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We show that the growth of one-dimensional (1D) nanostructures of different phthalo-
cyanine derivatives (CuPcH 4, CoPcH 4, CuPcF;¢, and CoPcF4) can be directed by templates
of gold nanoparticles with precise localization and uniform widths. Furthermore, it is observed
that this process is exclusive for the phthalocyanine compounds. High resolution trans-
mission electron microscopy discloses that the 1D architectures are monocrystalline. The role
of the gold morphology is elucidated, and it is demonstrated that 1D organization of phthalo-
cyanine derivatives can also be promoted by gold films if sufficiently small crystalline grains are

present.

Introduction

The past decade has witnessed an increased demand for
devices based on semiconducting organic materials. In
contrast to conjugated polymer films which are com-
monly disordered, small conjugated organic molecules
can be grown controllably with an ordered structure,
fulfilling one of the requirements for high carrier mobility
films. Thus, small conjugated organic molecules have
become extremely attractive options for applications such
as organic field effect transistors (OFETs), organic light
emitting diodes (OLEDs), and organic photovoltaic cells
(OPVs).! 712 So far, enormous progress has been made in
optimizing the structural properties of organic thin films
to obtain improved device performance. However, one
prerequisite for the design of nanoscale devices with novel
functions is the bottom-up growth of one-dimensional
(1D) structures as successfully demonstrated already for
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inorganic semiconductors.’*~'> One-dimensional orga-
nic nanostructures, such as nanowires, nanotubes, nano-
ribbons, and nanofibers are expected to constitute a new
class of multifunctional materials for a vast field of
electronic applications including chemical sensors,
phototransistors, solar cells, nanoscale lasers, or minia-
turized devices. Just recently, several groups have re-
ported a significant improvement of the field-effect
mobility in organic nanowire transistors that is attributed
to the absence of crystalline boundaries and molecular
disorder.'®"! Recent studies have also proven that na-
nocrystalline donor/acceptor networks based on vertical
1D single-crystalline organic structures are very promis-
ing architectures for highly efficient solar energy conver-
sion since they fulfill the conditions necessary for both an
efficient exciton dissociation and an efficient charge
carrier collection.?*?
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In spite of the increasing number of reports on 1D
organic systems,'®~** the controlled growth of organic
semiconducting nanostructures still remains an experi-
mental challenge. The growth of 1D architectures with
single crystalline structures, tunable dimensions, and
spatial control are severe key barriers which must be
overcome to meet the requirements of future nanotech-
nology.

In a previous work, it was demonstrated that, in the
case of CuPcF ¢ compounds, vertical growth of uniform
organic 1D nanostructures deposited from the vapor
phase can be directed by templates of gold (Au) nano-
particles (see Figure 1).** This strategy enables precise
localization and packing density of the 1D structures and
promises an easy route for the controlled bottom-up
fabrication of 1D organic architectures. This work has
pursued the investigation to assess the suitability of this
strategy to other organic molecules and to clucidate the
role of the Au templates. The study has now been
extended to other planar phthalocyanine derivatives,
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Figure 1. Scheme showing the deposition process of the organic mole-
cules on silicon wafers decorated with arrays of Au nanoparticles. The
Au nanoparticles act as nucleation sites and are able to induce a 1D
growth mode for selected organic compounds deposited from the vapor
phase.

namely, CuPcH,4, CoPcF 4, and CoPcH 4, which exhibit
crucial different electronic properties.*> %’ Additionally,
we have chosen two other molecules with strong crystal-
line anisotropy, para-sexiphenyl (p-6P) and N,N'-dioctyl-
3,4:9,10-perylene tetracarboxylic diimide (PTCDI-Cy),
which were reported to form needle-like structures under
appropriate conditions.'”* 73 It is shown that a selective
and precise 1D growth mode is in general possible for the
aforementioned phthalocyanine derivatives. Scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) measurements have been performed
to give a detailed insight into the structural properties of
the 1D structures. Furthermore, the impact of different
morphologies of Au templates has been investigated.

Experimental Section

Silicon wafers with a native oxide layer and silicon nitride
(Si3N4) membranes purchased from Plano GmbH were coated
by micellar lithography with pseudohexagonal arrays of highly
homogeneous Au nanoparticles whose diameter D and inter-
particle distance L are adjustable, as illustrated in Figure 1.4%%
The nanopatterned polycrystalline Au islands were created on
native silicon by electron beam lithography. In addition, Au
films were flame-annealed in air for about 1 to 2 min.

The organic compounds were evaporated by organic molec-
ular beam deposition (OMBD) in an ultrahigh vacuum (UHV)
chamber at a pressure of ~10~% mbar and a deposition rate of
1-6 A/min. Prior to any growth, all samples were cleaned by
hydrogen plasma treatment for 10 min and subsequently heated
up to ~150 °C for 2—3 h to remove any contaminants. The
phthalocyanine derivatives were purchased from Sigma Al-
drich. p-6P is commercially available at TCI Europe, and
PTCDI-Cg was synthesized from perylene tetracarboxylic dia-
nhydride (PTCDA) and n-octylamine. All compounds were
purified by gradient sublimation.
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Figure 2. (a—e) Scanning electron micrographs showing the growth modes of different molecular compounds with strong crystalline anisotropy. It can be
seen that 1D structures seem to be exclusive for the family of phthalocyanine molecules whose widths range between 15 and 35 nm.

Scanning electron micrographs were recorded by a field
emission scanning electron microscope (Zeiss Ultra 55) in back-
scattered electron imaging mode. High-resolution TEM images
were acquired in bright field imaging mode using a Philips
CM200 and a JEOL JEM 4000FX microscope operated at high
voltages between 120 and 400 kV.

Results and Discussion

Since silicon dioxide (SiO») is a flat and rather inert
surface, organic molecules generally form a multilayer
system with nearly vertical orientation.’® > Previous stu-
dies of CuPcF ¢ illustrated that this growth mode is
profoundly affected by the presence of Au nanoparticles
which act as nucleation sites, collecting diffusing molecules
on the surface and promoting their 1D growth mode. The
substrate temperature is a critical parameter and should be
chosen in such a way that it is sufficiently high for enhan-
cing 1D growth but being below the temperature at which
competing desorption processes occur. To explore whether
this strategy works successfully for other small weight
aromatic molecules, the growth of CuPcHs, CoPcF g,
CoPcH g, p-6P, and PTCDI-Cg on Au nanoparticle tem-
plates has been investigated for different temperatures
ranging from room temperature to 140 °C. Figure 2 shows
representative SEM images illustrating the resulting mor-
phology of the different organic materials onto the arrays
of Au nanoparticles. All phthalocyanine derivatives con-
sidered here show a selective 1D growth on top of the Au
nanoparticles (Figure la—c) which is favored at substrate
temperatures of ~120 °C. Whereas the length of these 1D
structures can be tuned by the amount of deposited
material, their widths seem to be an intrinsic parameter
of the specific molecule. In general, it is for all the
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phthalocyanine compounds visible that their widths com-
prise dimensions between 10 and 35 nm regardless of the
Au particle size. However, as we will show later, the 1D
growth is not completely insensitive to the Au particle size.
The role of the overall morphology regarding the Au
template will be discussed in detail later.

The template-induced 1D formation appears to be
exclusive for the family of phthalocyanines. As illustrated
in Figure 2d, p-6P ignores the Au particles growing
mainly in a thin film morphology with the formation of
only a few 1D structures. A similar scenario can be seen
for PTCDI-Cg, but here, the quantity of 1D architectures
is even less (see Figure 2e).

The generality of the 1D growth for different phtha-
locyanines and the extremely high uniformity of the
organic nanostructures suggest that the template-in-
duced 1D growth is an intrinsic self-organization prop-
erty rather than a purely kinetically determined growth
mode.

To get a deeper insight into the structural properties of
the phthalocyanine nanostructures, high resolution TEM
was performed. If not otherwise stated, all samples in-
vestigated have been grown at a substrate temperature of
~120 °C. The process of transferring the 1D nanostruc-
tures from the substrate to a copper grid covered with an
amorphous carbon film for TEM inspection is rather
inefficient and eventually leads to damage of the 1D
structures. As an alternative approach to analyze the as-
grown structures, we have employed Au nanoparticle
templates deposited on thin Si3sN4, membranes suitable
for TEM examination. During the coating process with
Au nanoparticles the membrane was partly perforated.
However, this turned out to be very advantageous since it
was now possible to measure the 1D structures growing
from edges. Typical TEM images are shown in Figure 3
for CuPcH ¢ (Figure 3a), CuPcF ¢ (Figure 3b), CoPcF
(Figure 3c), and CoPcH ;¢4 (Figure 3d). The inspection by
TEM of the 1D architectures grown on the Si;sN, samples
reveals similar nanowire-like structures. In general, both
roughly spherical Au nanoparticles and well faceted
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(a)

Figure 3. (a—d) Typical TEM images of four different phthalocya-
nine derivatives (CuPcH 4, CuPcF s, CoPcFi4, and CoPcH4) on SizNy
membranes. Note that parts (b), (c), and (d) reveal an organic wetting
layer of a thickness between 2 to 3.5 nm which grows around the Au
nanoparticles.

particles with hexagonal shapes are present. However, the
analysis of 1D structures grown on different particles
does not show any clear trend or correlation with the
particle shape. An interesting feature manifested by high-
resolution TEM is the formation of an organic wetting
layer of a thickness between 2 and 3.5 nm around the Au
nanoparticles. This layer is visible for instance in
Figure 3b—d surrounding the Au particles. Yet, it cannot
be unambiguously determined whether the growth of the
1D architectures occurs on top of the organic wetting
layer or on the bare Au since the 2D TEM projection does
not enable a reliable identification of the exact location
from where the 1D growth starts.

High-resolution TEM discloses that the organic 1D
architectures are monocrystalline. Figure 4a shows a high
resolution TEM image of a CuPcH;4 1D structure. A
periodicity of adjacent molecules of ~11.7 A s clearly
visible from both the TEM image and its Fourier transform
(see inset in Figure 4a). For CoPcH 4, a periodic structure
corresponding to a spacing of ~11.5 A was determined.
Special care was taking in recording the measurements
during the first minute of electron exposure since the
structural features completely vanish in a time scale of
~10 min due to electron beam damage. The observed
spacing proves a columnar stack of molecules parallel
to the growth direction. Because no other periodicity

Chem. Mater., Vol. 21, No. 21, 2009 5013

growth
direction

Figure 4. (a) High resolution TEM image disclosing a periodicity be-
tween adjacent CuPcH 4 molecules of ~11.7 A determined from both the
profile and the Fourier transform (inset) of the 1D structure. Parts (b) and
(c) present schemes which illustrate two possible structural arrangements
with the w—a stacking parallel to the growth direction or the growth of
standing up molecules.
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Figure 5. (a—c) Representative TEM images illustrating the correlation
between particle diameter and width of the 1D structures. (d) No 1D
structures are visible below a critical Au nanoparticle diameter of ~14 nm.
In the range between 14 and 40 nm, the 1D architectures exhibit rather
uniform widths in contrast to the regime above 40 nm where the widths
spread much more and multiple 1D structures grow from one Au
nanoparticle.

could be revealed, two potential packing geometries
are in accordance with this data, with the w— stacking
direction parallel to the axial (Figure 4b) or radial
(Figure 4c) directions. Both configurations require a mole-
cular tilt, a common growth scenario frequently observed
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Figure 6. (a—c) SEM images of phthalocyanines grown on different Au morphologies. (a) Organic 3D crystallites form on Au films with micrometer-sized
grains. (b) A reduction of the Au grain size (~100 nm) leads to a 1D growth mode. Hence, patterned Au nanostructures offer a route for the growth of 1D
organic structures with spatial control. (c) Templates of gold nanoparticles allow both precise control of the nucleation site and uniform widths of the

respective phthalocyanine nanostructures.

for phthalocyanines.>* ¢ In particular, the measured
dimension is in perfect agreement with the distance bet-
ween molecular columns of the a-form of CuPcH g,
where a lattice parameter of 23.9 A is reported for two
molecules per unit cell,”” with alternating molecular
tilts as shown in Figure 4b,c. Because w— stackingis a
strong driving force for the 1D anisotropic growth of
phthalocyanines, the configuration with the w—x
stacking parallel to the axial direction (Figure 4b)
seems to be the most reasonable and in agreement with
previous structural reports on the growth of CuPcH ¢
nanoribbons.'®* This configuration would also satisfy
the expectations of the strong interaction between the
molecule and Au substrate. On the other hand, the
mitigation of the molecule—gold interaction by an
organic wetting layer would favor the growth of stand-
ing up molecules (Figure 4¢), similar to the packing for
CuPcF,¢ nanotubes recently reported.>®

Although the width of 1D structures is not strictly
determined by the particle size, a detailed analysis by
TEM discloses that the Au particle size does play a role
in the growth process. We have done a detailed ana-
lysis for CuPcF 4. Figure 5a—c shows representative
TEM images of CuPcF,4 deposited on Au particles of
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different diameters. By evaluating the width of the 1D
structures grown on Au particles with varying size in
more than 90 examples, three distinct regions can be
distinguished in the corresponding plot (Figure 5d). A
region with Au particle sizes stretching from 0 to
~14 nm can be identified where no 1D structures are
evolving. For Au particles with diameters between ~14
and ~40 nm, 1D structures with rather uniform widths
are observed increasing from 6 to 19 nm with particle
size. For particles with diameters above 40 nm, the
values of the widths spread much more and the growth
of two or more 1D structures takes place (see
Figure 5a). In general, multiple (and thicker) 1D archi-
tectures growing from the same particle have in general
a shorter length as expected from mass conservation
arguments.

These results clearly show that larger Au particles are
disadvantageous for a uniform 1D growth. It can be
expected that polycrystalline Au can trigger the growth
of 1D nanostructures if the right conditions of the grain
size are fulfilled. To clarify the influence of the polycrys-
talline domain sizes on the growth mode, non-annealed
and flame-annealed Au films were employed as substrates
for the growth of phthalocyanine compounds. On flame-
annealed Au films which exhibit a polycrystalline struc-
ture with grains extended over several micrometers, the
formation of large 3D crystallites can be seen (Figure 6a).
This growth mode has been reported, and it obeys to the
completion of a few layers with the molecules oriented
parallel to the surface as a result of the interaction with
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the metal substrate,>®®* which is followed by the growth

of molecules in an energetically preferred standing-up-
right orientation.®>% The situation changes, however, if
the grains decrease in size. On non-annealed polycrystal-
line Au films with typical grain sizes below ~100 nm, the
self-organization of 1D structures is indeed observed. To
have spatial control, we have patterned the silicon sub-
strates by electron beam lithography fabricating nanos-
tructures of polycrystalline Au. As illustrated in
Figure 6b, the 1D growth occurs selectively on top of
the Au islands while a smooth film grows onto the
surrounding silicon substrate.®” In general, the amount
of 1D structures increases with the size of the respective
Au island diameter. In addition, as demonstrated on the
Au nanoparticles, longer 1D structures form on smaller
Au islands.

Although the role of the crystallinity and Au facets is
still undetermined, this work shows that both the size of
the facets and curvature are crucial factors to induce the
1D growth of phthalocyanines.
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Conclusions

To conclude, it is shown that the growth of 1D struc-
tures on templates of Au nanoparticles is a general
process for planar phthalocyanine derivatives. Such
selective one-dimensional growth does not occur for
other anisotropic organic molecules such as p-6P or
PTCDI-Cg suggesting a self-organization property
attributed to phthalocyanine compounds. It is proven
that the 1D architectures have a monocrystalline struc-
ture. From a statistical study of the impact of the
nanoparticle size, it can be concluded that a minimum
critical Au nanoparticle diameter is necessary to trigger
a 1D growth mode. We have demonstrated that the
ID growth of phthalocyanine derivatives can be pro-
moted by polycrystalline films if sufficiently small crystal-
line grains are present. Thus, the patterning of silicon
substrates with polycrystalline Auislands can be used as a
second route for directing the growth of 1D phthalocya-
nine structures.

The ability to grow 1D organic monocrystalline struc-
tures with precise localization and tunable dimensions of
both n- and p-type materials opens exciting possibilities
for the bottom-up fabrication of nanodevices and, in
particular, for attaining highly efficient charge carrier
collection and exciton diffusion efficiencies in nanostruc-
tured solar cells.
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