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The high application potential of the so-called “plastic
electronics” has sparked a worldwide research activity in the
controlled and tailored growth of organic thin films.1 Among
the different explored materials, small aromatic molecules
have been recognized as promising candidates for future
applications, because they can be grown in films of high
crystalline order, thus fulfilling one of the important require-
ments to obtain high charge carrier mobility.2

Because the charge transport within the organic film is
directly dependent on its morphology and structure, a key
challenge is the controlled growth of highly ordered organic
layers. Up to now, the majority of the growth studies striving
for this goal have been carried out on inorganic substrates;3

however, many electronic devices, such as organic light-
emitting diodes (OLEDs), ambipolar transistors, or solar
cells, rely on taylored p-n organic heterojunctions. Although
numerous studies have been devoted to the performance of
devices based on p-n organic heterojunctions, there are
rather few structural studies addressing this important issue.4

In turn, our present-day knowledge on the physical principles
of the growth of organic heterostructures is still very poor.

In this communication we consider organic heterostruc-
tures based on fluorinated copper-phthalocyanines (F16CuPc)
and pentacene. F16CuPc is one of the few air stable organic
semiconductors showing n-type behavior,5 while pentacene
(C22H14) shows preferentially p-type behavior and is char-
acterized by its high charge carrier mobility. Combining in
situ X-ray diffraction and atomic force microscopy (AFM)
measurements we have obtained detailed insight into the
microscopic processes which take place during the growth
of F16CuPc onto pentacene.

For the X-ray measurements, performed at the beam-
line ID-3 in the ESRF (Grenoble) with a wavelength of
λ ) 0.72316 Å, a pentacene film with nominal coverage of
130 Å has been deposited at room temperature and a growth
rate of 4 Å/min onto an ultrasonically cleaned Si(100) wafer
covered by its native oxide. Afterward, F16CuPc has been
evaporated stepwise on the pentacene film, with coverages
ranging between 15 and 225 Å. One heterostructure consist-
ing of 100 Å F16CuPc deposited on 752 Å pentacene has
been grown at a substrate temperature of 65°C.

Figure 1 shows the scheme of the X-ray diffraction
experiment and the experimental results obtained. The
pristine pentacene film exhibits the well-known (001) and
(002) Bragg reflections (Figure 1b) corresponding to a
spacing of 15.6 Å between molecular layers, as reported in
previous studies for the thin-film structure.6

Upon room-temperature deposition of F16CuPc (Figure 1b),
the X-ray data reveal the growth of the expected standing-
up structure (called thes-structure in the following). Because
the F16CuPc s-structure presents layers with a height of
14.3 Å,7 which is essentially the same as the layer height of
the pentacene thin-film structure, the associated (001) and
(002) Bragg peaks (which are broadened in theqz direction
by the thin-film geometry) almost coincide for both materials.
Consequently, the growth of the F16CuPcs-structure gives
rise to a characteristic increase of the (001) and (002)
reflections, accompanied by a slight shift to higherqz-values
(see inset in Figure 1b).

Most interestingly, we also observe the development of a
new F16CuPc-related Bragg reflection atqz ) 2.0011 Å-1,
corresponding to a molecular distance of 3.14 Å. Because
this spacing is identical with the intermolecular distance of
cofacially oriented molecules, this observation gives a clear
evidence for the growth of a new structure of F16CuPc
molecules which lie flat on the pentacene surface (called the
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l-structure in the following). The associated mosaicity is very
small (0.017°) and close to that of the underlying pentacene
structure (0.015°), implying an extremely good alignment
of these crystallites with respect to the pentacene surface.
The coexistent growth of F16CuPc in thes- and l-structures
is also observed at the organic heterostructure grown at
65°C (Figure 1c). Thus, the emergence of the newl-structure
is most likely not a kinetic phenomenon8 but rather induced
by specific morphological details of the underlying pentacene
substrate.9

To further explore which morphological features are
responsible for these two competing F16CuPc growth modes,
we have performed extensive AFM experiments. Figure 2a
shows a topographic image of a pentacene film grown on
SiO2 with a nominal thickness of 40 Å, measured with a
commercial Omicron atomic force microscope in contact
mode under ultrahigh vacuum conditions and without break-
ing the vacuum upon transfer to and from the growth

chamber. The image reveals the layered pentacene structure
with monomolecular steps of∼15 Å. The same film upon
deposition of 60 Å of F16CuPc is shown in Figure 2b.10 The
F16CuPc growth results in an interesting morphology consist-
ing of islands of small lateral dimensions (50-100 nm)
which decorate the pentacene steps. Their heights vary
between 90 and 170 Å and, as we will discuss below, are
associated with the F16CuPcl-structure.

As a result of the similar heights of F16CuPc and pentacene
monomolecular layers (hF16CuPc) 14.3 Å vshpentacene) 15.6
Å), the identification of the F16CuPc s-structure in the
topography images is rather difficult. We have employed the
phase-shift signal, which is sensitive to the material-
dependent dissipative processes related to the tip-sample
interactions.11 This provides us with a tool to distinguish
between F16CuPc s-structure and uncovered pentacene at
samples with F16CuPc submonolayer coverage. This is
illustrated in Figure 3, depicting the topography (Figure 3a)
and phase-shift signal (Figure 3b) of a sample with 8 Å (0.56
monolayers) F16CuPc deposited onto 35 Å of pentacene. The
phase shift of the tapping mode (Figure 3b) discloses the
growth of the F16CuPc s-structure (darker) on top of the
pentacene terraces (uncovered pentacene appears lighter). The
crystallites of the F16CuPcl-structure are better distinguished
in the topography than in the phase images, because the
phase-shift contrast is just dominated by large changes at
the island edges caused by the limited response speed of the
feedback to abrupt topographic changes.11 The correlation
between topography and phase-shift signal is further clarified
in Figure 3c, which shows a cross section for both signals
on the same area (marked on the respective images) together
with the deduced distribution of the different materials and
structures which give rise to the observed topographic
features. Interestingly, the heights of the F16CuPcl-structure
crystallites show no apparent correlation with the pentacene
terrace size or with the coverage of F16CuPc s-structure,
suggesting that surface diffusion does not play a dominant
role on their growth.

The combined X-ray diffraction and AFM study reveals
the competing formation of two F16CuPc structures: the
s-structure grows on top of the pentacene terraces, while
the l-structure develops along the pentacene step edges
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Figure 1. (a) Schematic representation of the in situ X-ray diffraction
experiment. (b) Evolution of the specular X-ray diffraction data of a 130 Å
thick pentacene film upon subsequent deposition of F16CuPc. The inset
represents the evolution of the spacing (open symbols) and integrated
intensity (filled symbols) obtained from fits to the (002) Bragg reflection.
(c) Specular X-ray diffraction data of a heterostructure of 100 Å F16CuPc
on 752 Å pentacene grown at a substrate temperature of 65°C. The Bragg
peaks arising from the pentacene bulk phase are labeled with a prime
symbol.

Figure 2. Topographic AFM image (a) of a 40 Å thick pentacene film
and (b) upon deposition of 60 Å F16CuPc onto the same sample.
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(Figure 3c). Note here that the pentacene terraces expose
the (001) facets, which correspond to the lowest energy
pentacene planes.12 On top of this weakly interacting surface,
F16CuPc is able to adopt its energetically preferred standing
configuration, similarly to that observed for the F16CuPc
growth on other weakly interacting surfaces such as SiO2,7

Al 2O3,13 OTMS,7a or polymers.14 However, for F16CuPc
molecules at pentacene steps, the different energetic and
electronic environment at the step edges favors the orientation
of the phthalocyanines with its molecular plane parallel to
the surface. The fact that similar results are obtained at higher
substrate temperature (65°C) implies a rather strong interac-
tion (.kBT) of F16CuPc with pentacene at the steps. Once
an initial nucleus of molecules in thel-structure is formed,

a rapid vertical growth of this crystallographic face occurs
simply as a result of the strong interaction betweenπ orbitals,
favoring the cofacial vertical stacking and promoting the
observed morphology of narrow and high crystallites.

These results clearly demonstrate that the intrinsic ani-
sotropy of the organic systems gives rise to complex growth
scenarios which are not covered by current growth theories.
Because the steps of the underlying pentacene catalyze the
growth of the F16CuPc l-structure, this may be used for
controlling the morphology and structure of organic films
by the use of vicinal organic templates.
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Figure 3. (a) Topographic tapping mode AFM image of 8 Å F16CuPc grown on 35 Å pentacene. (b) Phase-shift image obtained simultaneously with image
a. (c) Topographic (top) and phase-signal (bottom) profiles of the same region (as marked on images a and b), together with a schematic representationof
the different molecules and structures forming the observed topographic features. The horizontal lines in the phase profile mark the mean values forthe
pentacene and F16CuPcs-structure. The vertical lines help with the correlation of both signals.
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