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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-
Dimas G. de Oteyz&Esther Barrena;** J. Oriol Os$¢ tures based on fluorinated coppg@hthalocyanines (ECuPc)
Stefan Sellnef,and Helmut Dosch and pentacene 1fCuPC is one of the few air stable organic
Max-Planck-Institut fa Metallforschung, Heisenbergstrasse ~ S€miconductors showing n-type behavievhile pentacene
3, 70569 Stuttgart, Germany, Institutrfliheoretische und ~ (Cx2H14) shows preferentially p-type behavior and is char-
Angewandte Physik, Ugersita Stuttgart, 70550 Stuttgart,  acterized by its high charge carrier mobility. Combining in
Germany, and Institut de Qieia de Materials de Barcelona iy, X-ray diffraction and atomic force microscopy (AFM)
CSIC, 08193 Bellaterra, Spain measurements we have obtained detailed insight into the
microscopic processes which take place during the growth
of F1sCuPc onto pentacene.

The high application potential of the so-called “plastic  For the X-ray measurements, performed at the beam-

electronics” has sparked a worldwide research activity in the !in€ ID-3 in the ESRF (Grenoble) with a wavelength of

controlled and tailored growth of organic thin filthémong 4 = 0-72316 A, a pentacene film with nominal coverage of
the different explored materials, small aromatic molecules 130 A has been deposited at room temperature and a growth

have been recognized as promising candidates for futurefate of 4 A/min onto an ulltrasonically cleaned Si(100) wafer
applications, because they can be grown in films of high covered by its na'qve oxide. AfterwardieE:uPc _has been
crystalline order, thus fulfilling one of the important require- €vaporated stepwise on the pentacene film, with coverages
ments to obtain high charge carrier mobifity. ranging between 15 and 225 A. One heterostructure consist-
Because the charge transport within the organic film is i@ of 100 A ReCuPc deposited on 752 A pentacene has

directly dependent on its morphology and structure, a key P&€n grown at a substrate temperature of®5

challenge is the controlled growth of highly ordered organic ~ Figure 1 shows the scheme of the X-ray diffraction
layers. Up to now, the majority of the growth studies striving €Xxperiment and the experimental results obtained. The
for this goal have been carried out on inorganic substfates; Pristine pentacene film exhibits the well-known (001) and
however, many electronic devices, such as organic light- (002) Bragg reflections (Figure 1b) corresponding to a
emitting diodes (OLEDs), ambipolar transistors, or solar Spacing of 15.6 A between molecular layers, as reported in
cells, rely on taylored pn organic heterojunctions. Although ~ Previous studies for the thin-film structute.

numerous studies have been devoted to the performance of Upon room-temperature deposition gkEuPc (Figure 1b),
devices based on-m organic heterojunctions, there are the X-ray data reveal the growth of the expected standing-
rather few structural studies addressing this important issue. up structure (called thestructure in the following). Because
the ReCuPc s-structure presents layers with a height of
14.3 A7 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 indhdirection

by the thin-film geometry) almost coincide for both materials.
Consequently, the growth of thedEuPcs-structure gives
rise to a characteristic increase of the (001) and (002)
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reflections, accompanied by a slight shift to highewalues
(see inset in Figure 1b).

Most interestingly, we also observe the development of a
new Re¢CuPc-related Bragg reflection gf = 2.0011 A%,
corresponding to a molecular distance of 3.14 A. 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¢@GuPc
molecules which lie flat on the pentacene surface (called the
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E 10'] Flsmp?cmﬂ%mﬁéﬂmm 4 and (b) upon deposition of 60 AfCuPc onto the same sample.
@ 1] lying |
= 191 A FeCyPet chamber. The image reveals the layered pentacene structure
g Wl — "':Z%iw //}\Q: +225 A F,.CuPo with monomolecular steps of15 A. The same film upon
= 1061 e N IBARCEPe deposition of 60 A of CuPc is shown in Figure 28.The
1071 s ﬁ; : 411g§|§$0tdgg F16CuPc growth results in an interesting morphology consist-
10°; et 130 A Pentacene ing of islands of small lateral dimensions (5000 nm)
00 02 04 06 08 10 20 which decorate the pentacene steps. Their heights vary
(c) q, (&Y between 90 and 170 A and, as we will discuss below, are
— 10 & associated with the,gCuPcl-structure.
ﬁ 102 As a result of the similar heights off€uPc and pentacene
£ 10 (0] monomolecular layersif,cupc= 14.3 A VShpentacene= 15.6
ﬁ 10° -~ lying A), the identification of the RCuPc s-structure in the
£ 10° F..CuPc, topography images is rather difficult. We have employed the
= 10® . . , , I phase-shift signal, which is sensitive to the material-
00 02 04 06 08 10 20 dependent dissipative processes related to thesample
q (&) interactionst! This provides us with a tool to distinguish

Figure 1. (a) Schematic representation of the in situ X-ray diffraction between BCuPc s-structure and uncovered pentacene at

experiment. (b) Evolution of the specular X-ray diffraction data of a 130 A samples with RCuPc submonolaver coverage. This is
thick pentacene film upon subsequent deposition gCEPc. The inset P I Y ge.

represents the evolution of the spacing (open symbols) and integratedi”us”ated in F'igu're 3, depicting the topography'(Figure 3a)
intensity (filled symbols) obtained from fits to the (002) Bragg reflection. and phase-shift signal (Figure 3b) of a sampldngitA (0.56

(c) Specular X-ray diffraction data of a heterostructure of 100,4CEPc monolayers) ECuPc deposited onto 35 A of pentacene. The
on 752 A pentacene grown at a substrate temperature %€ 65he Bragg

peaks arising from the pentacene bulk phase are labeled with a prime phase shift of the tapping mode (Figure 3b) discloses the
symbol. growth of the kgCuPc s-structure (darker) on top of the

) ] ) . pentacene terraces (uncovered pentacene appears lighter). The
I-structure in the following). The associated mosaicity is Very crystallites of the RCuPcl-structure are better distinguished
small (0.017) and _close_to that of the underlying pentacene in the topography than in the phase images, because the
structure (0.019, implying an extremely good alignment  phase-shift contrast is just dominated by large changes at
of these c_:rystallltes with respect to the pentacene surface.ine island edges caused by the limited response speed of the
The coexistent growth of ECuPc in thes- andl-structures  feedback to abrupt topographic changeFhe correlation
IS S"So observed at the organic heterostructure grown atpetween topography and phase-shift signal is further clarified
65°C (Figure 1c). Thus, the emergence of the helructure iy Figure 3c, which shows a cross section for both signals
is most likely not a kinetic phenomenbbut rather induced o, the same area (marked on the respective images) together
by specific morphological details of the underlying pentacene ith the deduced distribution of the different materials and
substraté. structures which give rise to the observed topographic

To further explore which morphological features are featyres. Interestingly, the heights of theGuPcl-structure
responsible for these two competing®uPc growth modes,  ¢rystallites show no apparent correlation with the pentacene
we have performed extensive AFM experiments. Figure 2a grrace size or with the coverage ofsEuPc s-structure,
shows a topographic image of a pentacene film grown on g ,gqesting that surface diffusion does not play a dominant
SiO, with a nominal thickness of 40 A, measured with a (gje on their growth.
commercial Omicron atomic force microscope in contact  The combined X-ray diffraction and AFM study reveals
mode under ultrahigh vacuum conditions and without break- ¢, competing formation of two:ECuPc structures: the

ing the vacuum upon transfer to and from the growth ¢ guycture grows on top of the pentacene terraces, while

the I-structure develops along the pentacene step edges

(8) Durr, A. C.; Nickel, B.; Sharma, V.; Tiner, U.; Dosch, HThin Solid
Films 2006 503 127.
(9) For this higher substrate temperature (and due to the higher pentaceng10) The images have been obtained with a commercial Nanotec scanning

thickness), the coexistent formation of pentacene thin-film and bulk probe microscope in tapping mode (under ambient conditions) because
phases takes place (see ref 6), as evidenced by the emergence of in contact mode the jgCuPc molecules were swept by the AFM tip
additional Bragg reflections corresponding to a layer spacing of 14.5 even at minimized applied loads.

A (11) Garcia, R.; Perez, RBurf. Sci. Rep2002 47, 197.
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Figure 3. (a) Topographic tapping mode AFM imageé®A F1¢CuPc grown on 35 A 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 regfresentation
the different molecules and structures forming the observed topographic features. The horizontal lines in the phase profile mark the meanhealues for
pentacene and;fCuPcs-structure. The vertical lines help with the correlation of both signals.

(Figure 3c). Note here that the pentacene terraces expose rapid vertical growth of this crystallographic face occurs
the (001) facets, which correspond to the lowest energy simply as a result of the strong interaction betweerbitals,
pentacene plané3On top of this weakly interacting surface, favoring the cofacial vertical stacking and promoting the
F1sCuPc is able to adopt its energetically preferred standing observed morphology of narrow and high crystallites.
configuration, similarly to that observed for thgsEuPc

growth on other weakly interacting surfaces such as,3iO These results clearly demonstrate that the intrinsic ani-
Al;,03,13 OTMS/2 or polymers* However, for FsCuPc sotropy of the organic systems gives rise to complex growth
molecules at pentacene steps, the different energetic andscenarios which are not covered by current growth theories.
electronic environment at the step edges favors the orientationBecause the steps of the underlying pentacene catalyze the
of the phthalocyanines with its molecular plane parallel to growth of the FsCuPcl-structure, this may be used for
the surface. The fact that similar results are obtained at highercontrolling the morphology and structure of organic films
substrate temperature (66) implies a rather strong interac-  py the use of vicinal organic templates.

tion (>kgT) of F1gCuPc with pentacene at the steps. Once

an initial nucleus of molecules in tHestructure is formed,
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