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We review recent work in the field of organic thin films and
organic-inorganic interfaces which is relevant for device
applications and particularly organic field effect transistors
(OFETs). Focussing on the structural properties of these
systems we discuss results obtained mostly through X-ray
scattering techniques. We address the growth behaviour
and interface formation of organic thin films including
roughness evolution and crystal structure. In particular, we
review real-time studies of pentacene, diindenoperylene, and
PTCDA deposition on different subtrates which illustrate
their specific growth kinetics. Covering different thickness
regimes we show how the molecular orientation depends on
the substrate and the growth conditions. Finally, we address
the structural properties of organic heterostructures, i.e. metal

1 Introduction The advent of organic, molecular
semiconductors for electronic and optoelectronic applica-
tions has opened new possibilities for manufacturing of
devices with large area, flexible structure, low temperature
processing and low cost [1—4]. All these devices crucially
depend on the definition of interfaces between functional
materials and the structural (crystalline) order within the
organic semiconductor itself [5]. While for the growth of
inorganic materials a certain level of understanding has
been reached, the growth of organic molecules poses a
range of new challenges due to the weaker van-der-Waals
binding forces within this ‘soft matter’ and new degrees of
freedom impact growth, such as molecular orientation and
conformation [6, 7]. Here we review our work on control-
ling the growth of organic semiconductor as well as the in-
terface formation between inorganic insulators and metals
with organic thin films. As is obvious from a generic
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and insulator films on organics, demonstrating how to assess
and control interdiffusion and thermal stability of the capping
layers.
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Schematic of stacked diindenoperylene molecules and corre-
sponding X-ray reflectivity data.
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sketch of an organic field effect transistor (OFET), inter-
faces play a crucial role in its performance: the metal/or-
ganic semiconductor interface determines charge carrier
injection, while the interface between gate insula-
tor/organic semiconductor is crucial in the formation — or
interruption — of a conducting channel. This structure-
function relation is also illustrated in several other contri-
butions to this special issue. Apart from the use as gate di-
electric, insulators may also be used to encapsulate devices,
which is crucial for device operation and preventing device
breakdown as many organic semiconductors degrade by
exposure to oxygen or humidity. According to these chal-
lenges in controlling growth and manufacturing this review
covers the following systems: (1) thin films of organic
semiconductors on different substrates and (2) organic het-
erostructures, i.e. metal contacts on top of organics and
aluminium oxide capping layers which are the basic build-
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ing blocks of OFETs. It does not cover the organic/organic
interface which is relevant for bipolar devices such as solar
cells or bipolar transistors, and also modification of growth
by self-assembled monolayers will not be discussed here.

In the growth studies presented below emphasis is put
on X-ray scattering techniques, which are well suited to
measure the properties of organic thin films as they are
non-invasive, i.e. they can be used for in-situ studies in an
ultra-high vacuum environment and they can be performed
in real-time during organic molecular beam deposition
(OMBD). We make extensive use of the capability of X-
ray experiments to follow changes in sample structure,
which allows one to study the growth mode during thin
film deposition, but also the breakdown of encapsulated
thin films can be directly measured. Also, in-situ studies
offer the advantage that post-growth sample changes such
as oxidation or de-wetting do not obscure the results. From
the X-ray data one can extract parameters such as film
thickness and roughness, fractional coverage of individual
layers, crystal structure, mosaicity, bonding distances be-
tween substrate and molecules, island sizes and correlation
lengths as will be shown below. Of great importance for
understanding the organic/inorganic interface is the ability
of X-rays to penetrate into the sample and thereby provide
access to microscopic properties also of buried interfaces.

This review is organised as follows: After giving a
short introduction to X-ray scattering for the investigation
of thin films (Section2), we address some aspects of
growth physics which are relevant for organic materials
(Section 3). Focusing on the molecules shown in Fig. 1 we
then present three case studies of growth and interface
formation for the systems pentacene on silicon oxide,
diindenoperylene (DIP) on silicon oxide, and perylene-
tetracarboxylicacid-dianhydride (PTCDA) on noble metals
(Section 4). Increasing the complexity of the systems we
finally cover structural properties of organic heterostruc-
tures, i.e. metal and insulator films on DIP (Section 5).
These case studies are based mostly on our own work, but
we provide numerous references to related studies in the
literature.

pentacene C,,H,, PTCDA C,,O4Hg

diindenoperylene C,,H,,

Figure 1 (online colour at: www.pss-a.com) Conjugated mole-
cules of pentacene, diindenoperylene (DIP), and perylene-
tetracarboxylicacid-dianhydride (PTCDA).
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top view

Figure 2 Scattering geometries with the corresponding initial
and final wave vector k; and k. (a) Setup for specular X-ray re-
flectivity measurements which reveal the sample structure
(roughness, lattice spacing) along the surface normal. (b) Setup
for grazing incidence diffraction (GID), which measures lattice
constants parallel to the sample surface. In both cases the initial
and final wave vector k; and k ; define the scattering plane.

2 X-ray scattering Various X-ray scattering tech-
niques for the investigation of bulk properties are well es-
tablished. Due to the increased availability of synchrotron
light and advanced detector systems X-ray studies of low
dimensional systems, interfaces, and thin films — even for
organic materials with their low scattering cross section —
have become feasible. According to the principal X-ray
scattering geometries shown in Fig. 2 structural informa-
tion can be derived both along the surface normal (out-of-
plane) and parallel to the surface (in-plane). In the recipro-
cal space representation these measurements correspond to
a momentum transfer along ¢, and g, respectively. X-ray
scattering data with high resolution and dynamic range
taken in these geometries can be analysed quantitatively
[8—11].

Since X-ray reflectivity (XRR) measurements on the
specular path, i.e. with g, =0, probe the electron density
along the surface normal, information about the film thick-
ness D, surface and interface roughness o, and the density
p can be obtained [8]. With a layer model of the film the
measured reflectivity curves can be analysed using either a
kinematical approximation or the dynamical Parratt for-
malism [9]. Interference patterns with a periodicity of
2n/D in reciprocal space, so-called ‘Kiessig fringes’,
which originate from the scattering at different interfaces
(e.g., substrate-film and film-air), yield the parameters of
the different layers. For a well-ordered film structure along
the surface normal Bragg reflections observed at certain
q.-values give the spacing d, of the individual layers
shown in Fig. 2. For rough surfaces a significant part of the
reflected intensity is scattered off-specular. This diffuse
part contains information on the statistical properties of the
surfaces and interfaces, such as the lateral correlation
length £ [10].

If the incident X-ray beam illuminates the surface at an
angle smaller than the critical angle for total external re-
flection a so-called ‘evanescent wave’ is created, i.e. an
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electric field with exponentially decaying amplitude inside
the sample [11]. This transmitted wave, which parallel to
the surface still has oscillating character, can give rise to
Bragg reflections from periodic structures in the plane with
a corresponding momentum transfer ¢,. Using this tech-
nique of ‘grazing incidence diffraction’ (GID), the in-plane
structure can be studied (down to z~50 A). These two
scattering geometries will be applied in the following to
study the structural evolution during and after thin film de-
position.

3 Growth physics Growth of crystalline thin films is
a rich subject with many different facets and theoretical
approaches [12—15]. Here we only address some important
aspects which are relevant for organic thin film growth
[16], particularly the interface formation in the first
monolayer and the different growth modes of organic
molecules (see Fig. 3).

3.1 Monolayer deposition It has been demon-
strated that the first monolayer forms the crucial template
for the growth of further molecular layers [16, 17], and the
strength of the adsorbate-substrate interaction, the orienta-
tion of the molecules, their bonding distances to the top-
most substrate layer determine to some extent the proper-
ties of the multilayer film. The bonding distance d, of the
monolayer (Fig. 2) is one of the central quantities in this
context and can be determined, e.g., by X-ray scans on the
specular path [18]. More precise and chemically resolved
structural information, however, can be obtained from
X-ray standing wave (XSW) experiments [19]. As will be
discussed below XSW measurements of various organic
molecules on metal substrates [20—27] show that even for
molecules in a lying-down orientation the bonding distance
depends strongly on the substrate-adsorbate interaction.
The exact knowledge of bonding distance and molecular
conformation becomes particularly important in the light of
recent reports [28], that the electronic structure of the
metal/organic interface depends on adsorption geometry of
the first molecular layer. The injection barriers for elec-
trons (and holes) from the electrode into the organic layer,
which affect the performance of the organic device, is
thereby related to the monolayer structure.

Flux F [molecules/ s-cm?]

B
1Absorption tRe-desorpkion
Interlayer =
diffusion q ] [
i - intra-layer diffusion:
Nucleation

Figure 3 (online colour at: www.pss-a.com) Schematic of atom-
istic processes relevant for OMBD.
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For growth on crystalline substrates, we also note that
the strain induced by the lattice mismatch at the film-
substrate interface is not only important in a crystallo-
graphic sense [29], but also influences the growth beyond
the structure of the first monolayer. For example, it has
been shown that DIP grown on NaCl single crystals exhib-
its herringbone type packing, but when DIP is grown on
crystalline perylene thin films an unusual sandwich her-
ringbone type packing is observed [30]. This suggests the
possibility of controlling the stacking of epitaxial layers by
careful selection of organic substrates beyond the first
monolayer. For further details on organic epitaxy see the
review by Hooks et al. [31].

3.2 Thin film growth and dynamic scaling For
multilayer coverage one can distinguish three growth
modes: island (Volmer—Weber), layer-plus-islands (Stran-
ski—Krastanov), and layer-by-layer (Frank—van-der-Merwe)
growth. Thermodynamic reasoning can be used to relate
the surface energies ¥, s Viims ANd Viermee t0 these dif-
ferent growth scenarios. The details of the growth, how-
ever, usually also depend on the deposition rate and the
temperature of the sample, In order to change the growth
behaviour specific modification of the substrate surface
eNergy ¥, e 1 Often desirable. This can be achieved, for
example, by functionalizing the substrate using self-
assembled monolayers (SAMs) [32]. Several studies used
alkanethiol SAMs on Au(111) to modify the growth of
PTCDA films [33—35]. Similarly, SAMs have been used
to modify the growth of pentacene thin films [36—39]. A
more detailed discussion of this approach can be found in
Ref. [32].

For a thorough description of a given growth scenario
one might use specific growth models to quantify proper-
ties such as island size or film roughness and their evolu-
tion with film thickness. For island growth leading to
roughening of the film surface rate equation models can be
used [40]. In cases with little knowledge of atomic pro-
cesses the roughness evolution can be more generally ex-
pressed in terms of growth exponents and dynamic scaling
theories [41—43] which relate the growth mechanisms to a
set of scaling exponents. Within this framework the film
morphology can be described by three key parameters: the
typical surface slope a, the correlation length & beyond
which the heights at two points become uncorrelated, and
the standard deviation of the film height o (RMS rough-
ness). These parameters scale with film thickness D ac-
cording to

a~D*,  E~D7, o~D?,
defining the steepening exponent A, the dynamic exponent
Z, and the growth exponent f. Interestingly, both DIP on
silicon oxide [44] as well as phthalocyanines [45] seem to
display pronounced roughening, i.e. high fvalues. Rough-
ening parameters £ > 0.5 indicate roughening faster than
expected for random deposition in a ‘hit-and-stick’ model.
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Such ‘rapid roughening’ has been measured for DIP/SiO,
(£ =0.748 £ 0.05) [44], H,Pc/glass (S =1.02 £0.08), and
plasma polymer (£ =0.7 £ 0.10) [45], but the effect is also
found in inorganic materials [46].

3.3 Growth of organic molecular materials
While the general considerations above apply both to or-
ganic and inorganic materials, there are several specific
challenges related to the growth of organic materials.
These may arise from the commonly encountered poly-
morphism (simultaneous occurrence of different structural
phases), the complex epitaxial relations (different unit cell
sizes of substrate and adsorbate), or the heterogeneous ma-
terial properties at the interface (interdiffusion, different
thermal expansion of the organic thin film and the sub-
strate).

Moreover, the growth itself may be complicated by the
additional internal degrees of freedom (DOF) characteristic
for organic molecules. The vibrational DOF can affect the
interaction with the substrate and also the thermalization
upon adsorption on the surface. Conformational DOF
mean that the building block can change within the film,
for example by bending to accommodate stress. Kéfer et al.
[7] found that the conformation of the organic semiconduc-
tor rubrene changes during growth, which may influence
the film morphology [47]. Orientational DOF which are
not included in conventional growth models can give rise
to tilt domains and thereby an additional source of disorder,
or may even entail the growth of competing ‘lying down’
and ‘standing up’ structures [6, 37] in the film as discussed
below for the example of DIP.

The interaction between molecules and between mole-
cules and non-metallic substrates is often dominated by
weak van-der-Waals forces. It is important to emphasise
that when integrated over all atoms within a molecule, the
weak interaction energies add up and lead to substantial
molecular binding energies. Nevertheless, the weaker in-
teractions per atom lead to ‘softer’ materials and, for ex-
ample, strain can be accommodated more easily. Due to
the weaker interactions the thermal expansion coefficients
(typically in the 107 1/K range) are large when compared
to inorganic materials, which possibly leads to higher ther-
mally induced strain at film-substrate interfaces.

The size of the molecules and consequently the size of
the unit cell is larger than that of inorganic materials.
Therefore, the molecule-substrate interaction is averaged
over a larger area with generally incommensurate
(sub)structures. Due to this averaging the molecules ex-
perience a weaker specific interaction with the substrate.
Also more translational and orientational domains for epi-
taxy on inorganic substrates are possible because of the
different unit cell size. This introduces an additional source
of disorder for organics.

4 Organic thin films Below we present three case

studies for OMBD which demonstrate how X-ray scatter-
ing techniques can be used to derive not only precise struc-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tural information, but also details of the growth on differ-
ent substrates.

4.1 Pentacene on silicon oxide Pentacene is at-
tracting considerable attention as its charge transport prop-
erties are excellent [4, 48], and films of pentacene on sili-
con oxide are commonly used for thin film transistors in
which the silicon oxide serves as gate dielectric.

Its thin film structure on silicon oxide as well as modi-
fied silicon surfaces has been studied extensively [51, 52].
Recently, the molecular arrangement within the unit cell
has been solved using X-ray scattering [53, 54]. A dy-
namic-scaling analysis of the island distribution in sub-
monolayer films shows that islands containing three or
more molecules are stable [43, 55]. A modification of the
hydrophobicity of the substrate has been shown to change
the nucleation density of pentacene islands as well as the
island size [38]. Under optimised conditions the island size
in pentacene thin films can be as large as 0.1 mm [56]. In
addition to varying substrate temperature and deposition
rate, the kinetic energy of pentacene molecules has been
varied in supersonic beam deposition [36, 57], providing
an additional free parameter to influence the growth.

Using real-time techniques, the details of growth can
be studied during deposition, yielding information about
the dendritic island shape [56] as well as the coverage
of individual layers [50, 58, 59]. From the X-ray reflectiv-
ity measurements shown in Fig. 4, not only the crystal
structure can be determined from the positions of the
Bragg reflections, but also the evolution of the film rough-
ness can be extracted. It was shown by Mayer et al. [60]
that a second pentacene phase [51, 52, 61] nucleates al-
ready in the first pentacene monolayer as could be deter-
mined from following the Bragg reflections corresponding
to the two phases.

From the data in Fig. 4 as well as GID data [50], it can
be seen that only the thin-film phase of pentacene [52] is
growing for the conditions employed (out-of-plane lattice
constant of d;, =15.6 A). Analysing not only the Bragg re-
flections, but also the evolution of the reflectivity between
the Bragg reflections, we obtain additional information.
Halfway between the Bragg reflections, i.e. q. = n/d,, at
the so-called anti-Bragg point the interference of X-rays
scattered from neighbouring layers interferes destructively,
leading to an oscillating X-ray reflectivity when subse-
quent pentacene layers are filled. From these oscillations
the number of pentacene monolayers that have been grown
can be directly counted (oscillation period two monolay-
ers). As can be seen from Fig.4 the X-ray reflectivity
shows modulations not only at the anti-Bragg condition,
but also at all g-values other than the Bragg condition.
These growth oscillations at different g-points correspond
to the several Fourier components of the real-space struc-
ture. Therefore, it is advantageous to measure the reflectiv-
ity in a wide g-space region (0.25-0.8 A" in this case) to
get a precise measurement of the real-space structure and
the film roughness [62].
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Figure 4 (online colour at: www.pss-a.com) (a) Real-time meas-
urements of the X-ray reflectivity in a wide g-range during pen-
tacene deposition on silicon oxide have been performed with en-
ergy dispersive data acquisition [49] (deposition rate 3.5 A/min,
substrate temperature 50 °C). Two peaks corresponding to the
first and second order Bragg reflection of the pentacene thin film
phase can be seen to grow with increasing deposition time (from
Ref. [50] with permission). (b) Using a diffusive growth model
and the kinematic approximation in X-ray scattering the interface
roughness of the pentacene film and the coverage of individual
layers during growth can be extracted from the data-set. (c¢) From
the evolution of the surface roughness it can be seen that layer-
by-layer growth persists for the first four monolayers before
roughening sets in.

For pentacene, the roughness data show a clear change
in growth mode after four monolayers. While the growth
oscillations in the beginning indicate that pentacene grows
in a layer-by-layer fashion (with an oscillating surface
roughness), after four monolayers the roughness starts to
increase. This is due to an incomplete filling of individual
layers which results in a higher film roughness and a re-
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duced electron density at the interface. A change of the
growth mode from layer-by-layer growth to roughening
has also been observed in Refs. [58, 59], where the inter-
layer transport of pentacene molecules could be quantified.
While the exact nature of this transition is unknown, sev-
eral factors may contribute such as decreased interlayer
transport (increasing Schwoebel barrier), faster nucleation,
and decreased diffusivity on top of islands.

4.2 DIP on silicon oxide Diindenoperylene (some-
times also referred to as periflanthene) is an organic semi-
conductor with both electron and hole conduction in single
crystals, making this compound interesting for ambipolar
electronics [63]. Thin film transistors with hole mobilities
of up to 8 x 102 cm?/Vs have been reported [48, 64], and
recent experiments show that mobilities beyond 10" cm?/Vs
are feasible [65]. Further applications of DIP include usage
for optical recording and in organic light emitting diodes
[66, 67].

Growth of DIP molecules was studied in considerable
detail [44, 68, 69]. When prepared under suitable condi-
tions organic thin films of DIP deposited on silicon oxide
exhibit high structural out-of-plane order [44]. The films
form large flat terraces with a step height corresponding to
the lattice spacing d, =16.5 A as derived from the position
of the DIP Bragg peak. On silicon oxide at high substrate
temperature (=100 °C), DIP grows in a mostly ‘standing
upright’ orientation (NEXAFS measurements give a tilt
angle of 83+5°). The coherent thickness as determined
from the Laue fringes around the first order Bragg reflec-
tion at g, =0.38 A" corresponds almost to the total film
thickness as determined from Kiessig oscillations [69].
This demonstrates that the DIP films are coherently or-
dered over the entire thickness. Rocking widths of about
0.01° and lower measured for DIP films confirm the high
order/fiber texture of the films perpendicular to the sample
surface. Within the surface plane the films are polycrystal-
line with an isotropic distribution of crystallite orientations
on silicon oxide.

To study the temperature dependent growth dynamics
and to establish the growth mode, the X-ray reflectivity in
a g-range from the anti-Bragg condition to the Bragg point
has been measured in real-time during DIP deposition
(Fig. 5). For all three substrate temperatures studied the
development of a strong Bragg reflection corresponding to
standing upright molecules can be seen. Laue fringes de-
velop and narrow with increasing film thickness next to the
Bragg reflection. The Laue fringes (i.e. fringes along ¢ at
fixed time) — or equivalently the anti-Bragg oscillations
(time dependency of reflectivity at g, =0.19 A™") get
damped for increasing film thickness as the growth mode
changes from a 2D/layer-by-layer growth of the first mo-
nolayers to 3D/mound growth, which is characterized by
simultaneous filling of different molecular layers. For
growth at 130 °C the anti-Bragg oscillations get damped
out after four oscillation maxima (see Fig. 5b top panel),
i.e. roughening sets in after ~8 monolayers as one full anti-
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Figure 5 (online colour at: www.pss-a.com) (a) Real-time meas-
urements of the X-ray reflectivity in a wide g-range during DIP
deposition on silicon oxide have been performed at beamline
ID10B at the ESRF (deposition rate 0.6 A/min, substrate tem-
perature 130 °C). Two peaks corresponding to the first and sec-
ond order Bragg reflection of DIP can be seen to grow with in-
creasing deposition time. (b) Reflectivity of DIP thin films grown
at 130 °C, 35 °C, and —10 °C substrate temperature with a rate of
3 A/min on silicon oxide. The datasets comprise a region between
the anti-Bragg and the Bragg condition in ¢, and range from time
0 min (i.e. bare substrate) to 100 min (corresponding to ~240 A
film thickness). In all three measurements a strong Bragg reflec-
tion at ¢ =0.38 A~ develops, showing that a DIP structure with
standing upright molecules grows. Next to the Bragg reflections
side maxima (Laue-fringes) develop and get narrower with time. At
lower substrate temperatures the Laue fringes are damped more
strongly indicating that 3D growth (roughening) sets in earlier.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Bragg oscillations corresponds to growth of two monolay-
ers [6]. Compared to pentacene where roughening sets in
after four monolayers DIP grows with smooth morphology
for twice as long. For subsequent 3D growth, the DIP
roughness has been found to increase faster than expected
for random deposition of molecules. This rapid roughening
has been followed up to film thicknesses of 10* A [44] and
has also been found in other organic systems [45]. When
lowering the substrate temperatures the DIP anti-Bragg os-
cillations get damped out, and both for 30 °C and —10 °C
the layer-by-layer growth breaks down after only ~2-3
monolayers (Fig. 5Sb middle and bottom panel). Interest-
ingly, the intensity at the Bragg-reflection is larger for
lower growth temperatures, as the roughening leads to
mounds with heights greater than the average film thick-
ness, and therefore a larger number of layers scattering in
phase. The reasons for the transition from layer-by-layer
growth to roughening are not yet well understood for com-
plex organic molecular materials. Strained growth in the
first monolayers and strain relaxation may trigger a change
in growth mode, but for organic molecules the molecular
tilt angle and the molecular conformation may also change
during growth. For DIP, it has indeed been found in real-
time measurements that the in-plane lattice parameter
changes during growth of the first three monolayers, but
further work is needed to clarify the connection between
growth mode and structural changes.

Apart from the temperature dependent growth dynam-
ics we observe a second structure of ‘lying down’ mole-
cules (A-structure) which at lower substrate temperatures
competes with the growth of the °‘standing upright’
(o-structure). While the A-structure cannot be seen in the
real-time measurements in Fig. 5, GID data show Bragg re-
flections which correspond to DIP molecules in the ‘lying
down’ phase [6, 70]. This change in molecular orientation
does depend on substrate temperature as well as the type of
substrate. For growth on silicon oxide at 35°C, the
A-structure starts to nucleate after a critical thickness of
170 A, i.e. the lying down structure grows on top of the
‘standing upright’ structure of DIP (see Fig. 6a). In con-
trast, when growing DIP on top of the organic semiconduc-
tor rubrene no A-structure nucleates within the thickness
range studied. When using A-plane sapphire as a substrate,
the nucleation of the lying phase occurs without threshold
thickness. The substrate dependent occurence of the
A-structure can be rationalized by regarding the substrate
interactions with DIP. Rubrene substrates have only weak
van-der-Waals interactions that favour the standing upright
structure. In contrast, the stronger effective interaction with
sapphire due to the stepped sapphire surface and the
slightly higher van-der-Waals interactions lead to mole-
cules adopting a lying down orientation and therefore an
early nucleation of the A-structure. For a more detailed
discussion regarding the influence of different substrates
and the interaction of the molecules with the substrate see
e.g. Ref.[17]. Figure 6b schematically summarizes the
connection between substrate interaction and temperature
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Figure 6 (a) Evolution of the characteristic reflections for the ly-
ing down structure (100) and the ‘standing upright’ structure (11)
as a function of time (film thickness), for growth on rubrene
(10 °C), silicon oxide, and stepped sapphire (both at 35 °C).
Stronger interactions with the substrate promote earlier nuclea-
tion of the lying down structure. (b) Schematic showing influence
of substrate temperature and strength of interaction with substrate
on the orientational transition from lying down to standing up-
right structures.

with molecular orientation in the thin film. For metal sub-
strates the molecule-substrate interactions are even stron-
ger and as expected the lying down structure has been ob-
served to grow directly on top of polycrystalline gold sub-
strates [71].

4.3 PTCDA on Ag(111), Cu(111), and Au(111)
Perylene-tetracarboxylicacid-dianhydride ~ (PTCDA) is
among the most thoroughly studied organic semiconduc-
tors [20—22, 72—84], both in the monolayer and multilayer
regime.

One of the characteristic features of PTCDA is that it
(almost) always grows in a lying-down configuration in con-
trast to pentacene and DIP, which is probably due to its lay-
ered crystal structure and molecular quadrupole moment. A
strong interaction of PTCDA with the metal substrates
(‘chemisorption’) is found for Ag(111) [73] and Cu(111)
surfaces. Using the XSW technique a bonding distance of
d,=2.86%0.01 A [20, 21] on silver and 2.61+0.02 A
[20] on copper has been measured. A weaker inter-
action, however, is found for PTCDA on Au(111) with
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relevant beyond the monolayer coverage. Moreover, a sub-
strate dependent distortion of the C = O bonds is found, see
Fig. 7: for PTCDA on Ag(111) the carboxylic oxygen at-
oms are located below the molecular plane (d, = 2.68 A),
but for PTCDA on Cu(l11) these atoms are above the
plane (d, =2.73 A). Similar adsorption induced distortions
of organic molecules have been observed for NTCDA [23,
24] and F,;CuPc [25], respectively.

When grown at low substrate temperatures (7'< 50 °C
at a growth rate of 1 A/min), PTCDA films exhibit a
smooth morphology albeit with poor crystallinity. As is of-
ten observed for OMBD, higher substrate temperatures
gives improved crystallinity, albeit with a rough morphol-
ogy with separated crystals on a range of substrates such as
PTCDA/InAs(001) [82], PTCDA/NaCl(001), KCI(001)
and KBr(001) [81], Au(111) [83, 84], and Ag(111) [74-
80]. It turned out that PTCDA exhibits very well-defined
Stranski—Krastanov growth on Ag(111) as established in
real-time X-ray experiments.

Figure 8 shows anti-Bragg oscillations for PTCDA
deposition on Ag(111) at different substrate temperatures
clearly demonstrating (1) the decay of crystallinity and
therefore growth oscillations at low substrate temperatures,
and (2) the damping of oscillations after deposition of two
monolayers, indicating a transition from 2D to 3D growth
(Stranski—Krastanov growth with two monolayers wetting)
[76]. Again fits of the growth oscillations have been per-
formed within the kinematic (single scattering) approxima-
tion of X-ray scattering, but in this example kinetic Monte
Carlo simulations [86] have been used to model the evolu-
tion of the fractional layer coverages 6, (z). While tempera-
tures for the calculations systematically lie below the real
substrate temperature, indicating that the energy barriers in

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8 (a) Comparison of experimental anti-Bragg oscillations
(substrate temperatures 233 K, 303 K, and 358 K) and Monte
Carlo simulations (simulations at 200 K, 225 K, 250 K). (b) Inter-
face roughness o in units of monolayers (ML) as obtained from
Monte Carlo simulations at different temperatures. A clear transi-
tion from 2D to 3D growth is visible after two monolayers, which
occurs as early as after half a monolayer deposition for low tem-
peratures (200 K). Figures by courtesy of B. Krause and from
Ref. [76] with permission.

the calculations are slightly too low, the X-ray growth os-
cillations are fitted well. This allows a calculation of the
film roughness o from the simulated 6,(¢) as shown in
Fig. 8. At high substrate temperatures the first two layers
grow in a well-defined layer-by-layer fashion with a pro-
nounced transition to island growth after two monolayers.
The layer-by-layer growth of the first layers is strongly
temperature dependent and breaks down for lower sub-
strate temperatures [76].

5 Organic heterostructures Below we discuss se-
lected examples of more complex layer structures, which
are essential for organic based devices.

5.1 Metal capping layers Metal contacts are one
obvious requirement for many applications of organic
semiconductors. It turns out that the controlled deposition
of metals on organics, e.g. as ‘top electrode’, is non-trivial.
In order to reduce problems related to interdiffusion (and

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ultimately short-circuiting) and traps related to surface
states, different strategies can be pursued:

— Deposition at low temperatures to ‘freeze in’ the in-
terdiffusion.

— Deposition at (moderately) high rates with the idea
that the metals are quickly forming larger aggregates
which are then less mobile and diffuse less far into the or-
ganic film.

— Use of ‘suitably reactive’ metals and/or organics, so
that a strong interaction at the top layer(s) of the organic
material prevents interdiffusion.

— “Soft deposition’ by ‘thermalizing’ or at least reduc-
ing the energy of the impinging metal atoms by ‘baffling’
these using a noble gas or other means.

— Miscellaneous other non-thermal deposition strate-
gies including, e.g., electrochemical deposition may be at-
tempted.

We performed studies of the deposition of gold, which
is widely used as a hole injection material, onto well-
defined DIP thin film surfaces to study the interdiffusion
using X-ray reflectivity and transmission electron micro-
scopy (Fig. 9). The study followed the ‘classical’ approach
without specific precaution against interdiffusion except

Figure 9 Cross-sectional transmission electron microscopy im-
ages of two Au/DIP/silicon oxide hetero-structures. While the Au
contact prepared at (a) —120 °C and a rate of 23 A/min exhibits
rather well-defined interfaces, the Au contact prepared at (b)
70 °C and a rate of 0.35 A/min shows strong interdiffusion. Note
that individual lattice planes of the DIP film can be resolved. Fig-
ures by courtesy of A. Diirr and from Ref. [86] with permission.
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for variation of the temperature and the rate [68, 71, 86—
88]. The important result was that under rather typical
deposition conditions near room temperature the metal in-
terdiffusion was already significant, and the layers would
exhibit electrical shorts, see Fig. 9b. Only if the substrate is
cooled, fairly well-defined interfaces could be obtained.
Scharnberg et al. [89] found a very similar behaviour for
silver capping layers on DIP and pentacene using the com-
plementary approach of radio tracers.

5.2 Insulating capping layers Organic devices
eventually have to meet certain stability requirements to
preserve their electrical and/or optical characteristics and
to guarantee a longterm functioning.

5.2.1 Degradation of devices It is well known that
organic semiconductor films exposed to ambient condi-
tions may undergo alterations which significantly affect
their optical and electrical properties. For amorphous ru-
brene films, for example, Kifer et al. [90] could show that
exposure to ambient gases leads to the formation of rubre-
neperoxide at the surface. In Ref. [91] we studied the oxi-
dation and photo-oxidation of rubrene films and found it to
be accompanied by a significant change of the optical
properties. Other studies focused on the degradation pro-
cesses of OLEDs and different sources could be identified
(see also Ref. [92]) as for example: (1) structural changes
of the organic films, i.e. crystallisation of initially amor-
phous films [93, 94], (2) oxidation/degradation of the top
electrodes [95], and (3) gas evolution [96].

A number of recent articles also describe the influence
of moisture and ambient gases on device characteristics of
organic field-effect transistors (OFETs) [97, 98]. Panne-
mann et al. [99], for instance, studied the longterm effects
of different gases such as oxygen and nitrogen on the per-
formance of OFETs based on pentacene films. During a
period of nine months they found a significant decrease in
the maximum on-current from initially —60.9 pA to
—187 nA while the charge carrier mobility decreased from
2.0 x 102 em?Vs to 1.2 x 10° cm?*Vs. To preserve device
characteristics it is obvious that either molecules have to be
used which are stable against moisture and oxygen [100] or
the devices have to be encapsulated [101]. In this section
we will discuss some of our results in the context of recent
progress in encapsulating organic devices. Our results fo-
cus on the preparation, growth and thermal stability of or-
ganic semiconductor films of DIP capped by sputtered
aluminium oxide films.

5.2.2 Encapsulation of devices An encapsulation
film for organic devices primarily has to fulfil the follow-
ing requirements:

— protection of organic film and contacts against mois-
ture or ambient gases,

— formation of well-defined interfaces with the organic
film, i.e. no diffusion of the capping material into the or-
ganic film,
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— stability at elevated temperatures,

— sufficient elasticity to be used on flexible substrates.

Different materials have been used to encapsulate or-
ganic devices and it has been shown that they can signifi-
cantly enhance the lifetime of the devices [101-105]. Be-
yond protection of devices against ambient gases capping
layers can also be attributed supplementary functions.
Scharnberg et al. [106], for example, used a Teflon-based
electret layer as a second gate and encapsulation material
which could also be used to tune the threshold voltage of
the device. Riel etal. [107] studied the tunability of the
emission characteristics of top-emitting OLEDs by means
of a dielectric capping layer. Furthermore, Peumans et al.
[108] have shown that capping layers can also be used to
effectively suppress substantial surface roughening during
post-growth annealing of a blend of organic semiconduc-
tors.

5.2.3 Aluminium oxide capping layers Alumin-
ium oxide has been successfully used as encapsulation ma-
terial either as a pure AlO, capping layer [109] or in com-
bination with polyacrylate as a multilayer coating [110] for
OLEDs. Ferrari etal. [111] have studied the effect of a
capping layer of aluminium oxide on the electrical proper-
ties of thin film transistors (TFT) based on poly-3 hexyl-
thiophene (P3HT). They could show that a P3HT-transitor
capped with an ALO,/PVP (poly-vinyl alcohol) layer re-
sulted in almost the same charge carrier mobility as the un-
capped transistor. While the uncapped TFT showed a high
doping through moisture and oxygen adsorption resulting
in an intolerable low on/off ratio the capped transistor was
mostly unchanged upon exposure to air.

We prepared aluminium oxide films by radio fre-
quency (r.f.) magnetron sputtering from an aluminium ox-
ide target in a dedicated vacuum chamber. To study the
growth and structure of these films deposited on silicon ox-
ide and films of DIP we used X-ray reflectivity, cross-
sectional transmission electron microscopy (TEM) and
atomic force microscopy (AFM) in contact mode. For fur-
ther details on the preparation of the aluminium oxide
films we refer to Refs. [112, 113].

5.2.3.1 Structure and morphology of alumin-
ium oxide capped DIP films The aluminium oxide
films are totally amorphous and consist of small grains.
Using cross-sectional TEM, see Fig. 10, we could show
that the interface of the aluminium oxide and the DIP film
is very well-defined and no significant penetration of alu-
minium oxide into the organic film could be observed. Fur-
thermore, even individual layers corresponding to the
length of upright standing DIP molecules could be ob-
served indicating the high crystallinity of these organic
semiconductor films.

Figure 11 shows typical atomic force microscopy
(AFM) images (contact mode) of a crystalline DIP film of
about 360 A thickness deposited on silicon oxide (a), an
aluminium oxide film (~174 A thick) deposited on silicon
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Al.oxide
" DIP
—j
50 nm Si0,/Si

Figure 10 TEM image showing a well-defined heterostructure of
aluminium oxide on DIP on silicon oxide together with the
monolayered structure of the organic film (inset). With permis-
sion from Ref. [114].

oxide (b), and an aluminium oxide film (681 A) deposited
on top of a DIP film (317 A) (c). After capping DIP films
with aluminium oxide the typical graininess of the alumin-
ium oxide morphology on silicon oxide (see Fig. 11b) can
be recognised together with the typical DIP topography
consisting of large flat terraces of monomolecular step
height (upright standing molecules) as shown in Fig. 11a.

5.2.3.2 Growth of aluminium oxide films on
silicon oxide and films of DIP As was pointed out in
Section 3.2 important information on the growth of thin
films can be extracted from scaling theories and it was
mentioned that the film roughness o scales with film
thickness D according to & ~ D”. From the growth expo-
nent £ information on the different growth processes in-
volved can be extracted.

Thus, from measuring the aluminium oxide roughness
for different film thicknesses the growth exponent £ can

DIP/SiO, ALOFSIO,

)

% y 00nm
ALO,/DIP/SIO,

T

Figure 11 (online colour at: www.pss-a.com) Topographical
AFM images (contact mode) of (a) 360 A DIP on silicon oxide,
(b) 174 A aluminium oxide on silicon oxide, and (c) 681 A alu-
minium oxide on a DIP film. With permission from Ref. [112].
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Figure 12 (online colour at: www.pss-a.com) Renormalised
roughness o 40"" (DIP) for ALOy/DIP (filled squares) compared
to the roughness o ’0™ (SiO,) of the AL,O,/SiO, system (open cir-
cles). The scaling behaviour of aluminium oxide layers deposited
on DIP and on SiO, are in good agreement. With permission from
Ref. [112].

by determined as the slope of a linear fit to a log—log plot
of the aluminium oxide roughness versus its film thickness.
To account for the roughness of the underlying substrate
we used a renormalisation according to the relation [10]

2
substr.

renom.

_ 2
ALO, —\ OaLo, — O,

with o, =4 A as derived from measurements of the
clean substrate.

We have prepared aluminium oxide films on silicon
oxide as well as on crystalline films of DIP with thick-
nesses ranging from 116 A to ~6000 A. From the analysis
of X-ray reflectivity measurements on these samples we
could determine the aluminium oxide surface roughness
for different film thicknesses. In Fig. 12 the renormalised
aluminium oxide roughness is plotted as a function of its
film thickness. For Al,O0,/SiO, we could extract a growth
exponent of = 0.38 and for ALLO,/DIP S =0.34 [112]. It
is quite surprising to find similar growth exponents consid-
ering the different chemical nature of the substrates espe-
cially the significantly lower surface energy of DIP com-
pared to silicon oxide.

5.2.4 Thermal stability of capped organic films
Besides the obvious performance requirements, the devices
also have to meet stability standards, which in some cases
are actually the limiting factor of technological progress
[2]. Indeed, stability at elevated temperatures, high electri-
cal-field gradients, and against exposure to corrosive gases
like oxygen is crucial for many commercial applications.
Recently, it has been shown that thermal degradation of
OLEDs is a serious problem for the lifetime of these de-
vices [115].

To address this problem we have prepared highly crys-
talline films of the organic semiconductor DIP and capped
them with r.f. magnetron sputtered aluminium oxide films.
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Figure 13 (online colour at: www.pss-a.com) X-ray reflectivity
data of the aluminium oxide/DIP multilayer with least-square fits
at different temperatures. (a) By heating the sample the initially
well-defined Kiessig fringes slowly degrade and the roughness of
the DIP/aluminium oxide and aluminium oxide/vacuum inter-
faces increases with higher temperatures. (b) The first order
Bragg peak with Laue oscillations remains visible up to
T=460 °C. For clarity the datasets are plotted with an offset.
With permission from Ref. [113].

We then performed in-situ X-ray reflectivity and grazing
incidence diffraction (GID) measurements to study the
thermal stability of these samples. Figure 13 shows the re-
flectivity (a) with the first order DIP Bragg peak (b) for
different temperature steps.

Surprisingly, the aluminium oxide/DIP multilayer
structure did not show significant changes when heating
the sample up to 350 °C. And only around 410 °C, i.e.
210 K above the desorption temperature of uncapped DIP
films (on SiO,) the multilayer structure broke down.

We further investigated the parameters influencing this
strong enhancement of the thermal stability and we found
that the ‘breakdown’ temperature depends on the heating
rate (heating at lower rate leads to higher breakdown tem-
peratures), the stoichiometry of the aluminium oxide cap-
ping layer (aluminium oxide films with higher metallic
content were less effective in stabilising the DIP film), and
the thickness of the capping layer [113]. The results are
summarised in Fig. 14 which shows the integrated intensity
of the first order DIP Bragg reflection as a function of
temperature. The integrated intensity being proportional to
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Figure 14 (online colour at: www.pss-a.com) Comparison of the
integrated Bragg intensity of different samples. Sample 1 (open
triangle) had no capping layer, whereas samples 2—6 had an alu-
minium oxide capping layer. Variations of the Al/O stoichiome-
try, the capping layer thickness L,,, and heating rate R (in com-
parison with sample 2 the symbols —, O, and + in the inset indicat-
ing respectively smaller, similar, and higher values for the par-
ticular parameter) result in different breakdown temperatures.
Sample 7 (open square) had a gold film instead of an aluminium
oxide layer on top of DIP [86]. With permission from Ref. [113].

the number of ordered DIP molecules in the film thus repre-
sents the degree of order/crystallinity of the organic film.

From in-situ GID measurements we could extract the
in-plane DIP unit cell parameters as a function of tempera-
ture and found that the thermal expansion of these lattice
parameters shows a complex/non-linear behaviour. This
suggests that due to the large difference in the thermal ex-
pansion of aluminium oxide (6.5 x 10° K™ [116]) and the
in-plane lattice parameters of uncapped DIP (about an or-
der of magnitude larger) thermal stresses eventually lead to
the formation of cracks in the aluminium oxide capping
layer which in turn allow for the desorption of DIP mole-
cules through theses defects. This could also be confirmed
by thermal desorption spectroscopy measurements. Fur-
thermore, on a long term scale the crystallinity of DIP
films was observed to slowly decrease possibly due to de-
fects in the capping layer and consecutive desorption.

Figure 15a shows an optical micrograph of a capped
DIP film after a thermal cycle. The DIP film was only de-
posited in the middle of the silicon oxide substrate and the
whole sample was encapsulated with aluminium oxide to
prevent desorption of the organic film from the sides.
Clearly, a network of cracks formed on the part of the
sample where DIP was below the aluminium oxide layer
while the capping layer seems unaffected where it covers
the silicon oxide. A possible scenario of this breakdown is
illustrated in Fig. 15b. Due to mostly thermally induced
cracks in the aluminium oxide capping layer DIP is desorb-
ing through the capping barrier. This leads to a decrease in
the crystallinity of the organic film as a function of tem-
perature and time. A second possibility for the develop-
ment of defects in the capping layer is due to Argon inclu-
sions which at elevated temperatures might lead to defects
in the encapsulation.
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Figure 15 (online colour at: www.pss-a.com) Optical micro-
graph of a heated Al,0,/DIP/SiO, sample where the DIP film was
only deposited in the middle of the sample. An extended network
of cracks can be observed which is only limited to regions where
the organic film was located underneath. With permission from
Ref. [113].

In conclusion, we could show that the thermal stability
of crystalline films of DIP can be strongly enhanced by
aluminium oxide encapsulation [113, 114]. The important
finding is that the crystallinity of these films could be pre-
served to temperatures up to 300 K above the desorption
temperature of uncapped films.

The evidence of the enhanced thermal stability is of
great practical importance and it offers a route for the sta-
bilisation of compounds with sapor pressures so far con-
sidered too high for utilisation in organic-based devices.
Capping layers also allow to measure for example the
charge carrier mobility in organic TFTs at temperatures
otherwise inaccessible. Meyer etal. [117] have built or-
ganic pentacene based TFTs capped with aluminium oxide
films and poly-para-xylylene (PPX) and they could meas-
ure field-effect for transistors with both capping layers up
to temperatures between 140—170 °C, i.e. 50 K above the
desorption temperature of pentacene/SiO,.

6 Conclusion In this review we presented a selection
of recent studies on organic thin films and organic-
inorganic interfaces which demonstrate that X-ray scatter-
ing techniques can be used to investigate the various struc-
tural properties as well as the particular growth behaviour
of organic molecules. The case studies of pentacene, DIP,
and PTCDA deposition show how real-time experiments
can be employed to derive detailed information about ma-
terials which are relevant for organic device application
such as OFETs.
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