample voltage
the color scale of the current image is rescaled for maximum contrast. In all cases the
brightest color is assigned to the highest absolute current.
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