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The electronic properties of organic semiconductors are mainly
governed by both their molecular structure and the molecular
packing state which is significantly influenced by the growth
process.1-3 Therefore, controlled growth of organic semiconductors
at a molecular level such as in precise layer thickness (from
monolayer to multilayers), molecular ordering, and orientation is
an important but challenging topic for fundamental research and
practical application.2-4 Here we show controllable growth of
partially aligned monolayer to multilayer micrometer stripes over
large areas via a dip-coating method. Based on this unique growth,
we further investigate the field-effect property of these microstripes
with different numbers of molecular layers.

In organic field-effect transistors (OFETs) and OFETs-based
sensors, the first few layers of organic semiconductors, where charge
accumulation and transporting mainly occur, will determine the
device performance.3 However, OFETs based on ultrathin films
are rarely reported because of the difficulty to grow large-area, high
quality, and continuous ultrathin films. Until now, growth of
ultrathin organic semiconductor films with monolayer precision is
generally obtained by vacuum deposition,4 LB techniques,5a and
electrostatic force-based self-assembly.5b However, the first method
usually yields discontinuous patches because of 3D island growth.
The LB technique and the electrostatic force-based self-assembly
are restricted to compounds with special functional groups which
may compromise structural ordering and device performance. More
importantly, it is difficult, if not impossible, for all these methods
to realize aligned 1D organic semiconductor structure with a
controllable number of molecular layers.

Our approach to grow aligned microstripes on silicon with
monolayer precision is based on dip-coating (Figure 1b) with
varying pulling speed. A tetrathieno analogue of pentacene
(DTBDT-C9, Figure 1a) was employed in this work as a
prototype case. The selection of the compound is dependent on
(1) the strong π-π interaction between the large aromatic plane
and van der Waals interactions between long alkyl chains which
promote the self-assembly ability to form ordered and regular
nano/microstructures and (2) the ability of the series of
compounds to exhibit excellent field-effect properties.6

During the dip-coating process, the pulling speed (U) was
systematically adjusted and appeared to have a great influence on
the growth of DTBDT-C9, mainly on the number of molecular
layers (N) of microstripes, as well as on their fractal morphology.
Remarkably enough, by such a simple pulling method, monolayer
and bilayer stripes could be created over large areas, as revealed
by atomic force microscopy (AFM) images (Figure 1c and 1d; for
stripes with variable layer numbers see Figure S1). The surface of

the stripes is smooth (rms, 3-5 Å). The height along the stripes
with lengths from tens to hundreds of micrometers is uniform, and
the height of a monolayer (d1) is ∼2.06 nm. The corresponding
value of multilayers (dn) fits the equation dn ) N*d1, where N is
the number of monolayers.

Figure 2 describes the relationship between the number of
molecular layers (N) and the pulling speed (U). The number and
the distribution of the molecular layers decrease with increasing
speed; i.e., a higher pulling speed results in thinner and more
uniform layers. At a pulling speed below 20 µm/s, the stripes with
three to nine monolayers always occur together. The optical image
of large-area stripes formed at 5 µm/s reveals a dendritic structure
(Figure 3a). At a pulling speed of 30 µm/s, bilayer and monolayer
microstripes were formed (for their optical images, see Figure 3b

† Universität Münster.
‡ Max Planck Institute for Polymer Research.

Figure 1. (a) Molecular structure of DTBDT-C9. (b) Schematic diagram
of dip-coating process. AFM image and section analysis of (c) monolayer
and (d) bilayer microstripes.
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and 3c). More interestingly, the bilayer and monolayer stripes are
well separated from each other (Figure 3d) and are thus located at
different areas of the substrate. Large area (30 × 30 µm2) AFM
images of monolayer and bilayer stripes (as shown in Figure 1c,d)
as well as AFM measurements at different locations guided by the
microscope convincingly verify their uniformity. AFM measure-
ments also reveal that the trunk of the dendritic monolayer and
bilayer stripes is continuous and grain-free over tens to hundreds
of micrometers. The continuity and length of individual stripes as
well as the uniform large-area coverage facilitate the fabrication
of electronic devices. At 40 µm/s, a majority of large area monolayer
stripes and a minority of discontinuous islands can be obtained.
The morphology of monolayer stripes at this speed is similar to
the monolayer region formed at 30 µm/s (Figure 3c). Further
accelerating the speed to 60 µm/s leads to monolayer stripes and
more discontinuous islands (Figure S1a).

Figure 3 reveals two further important characteristics. The first
one is the dependence of stripe morphology on the pulling speed
or the number of molecular layers. In principle, pulling the substrate
from DTBDT-C9 solution yields a dendritic or fractal structure,
but the fine structure is different; i.e., the morphology and the
coverage of stripes vary with the number of molecular layers. This
phenomenon must be due to different growth dynamics and/or fluid

flow field in the meniscus near the contact line at different pulling
speeds. This feature of layer number-dependent morphology allows
one to easily determine the number of monolayers in the stripes.
The second finding is that all the stripes at different pulling speeds
are partially aligned along the pulling direction. Proper alignment
of one-dimensional structures will ensure optimal and reproducible
electronic properties as needed in device fabrication.

The self-assembly phenomenon reported here, i.e., control over
morphology, alignment, and the number of molecular layers arises
from the growth mechanism of DTBDT-C9 molecules in the dip-
coating process. The self-assembly of organic semiconductors in
dip-coating is essentially an evaporation-controlled process that
involves competing influences at the contact line among the
evaporation rate of solvent, pulling speed of the substrate, carrying
speed of solute by capillary force, and self-assembly speed of solute
molecules.7 Systematic studies about the influence of experimental
parameters including solvent, environment, concentration, temper-
ature, and substrate on growth processes is ongoing. Theoretical
modeling will be helpful to understand these complex kinetic
processes8 which is in progress as well.

To characterize the structure of these stripes, XRD measurements
with the θ-2θ scan mode were performed (Figure 4a). Multilayer
(N g 2) stripes yield multiple peaks at n × 4.2° (n g 1), which are
attributed to the diffraction of a (00l) crystalline lattice. This result
is indicative of high molecular ordering within the multilayer
microstripes. The exclusive appearance of a (001) peak for
multilayer (N g 2) stripes indicates that the (001) plane of the
DTBDT-C9 crystalline is parallel to the substrate; i.e., the DTBDT-
C9 molecule obliquely stands on the substrates (edge-on molecular
orientation, as shown in Figure 4b). The angle between the
molecular plane and surface normal is calculated to be 43.89°. This
type of edge-on orientation is beneficial to obtain good field-effect
properties because the π-π stacking plane is consistent with the
charge transporting direction.9 From the XRD pattern, the height
of the monolayer can be calculated as ∼2.10 nm which is nearly
equal to the value (2.06 nm) measured by AFM.

The growth of aligned stripes with a controllable number of
monolayers provides an elegant and practical experimental system
to study the charge transporting property in the real charge
accumulation and transporting layer of OFETs. Therefore, top-
contact transistors with a channel length of 20 µm were fabricated
on these microstripes, especially on pure monolayer and bilayer
microstripes. The continuity of the stripes eliminates the influence
of grain boundaries on the field effect and discloses the intrinsic
electrical transporting characteristics of the semiconductor material.
Interestingly, the FET measurements indicate that multilayer (N g
2) stripes exhibit good field-effect properties, while almost no field-
effect characteristics can be detected for the monolayer stripes, both

Figure 2. Evolution of the number of molecular layers (N) with pulling
speed (U). The size of the symbol represents the schematic (not real)
distribution of each layer at a given speed. 0 layer denotes a discontinuous
island.

Figure 3. Optical images of large-area stripes of (a) mixed multilayer, (b)
pure bilayer, (c) pure monolayer, and (d) cross area between bilayers (right
part) and monolayers (left part). The red arrows indicate the pulling direction.
The blue curve in d is marked as boundary line between bilayers and
monolayers for better inspection.

Figure 4. (a) XRD patterns of stripes with different layers. Curve a,
monolayer; b, bilayer; c, 3-5 monolayer; d, 4-9 monolayer; e, thick film
prepared by drop-casting. Curves b-e are shifted horizontally with a step
of 3°. (b) Schematic diagram of DTBDT molecule packing on the substrate.
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in air and under vacuum. Figure 5a shows the evolution of field-
effect mobility with the number of molecular layers. It can be seen
that the mobility increases, but not significantly, with the number
of molecular layers. Furthermore, the threshold voltage for all the
different stripes is in the range -20 to -40 V, disclosing no obvious
dependence on the number of molecular layers. Figure 5b and c
display the output and transfer curves of the device of bilayer stripes,
while the inset in Figure 5c shows the optical image of the device
on multiple bilayer stripes. These data provide firm evidence that
the bilayer stripes possess well-behaved field-effect characteristics.
From the transfer curves (Figure 5c), the mobility (µ) of bilayer
devices in the saturation region, threshold voltage (VT), and on/off
ratio are determined to be 0.06 cm2 V-1 s-1, -20.5 V, and 8.9 ×
105, respectively. The maximum mobility (0.19 cm2 V-1 s-1) of
3-9 molecular layers is comparable to that (0.1-0.2 cm2 V-1 s-1)
of thick films prepared by drop-casting (the electrical curves of
the devices on multilayers (N g 3) are given in Figure S2).

To understand why monolayer stripes fail to reveal a field effect,
confocal fluorescence microscopy was applied for further charac-
terization in view of the spectral and spatial resolution. As clearly
seen in Figure 5d, the fluorescence spectra of monolayer (curve b)
and multilayer (N g 2, curves c and d) are different: the former
one is similar to that of an amorphous film (curve a, deposited at
the substrate temperature of approximately -100 °C from the gas
phase, showing a mobility lower than 10-6 cm2 V-1 s-1), while
curves c and d are similar to that of a single crystal (curve e,
prepared by slow evaporation of solvent from a diluted toluene
solution). This result strongly suggests that a monolayer stripe is
amorphous, while multilayer stripes consist of crystalline states,
which is also confirmed by XRD measurements. The peak at 440
nm for multilayer (N g 2) stripes is somewhat lower than that of
the single crystal, which may be due to the lower crystallization
degree or the presence of amorphous aggregates. The amorphous
character of a monolayer stripe is most probably induced by the
mismatch between the crystalline lattice of DTBDT and the

substrate and/or short self-assembly time due to quick solvent
evaporation at faster pulling speeds. Consequently, the presence
of an amorphous state accounts for the lack of field effects in
monolayer stripes.

In summary, this work presents the controllable growth of aligned
monolayer to multilayer microstripes of a prototype organic
semiconductor (DTBDT-C9) by varying the pulling speed in a dip-
coating process. The number of molecular layers decreases with
increased pulling speed. Lower pulling speeds yield mixed multi-
layers (3-9 monolayers). It is noteworthy that pure monolayer and
bilayer microstripes over large areas can be obtained at high pulling
speeds. The morphology of stripes exhibits a strong dependence
on pulling speed as well. Based on this unique growth, FET devices
were fabricated on these stripes. No field effect could be detected
in monolayer stripes due to its amorphous character, while good
field-effect behavior was found in multilayer (N g 2) stripes. The
controllable growth from monolayers to multilayers offers a
powerful experimental system for fundamental research into real
charge accumulation and transporting layers for OFETs.
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Figure 5. (a) Relationship between mobility and layer number of stripes.
(b) Output and (c) transfer curves of OFETs with bilayer stripes. Inset in
c is the optical image of OFETs device; the channel length is 20 µm. (d)
Confocal fluorescence spectra of (a) amorphous film, (b) monolayer stripe,
(c) bilayer stripe, (d) multilayer stripe, and (e) single crystal.
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