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†Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

*S Supporting Information

ABSTRACT: Well-defined DTBDT crystal microribbons were fabricated by a
solution processing method named as solvent vapor diffusion directly on the
surface. This procedure is based on exposing a drop cast solution to a saturated
solvent vapor atmosphere and allows to tune the dimensions of the ribbons simply
by controlling the concentration of the solution. The structural study indicates
single crystallinity and a molecular organization in the ribbons that is considered to
be favorable for the carrier transport along ribbon axis. In the device, individual
crystal DTBDT organic field-effect transistors exhibit mobilities as high as 3.2 cm2

V−1 s−1 and on/off ratios up to 1 × 106. This processing approach can be further
exploited for a broad range of other (macro)molecular semiconductors and
additionally bears great potential for practical applications.
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1. INTRODUCTION

Organic field-effect transistors (OFETs) based on one-
dimensional (1D) nano- or microstructures have attracted
continuous attention in recent years for their unprecedented
device performance and thus hold great promise for the field of
miniaturized organic and supramolecular electronics.1 Among
1D nano- or microstructures, single-crystal mircoribbons or
microwires are free of grain boundaries and molecular disorder,
facilitating directional charge transport and excition diffusion.2

High-performance OFETs based on such nano- and microsized
single-crystal ribbons or wires have been reported for various
small conjugated molecules. For instance, single-crystal OFETs
based on copper phthalocyanine nanoribbon exhibited hole
mobilities of 0.5 cm2 V−1 s−1,2a whereas single-crystal
microwires self-assembled from bis-phenylethyl-perylene-tetra-
carboxylic diimide showed an electron mobility of 1.4 cm2

V−1 s−1.2b Recently, mobilities even beyond 2.0 cm2 V−1 s−1

were observed for n- as well as p-type OFETs based on single
crystal ribbons of various small crystalline building blocks.2c−f

Inspired by the high performance of the single-crystal ribbons,
interest now is directed toward the assembly of the crystals and
the study of their electronic properties.
Up to now, the most commonly used methods to fabricate

organic single-crystals are vacuum deposition and drying the
solution to recrystallize the molecules. These techniques
yielded for various n- and p-type small molecules large two-
dimensional single crystals with FET mobilities far above 3 cm2

V−1 s−1.3 However, vacuum deposition is energy-consuming

and requires the employment of equipment, whereas solution
growth is time-consuming and takes the range of several hours
up to few days. Recently, solution processing methods such as
solvent vapor annealing (SVA)2d,m and precipitation in solvent
mixtures1a have been successfully employed to induce 1D
structures. Nevertheless, so far, it is still a challenge to grow
organic single crystals directly on the substrate and to
incorporate them into high performance FETs yielding
mobilities above 1 cm2 V−1 s−1, which is desirable for the
practical applications. In this communication, we report the
utilization of solvent vapor diffusion (SVD),4 which will be
described in more detail later in this work, for the fabrication of
micrometer-sized crystal ribbons of 1 (dithieno[2, 3-d;2′, 3′-
d′]benzo[1,2-b;4,5-b′]dithiophene -DTBDT, Scheme 1). Inter-

estingly, using cyclohexane as solvent for 1 and THF as solvent
vapor for diffusion, more than hundred of micrometers long
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Scheme 1. Molecular Structure of 1 (dithieno[2, 3-d;2′, 3′-
d′]benzo[1,2-b;4,5-b′]dithiophene, DTBDT
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crystals are assembled only in several minutes, resulting in high
p-type charge-carrier mobilities up to 3.2 cm2 V−1 s−1. The
structural analysis indicates single crystallinity of these objects.
Thin film OFETs based on 1 exhibit hole mobilities of up to

0.01 cm2 V−1 s−1.5a Notably, this mobility is obtained on an
untreated SiO2 insulator surface and spin-coated films with only
small crystalline domains, which hinder the charge transport
due to numerous grain boundaries. This value was further
increased to an average of 1.0 cm2 V−1 s−1 via dip-coating by
extending the size of the crystalline domines.5a However, one
can expect that this is not the ultimate device performance
because inevitably, grain boundaries even in uniaxially oriented
thin films affect the properties of semiconductors and reduce
the charge carrier transport between the electrodes. On the
basis of these data, it can be anticipated that higher hole
mobilities could be achieved by further elevating the structural
order of the molecules, for instance, in single-crystal ribbons.

2. EXPERIMENTAL SECTION
2.1. Self-Assembly via Solvent Vapor Diffusion. Several

droplets of 1 solution in cyclohexane (around 20 μL) are drop cast
on silicon wafer (1 × 1 cm2) that is exposed to an airtight container
saturated with solvent vapor (container volume: 500 mL filled with 50
mL of THF). Before the substrate was placed inside the container, a
saturated solvent vapor atmosphere was created. It takes 5 min for the
drop cast solution to evaporate completely in THF vapor. Here the
evaporation rate can be tuned via changing the size of container
without changing the THF amount. As soon as the drop fully
evaporated, it was taken out of the container for characterization. For
comparison, the same cyclohexane solution drop evaporates
completely within 1.5 min in air. All experiments were performed
under ambient temperatures.
2.2. Microribbon Characterizations. The micrographs of the

ribbons were recorded using a Zeiss Axiophoto microscope (with and
without polarizing filters) equipped with a Hitachi KP-D50 color
digital CCD camera. AFM images were obtained with a Digital
Instruments Nanoscope IIIa AFM in tapping mode. Transmission
electron microscopy (TEM) was carried out on a FEI tecnai F30 ST at
300 kV under liquid N2 cryoconditions. Electron diffraction pattern
was recorded using a Philips CM 12 electron microscope at 120 V
acceleration voltage. X-ray diffraction was performed on a θ−θ Philips
PW 1820 Kristalloflex diffractometer with a graphite-monochromat-
ized CuKα X-ray.
2.3. Device Fabrication and Measurements. For all devices,

heavily doped silicon wafers with a thermally grown silicon dioxide
layer 300 nm thick are used as substrates. The substrates were first
cleaned using sonication in acetone for 10 min, following by sonication
in isoproponal for 10 min, and finally these substrates were cleaned
with oxygen plasma for 10 min. Following, a self-assembled monolayer
of HMDS was deposited from the vapor phase using a vapor prime
system at 135 °C for 60 min. For the bottom gate, top contact OFETs,
source and drain electrodes with channel lengths of 25 μm are defined
by a shadow mask, followed by Au evaporation to a height of 100 nm.
All standard electrical measurements were performed in a glovebox
under nitrogen atmosphere. For air-stability test, the transistors were
measured in air. The device characteristics are measured with a
Keithley 4200-SCS.

3. RESULTS AND DISCUSSION

To grow crystal microribbons on the surface, we systematically
studied the self-assembly behavior of 1 via screening various
solution processing methods. Simple drop casting of 1 from
solution does not yield crystal objects or well-ordered thin
films. Instead, inhomogeneous and disordered patches on the
macroscopic scale appear when processed in this way from
conventional solvents such as THF (Figure 2a), chloroform

(Figure 2b), cyclohexane (Figure 2c), toluene, and chlor-
obenzene on HMDS-treated SiO2 surface. Reducing the solvent
evaporation rate by adding a cover over the droplet or by
applying solvent vapor annealing on the dry thin layer does not
distinctly change the film microstructure. As an additional
processing method, the precipitation in solvent mixtures also
does not result in surface crystals.
Therefore, SVD has been applied for the formation of crystal

microribbons of 1. This procedure is based on exposing a drop
cast solution to a saturated solvent vapor atmosphere in an
airtight container (Figure 1a). The first advantage of SVD is the

fine adjustment of the evaporation rate of the solution by the
right choice of the saturated solvent vapor. At the same time,
polar/apolar cosolvent conditions can be established under
which the solvent polarity forces solvophobic association
between the alkyl side chains.1a Particularly, the large variety
of processing parameters such as surface energy and solvent
polarity in the solution and vapor opens the opportunity to fine
balance dewetting effects and various forces including solvent-
molecule, solvent−substrate, and molecule−substrate interac-
tions in order to achieve the desired microstructure and
molecular organization on the surface. It is important to
underline that SVD significantly differs from SVA. As illustrated
in Figure 1b, the later method is based on post treatment of a
dry film in a saturated solvent vapor atmosphere.
After optimization of the SVD parameters such as solvent,

concentration, vapor atmosphere, crystal microribbons on
HMDS-treated SiO2 silicon wafer were obtained in short time
(5 min) by using cyclohexane as solvent for 1 solution at a
concentration of 0.1−1.0 mg/mL and THF as solvent vapor.
Thereby, THF vapor penetrates the cyclohexane solution and
interacts with both 1 and cyclohexane (Figure 1b). This
reduces the evaporation rate of the drop cast solution and
provides polar/apolar cosolvent conditions under which the
increase in solvent polarity forces solvophobic association
between the alkyl side chains in a similar manner like during 1D
self-assembly of surfactants and other amphiphilic molecules.1i

As a great advantage of this method, the length of the
microribbons is well-controlled from few tens to several
hundred of micrometers by simply tuning the concentration
of the compound in cyclohexane. At 0.1 mg/mL an average
microribbon length of around ca. 20 μm is apparent (Figure
2d), whereas at 1.0 mg/mL, microribbons longer than 200 μm
are grown (Figure 2f). The ribbon thickness also increases for
higher concentration, but not in the same extent as the length
(see Figure S1 in the Supporting Information). The thickness

Figure 1. Schematic illustrations of (a) SVD and (b) SVA. During
SVD, THF evaporates and saturates the atmosphere in an airtight
container to which a drop of 1 cyclohexane solution is exposed. In
contrast, during SVA, a dry film is treated by the saturated THF vapor.
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expands from an average value of 27 nm for 0.2 mg/mL to 68
nm for 1.0 mg/mL. Additionally, the variation in the thickness
enlarges with increasing concentration. It has to be noted that
the plot in Figure 2g does not take into account the number of
formed ribbons for each concentration, but only displays the
relation between dimensions of single ribbons and the
concentration.
Under the cross-polarized optical microscope, the micro-

ribbons exhibit a pronounced homogeneous birefringence and
strong optical anisotropy indicating high molecular order and
uniform orientation within the ribbon. (Figure 3a) A typical
microribbon scanned by an atomic force microscope (AFM)
reveals also a uniform width of ca. 2 μm and height of 30 nm
with an extremely low top surface roughness, which is an ideal
candidate for FET applications (Figure 3c, 3d).
To elucidate the molecular structure of the crystal ribbons, a

surface X-ray diffraction (XRD) in reflection mode was first
performed for a macrosopically large area with randomly
deposited ribbons (Figure 4a). Interestingly, although numer-
ous ribbons scatter the X-ray at the same time, only peaks
corresponding to a spacing of 1.85 nm appear. An identical
diffractogram has been obtained for the dip-coated thin film of
1 indicating the same molecular arrangement on the surface.5

For the ribbons, the spacing is close to the unit-cell parameter c
of the single crystal5a and is oriented perpendicular to the
surface. To further evaluate the exact arrangement of the two
other crystal planes a and b within the ribbons, which are
oriented parallel to the surface plane, transmission electron
microscopy (TEM) was used. The corresponding image of the
crystal microribbions is shown in Figure 4b confirming once

again their regular rectangular shape. The deeper insight into
the molecular organization is obtained from selected-area-
diffraction (SAED) pattern for one ribbon (Figure 4c). No
change in the SAED pattern is observed for different parts of
the same ribbon, indicating single crystallinity of the 1D object.
The analysis of the pattern revealed almost the same a = 0.57
nm and b = 0.63 nm unit parameters as found in the single
crystal reported previously,5a whereby a and c are slightly larger
in the ribbon. This minor increase can be related to the
different processing SVD method yielding the ribbons. The
crystal arrangement, in which the a plane is oriented along the
ribbon axis, is illustrated in Figure 5a and is favorable for the
transistor applications because it coincidences with the stacking
direction and the charge carrier transport.2d,6

Figure 2. Reflection optical microscopy (OM) images of drop cast 1
from (a) THF, (b) chloroform, (c) cyclohexane on HMDS-treated
silicon wafer; OM images of SVD 1 from cyclohexane under THF
vapor at a concentration of (d) 0.1, (e) 0.5, and (f) 1.0 mg/mL, and
(g) ribbon dimensions as a function of the solution concentration.

Figure 3. Cross-polarized optical images of microribbons obtained by
SVD from 1 at (a) 0 and (b) 45° rotation toward the polarizers (scale
in both POM images corresponds to 10 μm), (c) AFM image of a
microribbon crystal (scale corresponds to 2 μm), and (d) height
profile. The width and the height of the crystal are ca. 2 μm and 30
nm, respectively.

Figure 4. Structural investigation of the microribbons of 1 by (a)
XRD, (b) TEM image, and (c) SAED pattern of one single ribbon.
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For few organic semiconductors a trend has been found
between the crystal thickness and the charge carrier mobility in
a transistor.2d In general, the mobility slightly increases with
decreasing thickness, whereby it rises sharply below a critical
thickness.2o For instance, the critical value is around 100 nm for
F16CuPc and around 300 nm for pentacene. Therefore, crystal
microribbons of 1 were processed at a concentration of 0.3 mg/
mL for the FET applications yielding a length of 45 ± 8 μm,
width of 4 ± 2 μm, and thickness of 40 ± 5 nm. The resulting
microribbons were contacted using a shadow mask under an
optical microscopy and OFETs were fabricated by evaporating
source and drain gold electrodes, in this way establishing a
bottom-gate, top-contact geometry (Figure 5a, 5b). All
transistors exhibited typical p -channel field-effect character-
istics. An average mobility of 1.8 ± 0.3 cm2 V−1 s−1, and an
average on/off ratio of (6 ± 2) × 106 are determined for 20
individual devices, with the highest mobility of 3.2 cm2 V−1 s−1

achieved and an on/off ratio up to 6 × 106 (Figure 5c,d). Both
the average and the highest mobility values represent
approximately 2-fold improvement in comparison to the dip-
coated film which is attributed to the increased molecular order
and apparent reduction of domain boundaries within the
transistor channel. Moreover, lower threshold voltages of −24
± 5 V are obtained in comparison to the dip coated film (−39
± 6 V) because of decreased charge trapping at the organic/
insulator interface and within the semiconductor layer itself.7

Although in this study an HMDS-treated SiO2 dielectric
monolayer has been employed to decrease the charge trapping
at the organic/insulator interface, in our previous work, the dip-
coated films were deposited on a untreated SiO2 dielectric
leading consequently to higher threshold voltages.5a

4. CONCLUSIONS

In conclusion, by a facile solution processing method named as
solvent vapor diffusion, we successfully fabricated hundreds of
micrometers long DTBDT crystal microribbons directly on
SiO2 surface within short time (5 min). The dimensions of the
ribbons are tunable simply by controlling the concentration of
the solution. The structural study indicates single crystallinity
and a molecular organization in the ribbons which is considered

to be favorable for the carrier transport along ribbon axis. In the
device, individual crystal DTBDT OFETs exhibit mobilities as
high as 3.2 cm2 V−1 s−1 and on/off ratio up to 1 × 106. It has to
be emphasized that few examples of 2D single crystals lead to
significantly higher mobilities, but their processing and device
implementation is more demanding.3 We believe that our
processing approach can be further exploited for a broad range
of other (macro)molecular semiconductors and additionally
bears great potential for practical applications. The future
challenge is the implementation of such high-performance
ribbons in multiarray devices by using surface patterning to
accurately place and align the objects toward the contacts.8
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