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There has been a recent surge of interest in the fabrication of
electronic devices from high quality single crystals of organic
semiconductors.1,2 The importance of using the single crystals stems
from the fact that intrinsic charge transport properties can be probed
due to the lack of grain boundaries and molecular disorder1sthe
defects commonly present in polycrystalline organic thin films.3
Such defects cause low mobilities and, therefore, reduce the performance of organic thin film transistors (OTFTs). In contrast,
mobilities as high as 20 cm2/Vs have been reported for singlecrystal rubrene transistors.2c Despite the high mobilities reported
for single-crystal devices, there are many factors limiting their
applications. In addition to the difficulties of fabricating good
electrical contacts on single crystals, the most challenging task is
handling the fragile crystals. Currently, single crystals are handpicked and made into an individual device, but this method is impractical for fabricating a high density of devices over a large area.
Our long-term goal is to understand the growth behavior of organic
semiconductors in order to selectively grow oriented single crystalline organic semiconductors in designated locations directly in a
device structure. In this communication, we report a method for
inducing site-specific growth of large oriented organic semiconductor crystals using micropatterned self-assembled monolayers (SAMs)
bearing the regions of oligophenylene thiols as nucleation templates.
Controlling the nucleation sites, sizes, and orientation of organic
semiconductor single crystals remains a challenge. Recently, a
number of new crystallization strategies have emerged, in which
specially designed organic substrates are used to control crystallization.4 Particularly promising crystallization templates are SAMs
of functionalized thiols supported on metal films that demonstrate
the ability to promote the nucleation and growth of inorganic
crystals with finely tuned crystal sizes, crystallographic orientation,
and crystal micropatterning.5 The use of SAMs as templates for
organic crystallization is, however, more limited. In the latter case,
selective nucleation would likely rely on van der Waals interactions
instead of ionic interactions critical at the organic-inorganic interface. This type of interaction at the SAM-organic crystal interface
has been recently demonstrated to control oriented growth of
molecular crystals.6 It has also been shown that by using patterned
SAM templates, site-specific crystallization of organic chargetransfer salts7a and selective deposition of pentacene films7b,c could
be achieved. The growth of large pentacene single crystals with
sizes up to 100 µm was induced by silicon surfaces modified with
a monolayer of cyclohexene molecules.8 The control over multiple
parameters of semiconductor crystal growth (i.e., orientation,
pattern, and crystal sizes) in one system has not yet been achieved.
†
‡
§

University of CaliforniasLos Angeles.
Lucent Technologies.
Stanford University.

12164

9

J. AM. CHEM. SOC. 2005, 127, 12164-12165

Scheme 1. Schematic Illustration of the Experimental Procedure
for the SAM-Induced Growth of Organic Semiconductor Crystals
from an Oligoacene/THF Solution10

With this goal in mind, we first examined the ability of various
SAM-modified gold substrates to template the formation of organic
semiconductor crystals. Oligoacene molecules were chosen for
crystal growth studies since they have been recently reported to
exhibit single-crystal field-effect.2a,b,9 Substrates modified with
SAMs of alkanethiols bearing methyl, amine, and carboxylic acid
end groups, as well as with monolayers of thiophenol, biphenylthiol,
and terphenylthiol (further referred to as -CH3, -NH2, -CO2H,
-P, -2P, -3P, respectively) were immersed in a saturated
anthracene/THF solution and allowed to evaporate over several days
(Scheme 1a).10 The nucleation density and surface coverage (%)
of organic semiconductor crystals were analyzed for at least 10
individual samples of each SAM.
The results showed that the nucleation density of anthracene
crystals formed on different SAMs increases in the following
order: -CH3 < -NH2 < -CO2H < bare gold < -P < -2P <
-3P, with the surface coverage of 1.0 ( 1, 1.9 ( 1, 2.4 ( 1, 3.0
( 1, 3.2 ( 2, 6.3 ( 2, and 23 ( 6, respectively.10 Anthracene
crystals grown on -3P SAMs exhibit uniform facet angles, δ1 and
δ2, when viewed down the surface normal (Figure 1a). Their X-ray
diffraction pattern showed only the (001) anthracene reflection and
its second-order peak.10 Computer simulation of the morphology
of an anthracene crystal nucleated from the (001) plane and the
corresponding angles δ1 and δ2 (Figure 1b) perfectly matched those
of the grown crystals. In this orientation, the anthracene molecules
are tilted by an angle of ∼26° from the surface normal, similar to
the 27° tilt of the molecules in the -3P SAM (Figure 1c),11 and
the intermolecular distance in the crystal’s a-axis direction has an
exact lattice match to the underlying -3P SAM in the next-nearestneighbor direction (Figure 1c,d). These data show that the -3P
SAM matches the molecules’ orientation and the packing of the
nascent anthracene crystal in the c*-direction, thus providing a
nearly perfect template for the oriented nucleation of the anthracene
crystals from the (001) plane. The ability to control the orientation
of organic semiconductor crystals is highly desirable since the
10.1021/ja052919u CCC: $30.25 © 2005 American Chemical Society
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Figure 1. Oriented growth of anthracene on a -3P SAM. (a) Optical
micrographs of anthracene crystals grown on a nonpatterned SAM by solvent
evaporation;10 scale bar ) 100 µm. Inset: High-magnification image of
single crystals showing the interfacial angles δ1 and δ2 analyzed in the
morphological study (δ1 ) 125.8 ( 2.6°, δ2 ) 109.7 ( 4.0°); scale bar )
10 µm. (b) Computer simulation of the morphology of an anthracene crystal
nucleated from the (001) plane (δ1 ) 125°, δ2 ) 110°). (c and d) Molecular
modeling of the (001)-oriented anthracene crystal on the -3P SAM, viewed
along the surface (c) and down the surface normal (d) (solid line shows the
unit cell of the crystal; red dotted line shows the unit cell of the SAM).

Figure 2. Optical micrographs of patterned arrays of anthracene crystals
grown on micropatterned SAMs. (a) -3P squares in the -CH3 background;
scale bar ) 300 µm. (b) -CH3 squares in the background of -3P; scale
bar ) 300 µm. (c) Large oriented single crystal of anthracene overgrowing
the entire underlying 100 × 100 µm square region of -3P; scale bar ) 50
µm. Method: solvent evaporation. (d) Patterned anthracene crystalline films
formed by dip-coating.10 Note the highly resolved edge in the pattern; scale
bar ) 300 µm. (e) Single crystal of 5-chlorotetracene grown by dip-coating,
occupying an entire 100 × 100 µm domain of the -3P SAM.

charge carrier mobility in a single crystal can vary along different
crystallographic planes.1
Having demonstrated that the -3P SAM is an effective template
for oriented crystallization of organic semiconductors, we then
addressed the possibility of controlling the location and the pattern
of nucleation. To achieve a better selectivity of patterned growth,
we designed the template with SAMs, which showed two extremes
in their templating activity: -CH3 and -3P. Micropatterned substrates with regions of -3P and -CH3 having different geometries
and relative sizes were made by microcontact printing (µCP).5a,b,10
These substrates were then placed in a saturated anthracene/THF
solution, where subsequent crystal growth occurred by solvent evaporation at an average rate of 2 mL per day over a period of several
days (Scheme 1a).10 As expected, highly localized crystal growth
onto oligophenylene thiol-patterned regions was observed (Figure
2a-c). Alternatively, dip-coating has also been used (Scheme 1b)10
to achieve selective crystallization of organic semiconductor
molecules (Figure 2d,e). Surface coverage of crystals grown on
micropatterned -3P regions increased to >95% (Figure 2) versus
23% for the nonpatterned -3P substrates (Figure 1a). Significantly,
we were able to grow large single crystals often occupying the
whole -3P region up to 100 × 100 µm in size (Figure 2c,e).
While we have yet to thoroughly construe the mechanism for
selective crystallization, our results suggest that site-specific
interactions between the semiconductor molecules and the oligophenylene SAMs may arise from π-interactions, which play
important roles in facilitating the oriented nucleation of organic
semiconductor crystals. The SAM of -3P can be regarded as a 2D
crystalline layer of oriented molecules that are chemically similar

to the nucleating organic semiconductor. As such, the oligophenylene-modified regions may act as surrogate crystal surfaces for
the nascent organic crystal and thus provide sites for effective
heteroepitaxy. For templates patterned with -3P and -CH3, the
flux of molecules to the growing crystals in the -3P region will
induce near-surface concentration gradients and deplete anthracene
molecules from the less active alkylthiol areas.10 As a result,
increased surface coverage and highly selective, patterned growth
of oriented semiconductor single crystals are observed. Similar
phenomena and its detailed mechanistic assessment have been
reported for high-resolution growth of inorganic crystals on
patterned SAM templates.5b
In conclusion, this work demonstrates that oriented, patterned
growth of large organic semiconductor crystals can be achieved
using SAMs micropatterned with regions of terphenylthiol as
nucleation templates. The ability to control various aspects of crystal
growth in one system provides a powerful technique for the bottomup fabrication of organic single-crystal devices. Ongoing work at
understanding the growth of organic semiconductors and optimizing
the conditions to achieve patterned growth of oriented individual
single crystals in selective regions over large areas for device
applications are being pursued in our laboratory. Preliminary
experiments show that functional transistors can be prepared with
organic single crystals patterned in -3P regions. Further optimization of device structure and performance is needed and will be
reported in due course.10 By directly growing crystals onto devices,
one can avoid handling fragile crystals.
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