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’ INTRODUCTION

Thin metal coatings on polymers are an important techno-
logical issue and nowadays widely used for decoration purposes,
as diffusion barriers in food packaging, or as dielectric layers in
microelectronics. Within recent years, a new application for
metalized polymer thin films has emerged in the field of organic
electronics. Here, a thin metal layer is used to apply electric
contact to an electronically active layer such as a conductive
polymer or other organic semiconductor. Numerous types of
organic field emission transistors (OFET), organic light-emitting
diodes (OLED), and organic solar cells (OSC) have already been
realized, and most of them use metal contacts to pick up or inject
charge carriers.1-7 Another application is found in tandem or
multijunction solar cells, where metallic interlayers serve as
charge recombination centers between the single junctions.8,9

The performance of these devices crucially depends on the
properties of the organic-metal interface. Chemical reactions
between metal and organic molecules introduce band gap states
and alter the energy level alignment at the interface, resulting in,
e.g., inverted contact properties.10 Depending on the preparation
conditions and the reactivity of the involved species, single metal
atoms can diffuse into the organic component11 and act as
dopant, which reduces the charge injection barrier or weakens
photo luminescence quenching.12-14 Furthermore, the interface
properties determine the adhesion of the metal contact on the
active layer and the contact resistance.15,16 Taking all these points

into account, it is obvious that understanding the properties of
organic-metal interfaces and their formation processes is of
great importance to optimize the characteristics of organic
electronic devices.

Historically, the investigation of organic-metal interfaces was
driven by the need to achieve proper contact properties of
coatings for packaging foils or dielectric layers.17-20 Later on,
the electric properties of organic-metal interfaces came more
into focus10,21-24 and today in particular the relations between
the chemical interactions of the involved species and the
corresponding interface characteristics are quite well
understood.25-29 However, comparably little work has been
done so far on the growth and structural development of metal
layers on organic surfaces, although chemical interaction, growth
behavior, and interface properties interact all with each other.

Recently, we investigated the growth of a gold contact on a
surface of the conducting polymer poly(N-vinylcarbazole). The
gold layer growth was followed in situ with grazing incidence
small-angle X-ray scattering (GISAXS) during sputter deposi-
tion.30 Because of the low chemical interaction between the two
materials, the gold was found to form small spherical clusters on
the polymer surface in the initial stage of deposition. By adsorp-
tion of incoming gold atoms and under a constant coalescence
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process, these small clusters grew to larger structures until full
surface coverage was reached. Afterward, the gold layer showed a
characteristic grain structure that was further coarsened in the
continued deposition by grain growth.

In the work presented here, we focus on another material
combination which has different interface interactions. The
formation of an aluminum (Al) contact on the surface of a
poly(3-hexylthiophene) (P3HT) film is probed. Because of its
lowwork function, whichmatches well the LUMOof P3HT, Al is
a common electrode material in P3HT-based organic electronic
devices.3-5 In contrast to the system gold:PVK, the system Al:
P3HT is known to be highly reactive. Dannetun et al. extensively
studied the interface between aluminum and thiophene semi-
conductors with spectroscopic methods and found clear proofs
for chemical reactions.21 The formation of Al2-3T complexes was
proposed, where two aluminum atoms covalently bond to every
third thiophene ring by splitting up its carbon double bonds.

Resulting from this strong chemical interaction, a constrained
growth of the aluminum layer on the P3HT surface can be
expected. To study this in detail, a thin layer of aluminum was
deposited on a P3HT surface and the layer growth observed
in situ with GISAXS. GISAXS is a perfectly suited tool for this
kind of investigation, because it can monitor processes in real
time and yields broad structural information with nanometer
resolution.31-35 By modeling the 2d GISAXS data the key
structural parameters such as thickness, density, and composition
of layers or size, shape and spacing of particles at the nanoscale
can be extracted.30,36,37 Related to the deposition conditions,
these quantities give the full information about the growth of the
deposited layer and its structural evolution.30

This article has the following structure: After a description of
the investigated samples and a brief introduction to the used
experimental methods the resulting morphologies evolving dur-
ing sputter deposition are presented and discussed. Then the
penetration of Al into the polymer film is detailed. The article
concludes with a summary of the results and a short outlook.

’EXPERIMENTAL SECTION

Sample Preparation. Glass slides were used as substrates and
cleaned before coating with the polymer film. For cleaning an acidic bath
was applied for 15 min.38 Poly(3-hexylthiophene) (P3HT) with an
average number molecular weight of 16 500 g/mol and a polydispersity
of 1.7 was purchased from American Dye Source and dissolved in
chloroform in a concentration of 4 mg/mL under permanent stirring.
This solution was spin coated with a S€uss MicroTec Delta6 RC spin
coater under ambient conditions with 2000 rpm for 30 s. The resulting
thickness of the P3HT film was determined with X-ray reflectivity to
be 42 nm.
GISAXS Measurements and Sputter Deposition. The in situ

sputtering GISAXS experiment was performed at the beamline BW4 at
HASYLAB (DESY, Hamburg). For this purpose the beamline was
equipped with a mobile UHV sputter deposition system, whose details
are described elsewhere.39 The DC magnetron sputtering chamber was
operated under an argon pressure of 5� 10-3 mbar with a power of 6W.
A low deposition rate around 1 nm/min was chosen to accurately
control the growth process and to monitor the evolution of the
deposited film with high precision. The sample was placed horizontally
in the deposition chamber with the surface pointing to the bottom and
not heated during deposition. Prior to each deposition step the
aluminum target was presputtered for 5 s to remove impurities.

The measurements were done at an X-ray wavelength of 0.138 nm
and a sample-to-detector distance of 1.83 m. A setup of high quality

entrance slits for precise limitation of the beam divergence in and out of
the plane of reflection and a mostly evacuated pathway were used. A
moderate microbeam focusing was achieved by using beryllium com-
pound refractive lenses (beam size 60 μm� 30 μm).40 For the incidence
angle, a value of 0.384� well above the critical angle of aluminum was
chosen to penetrate the full film. The scattering signal was recorded on a
two-dimensional (2d) Pilatus 100K detector with 487� 195 pixels (172
μm� 172 μm size per pixel) and a low read-out time of 5 ms. In front of
the detector, two separate beam stops were installed at the position of
the direct beam and the specular peak to shield the detector. Deposition
of Al on the polymer film and GISAXS measurement were done
continuously without interruption for 30 min. In total 360 images were
recorded with an accumulation time of 5 s for each image.
Scanning ElectronMicroscopy (SEM). SEM images were taken

with a field emission SEM (Zeiss NVision 40) operated at an accelerating
voltage of 5 kV and at low working distances (WD) from 1.5 to 3 mm.
X-ray Reflectometry. X-ray reflectivity (XRR) data were taken at a

Siemens D5000 diffractometer at a wavelength of 0.154 nm (Cu-KR
radiation) in an angular range from 0� to 6� using aΘ-2Θ geometry. A
knife edge was used for beam size limitation and background reduction.
The reflected intensity was recorded via a point detector. The detector
was protected by an automatic beam absorber. The reflectivity data were
fitted with a Parratt algorithm to obtain thickness information.

’RESULTS

To investigate the growth of an Al contact on top of P3HT, we
mounted the initially spin-coated P3HT film in the sputter
deposition chamber. First, it was probed without deposition of
Al. Al sputtering was then started, and the growth of the Al layer
monitored with GISAXS. After 30 min, deposition was stopped
and the thickness of the final contact achieved.

The information about the growth process of the layer was
extracted from the GISAXS images by modeling and analysis of
structural maps. Figure 1a shows seven selected scattering images
together with their simulations, which were calculated with the
IsGISAXS simulation tool36 (details see below). In panels b and c
in Figure 1 structural maps are shown, which were created by
cutting intensity profiles from the scattering images and arran-
ging them with respect to deposition time. These maps provide
an overview over the temporal evolution of the scattering images
and the deposited layer with the full resolution of the experiment.
The cuts were taken at distinct characteristic positions of the
GISAXS images. The vertical cuts were taken atψ = 0�, i.e., along
the plane of specular reflection, and represent the structure of the
layer system perpendicular to the film plane.31 The horizontal
cuts were taken at a constant angle of Rf = 0.205�, where alumi-
num has a maximum in scattering intensity (Yoneda maxi-
mum).41 Thus they are sensitive to structural features in the Al
layer and represent its lateral evolution.31

The 2d GISAXS data of the uncoated P3HT film (see left
image in Figure 1a) show only the Yoneda maxima of glass and
P3HT as characteristic signals of the diffuse scattering.42 The
P3HT film exhibits no correlated roughness. Thus no long-
ranged correlation between the P3HT film surface and the
glass substrate surface is present, which is in contrast to the
behavior of nonconducting homopolymer films such as
polystyrene (PS) films.43-45 The absence of correlated
roughness might be attributed to the rod-like character of
P3HT in contrast to the coil-like one of PS. Because of the
increased stiffness of the polymer chain, the substrate rough-
ness is not followed and the polymer surface is statistically
independent from the glass surface.
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Because of Al deposition on the P3HT, the GISAXS pattern is
markedly altered. In the vertical direction, along the Rf-axis, the
scattered intensity is modulated with pronounced minima and
maxima (see Figure 1a). The map created from the vertical cuts
(see Figure 1b) shows this inmore detail. Up to a deposition time
of 2 min only the scattered intensity increases due to the scatter-
ing contribution of the Al deposit. Then, with the formation of a

compact Al layer, a modulation begins to develop. This modula-
tion results from a height correlation of the layer with the P3HT
surface and describes the layer thickness.46-48 Thus the Al film
exhibits correlated roughness. With ongoing deposition the
modulation length decreases as the thickness of the Al layer
increases. The pronounced shape of the maxima indicates a
homogeneous Al film without large thickness deviations and a

Figure 1. (a) Selected measured and simulated GISAXS images. The measured data (upper row) were taken after deposition times of 0, 5, 10, 15,
20, 25, and 30 min, corresponding to layer thicknesses between 0 nm (uncoated P3HT film) and 27.7 nm. Each image comprises an angular range from
0� to 2� in Rf-direction and from -1� to 1� in ψ-direction. The dark spot in the middle of the images is a beam stop at the position of the specular
reflected beam to shield the detector. (b) Structural map created from vertical cuts through the scattering images. Each line is a vertical cut through one
image drawn along the plane of reflection (ψ = 0�). (c) Structural map created from horizontal cuts through the scattering images. Each line is a
horizontal cut drawn at the position of the Yoneda scattering maximum of aluminum (Rf = 0.205�).
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smooth surface. In the initial stage the amplitude of the maxima is
lower than in the final stage, i.e., the relative variations in film
thickness become smaller when the film gets thicker and the
surface roughness remains low during the whole deposition
process.

In contrast to the 2d GISAXS images measured at the inert
system gold on PVK during sputter deposition,30 the scattering
images for Al on P3HT do not show any peak-like intensity
maxima in the horizontal direction, along the ψ-axis (see figure
1a and 1c). Such side maxima would originate from lateral
structures,49 e.g., Al clusters on P3HT. Even in the images taken
during the first minutes of deposition no lateral structure is
found, which is seen in themap of the horizontal cuts (Figure 1c).
Therefore well-defined in-plane structures in the Al layer are
absent and the observed growth process does not proceed by
lateral growth and coalescence of spherical clusters. Although the
formation of very small aggregates in the initial stage of deposi-
tion, which would yield a scattering maximum outside the
detected angular range, cannot completely ruled out, the
GISAXS measurements clearly show that the growth is different
to that of gold on PVK. The surface of the polymer is wetted and
already in the initial stage of deposition a continuous layer is
formed, which grows in height by adsorption of further imping-
ing Al atoms. Because of the complete coverage of the surface
within the deposition of the first atomic layers, no voids or holes
form, and the layer structure is homogeneous. Moreover, the Al
layer is even long-ranged correlated with the P3HT film surface.

To derive precise values for the Al layer thickness, the 2d
GISAXS images were modeled with the IsGISAXS program.36 A
selection of full simulations can be seen in Figure 1a, and the
corresponding cuts including the height modulation are shown in
Figure 2. A layer stack model, consisting of a glass substrate, a
P3HT film with a thickness of 42 nm, and an aluminum layer
with variable thickness, was used for modeling. The calculations
were performed within the distorted wave Born approximation
(DWBA) and by assumption of cylinder-shaped scattering cen-
ters. The scattering particles were used to introduce variations in
the layer thickness and to describe the amplitude of the modula-
tion. The height of the particles, which approximates the local
layer thickness, was distributed with a Gaussian shape. The mean

height equals the mean thickness of the layer. From the simula-
tions a relation between deposition time and layer thickness was
obtained, which is shown in Figure 3. A linear increase of the Al
layer thickness with the deposition time is found, as it is expected
for the growth of a smooth homogeneous layer in a two-dimen-
sional growth mode. In particular, no discrepancy between the
layer thickness resulting from the deposited amount of material
and the observed structural height is visible, as it would be
observed in case of a three-dimensional cluster growth mode.
Thus the condensation coefficient for the Al atoms on the
polymer surface is high already in the initial stage of deposition
and nearly all impinging Al atoms are caught, which is indicated
by the linear fit passing through the origin at t = 0 min. The slope
of the fit results in an effective deposition rate of 0.92 nm/min.

To gain further information about the buildup of the Al:P3HT
layer system and the structure at the interface, we performed an
X-ray reflectivity (XRR) measurement after complete deposition
of the Al layer. Because of its sensitivity for small variations in the
mass density across the film plane, X-ray reflectivity can detect
enrichment layers or inclusions even with only small amounts of
incorporated material.30,50 The measured curve, together with

Figure 2. Comparison of selected vertical cuts through the scattering images. The cuts were taken atψ = 0� and are shifted in intensity for clarity. The
solid lines are the cuts through the simulated images.

Figure 3. Relation between deposition time and thickness of the Al
layer. The solid line is a linear fit to the data. The deposition rate is
constant with a value of 0.92 nm/min.
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the data of an uncoated P3HT film, is shown in Figure 4a. The
curve was modeled with a layer stack model, whose refractive
index profile is shown in Figure 4b. At the Al:P3HT interface a
thin interfacial layer was inserted tomodel the data correctly. The
thickness of this interfacial layer is 2 nm and the refractive index is
about 5% above the refractive index value of P3HT. For the
surface roughness of the P3HT film, values of 0.5 and 0.6 nm
were found in the uncoated and the Al coated film, respectively.
Thus the thickness of the interfacial layer is well-distinguished
from the roughness of the P3HT film and we attribute the layer
to an intermixing zone formed by diffusion of Al atoms into the
polymer film. From themeasured refractive index value results an
Al incorporation in the intermixing layer of 3 wt %. Thus
diffusion is only limited and the amount of incorporated Al is
small. The included Al atoms are expected also to be chemically
bond and complexed with P3HT.51

From the refractive index of the top layer (Al layer) results a
mass density of 2.75 ( 0.05 g/cm3. This value is in good
agreement with the bulk density of Al (2.71 g/cm3) and proves
the presence of a homogeneous Al layer without voids as it is
already concluded from the GISAXS analysis.

The results of the XRR and GISAXS analysis are corroborated
by scanning electron microscopy (SEM). Figure 5 shows a SEM
image of the Al contact surface after completed sputter deposi-
tion. The surface of the 27.7 nm thick Al layer is smooth, without
large height deviations. In addition, the SEM image shows a grain
structure consisting of small Al grains of approximately 20 nm in
size. The grains are rather densely packed but no pronounced
order among them is visible. Consequently these grains do not
contribute with a structure factor to the GISAXS signal, which is
in good agreement with the observed 2d GISAXS patterns.

’DISCUSSION

Our experimental findings suggest a growth process that is
dominated by a strong chemical interaction at the Al:P3HT
interface. The rapid formation of bonds between Al and polymer
limits the mobility of the Al atoms on the surface and favors the
growth of a smooth layer instead of three-dimensional clusters, in
accordance with findings reported for the metallization of metal
oxide surfaces.52,53 Three stages are distinguished in the growth
process: (1) surface bonding, (2) agglomeration, and (3) layer
growth (see Figure 6). In the first stage, the surface bonding
stage, the very first Al atoms impinging on the surface are rapidly
bond to the polymer and thus not able to diffuse across the
surface to join with other adatoms. Even at low deposits Al atoms
are spread uniformly over the surface and the density of nuclei for
the layer growth is very high.53 The growth of three-dimensional
cluster structures is suppressed by the low mobility of the
adatoms. Simultaneously the probability for desorption is low
and condensation already in the initial stage high. With further Al

Figure 4. (a) X-ray reflectivity curves of an uncoated P3HT film and the Al:P3HT layer system after complete deposition of the Al contact. The solid
lines are fits to the data. (b) Refractive index profile used to fit the data of the Al:P3HT layer system. (c) The subtraction of the profile of a sharp interface
with the same surface roughness illustrates the presence of an intermixing layer at the Al:P3HT interface.

Figure 5. SEM image of the Al surface after deposition of the complete
layer.
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atoms arriving on the surface the coverage increases and agglom-
eration sets in, where diffusing adatoms attach laterally to existing
nuclei. Because these agglomerates are fixed to the surface,
diffusion-enhanced coalescence is not possible and the surface
is rapidly covered with an Al layer. Simultaneously, further Al
atoms attach on top of this first layer and height growth sets in.
With ongoing deposition, more and more Al is deposited and the
layer grows continuously in height. Because of the large number
of nuclei in the first stage, a crystalline structure develops that
consists of a large number of grains with a small size. These grains
are densely packed and locally fixed to the polymer substrate,
which results in a mass density of the Al layer similar to Al bulk
material.

The chemical bonding favors the growth of a dense Al layer
without voids and interspaces. Because the interface between the
metal and the polymer is not minimized by clustering as in the
case of inert systems (e.g., gold on PVK30), a high contact area is
achieved. Such high contact area is favorable for good adhesion
properties of the metal layer on the polymer and avoids delamina-
tion of the contact, in particular if it is connected with the formation
of an intermixing layer formed by diffusion.19 But a high contact area
also is of relevance for the electric characteristics of the contact,
because a large interface allows a charge transfer over a large area and
reduces the contact resistance. Thus, a wetting growth mode
producing a large interface is preferable compared to a cluster
growthmode in order to achieve a contactwith beneficial properties.

Because of the low rest gas pressure of 8.4 � 10-8 mbar, we
exclude the layer growth process to be initiated by the presence of
oxygen, as it was reported for the growth of Al on sexiphyenyl
films.54 At this pressure, only very small amounts of oxygen are
present in the deposition chamber, which we assume to be not
sufficient to initiate a wetting of the polymer surface. Further-
more, since oxygen cannot be supplied by the P3HT as well, we
also exclude the formation of Al2O3 during deposition. This is
supported by the XRR measurement, which does not show any
region with a refractive index higher than that of Al. Because the
value of Al2O3 is 1.24� 10-5 and thus well above the value of Al
(8.4� 10-6), the formation of Al2O3 would result in a significant
increase in refractive index at the Al:P3HT interface or within the
Al layer.

Despite the high reactivity of the Al:P3HT system, diffusion of
single Al atoms into the polymer is not completely suppressed.
The diffusion process might be promoted by the high energy of
the incoming particles and single Al atoms are implanted into the
polymer film. Complexed with P3HT molecules these atoms

extend the reaction zone into the bulk of the polymer and form a
chemically modified layer. Such layers have already been shown
to alter the electronic properties of organic layers and to change
their charge injection properties.10

In general, covalent bonding and the formation of metal-
organic complexes is not a peculiarity of the Al:P3HT system. Al
is reported also to react with PPV’s51 and small organic semi-
conducting molecules10,55 as well as nonconducting
polymers.56-58 Consequently, the growth process on these
substrates should be comparable to the growth process on
P3HT and result in a similar morphology. Moreover, it is also
known that reactive metals grow on oxide surfaces with a high
density of nuclei and a full surface coverage even at low
deposits.53 In case of polymers, Demirkan et al. reported about
the growth of a thin homogeneous layer of Al on a MEH-PPV
surface,59 and Ho et al. observed less clustering when reactive
metals are deposited on polyimide.58,60 However, in case of low
chemical interaction, clustering of the Al on the polymer surface
is possible as in the case of inert metals,54,59 which again shows
that reactivity at the interface has a major influence on the
growth behavior and the correlating structural properties of the
metal layer.

’CONCLUSIONS

In summary, we investigated the growth of a metal contact
layer on a conductive polymer surface in case of a reactive
interaction at the interface. In situ application of GISAXS shows
that Al grows on P3HT in a layer growth mode without
clustering. The formation of three-dimensional structures is
suppressed by the strong chemical interaction of the Al with
the P3HT, which bonds the impinging Al atoms to the polymer
surface. It is expected that this growth mode is typical for reactive
metal-polymer interfaces and advantageous in terms of adhe-
sion and contact resistance.

An XRR measurement shows diffusion of the Al into the
P3HT and the formation of an intermixing layer. This layer is
only 2 nm thin and has a relative Al incorporation of 3 wt %.
Applied in a device the extended zone of complex formation can
introduce new states and alter the electronic structure at the
interface, which results in modified charge injection properties.
Despite the relevance of the system Al:P3HT with respect to
application, there are many other metals and polymers used in
organic electronics. It remains a promising task for the future to
extend this study to other material combinations to gain deeper

Figure 6. Schematic illustration of the layer growth process. Three stages are distinguished beginning with chemical bonding of single aluminum atoms
to the P3HT. Starting from these nuclei the polymer surface is covered rapidly by lateral attachment of further adatoms. Height growth proceeds by
deposition of further layers on the first layer.
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inside into the formation of metal-polymer interfaces and the
growth of metal coatings on polymer films.
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