Morphology and Thermal Stability of Metal
Contacts on Crystalline Organic Thin Films**

By Arndt C. Diirr, Frank Schreiber,* Marion Kelsch,
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Due to their potential in electronic and optoelectronic ap-
plications, semiconducting organic materials are the focus of a
rapidly increasing research activity. Organic field-effect tran-
sistors, organic light-emitting diodes, or organic solar cells are
only a few examples of tailored organic device structures.!"
Besides high charge-carrier mobilities in the organic layer, the
proper function of the contact between the metal and the or-
ganic layer is of great importance for the device performance.
Thus, knowledge of the associated morphology of the metal-
organic interface as well as its thermal stability is essential.
Hitherto, only a few studies of metal-organic interfaces exist,
mostly on disordered polymers used as low dielectric constant
material in conventional microelectronic fabrication pro-
cesses'”! and some on Langmuir-Blodgett films®! and on ultra-
high vacuum (UHV)-deposited organic thin films.

In this paper, we present a study of the interface between
gold and diindenoperylene thin films (DIP, C5,Hy,, Fig. 1C)
as a model system for metal contacts on organic electronic de-
vices. We examine the necessary preparation conditions that
lead to a well-defined gold/DIP interface in the as-grown state
by cross-sectional TEM and study the thermal stability of the
DIP thin film at elevated temperatures by in-situ X-ray-scat-
tering. Finally, we investigate the thermal stability of the met-
al-organic interface employing in-situ, high-resolution
Rutherford backscattering spectrometry (RBS) as a function
of temperature. The annealing studies are particularly impor-
tant to address the issue of thermal stability of devices operat-
ing at elevated temperatures.

DIP was chosen as the organic material, since the surface of
the DIP films exhibits large terraces (up to 7000 A) with
monomolecular steps of 16.5 A. Thus, DIP films are very well
defined and ideally suited for the study of the interfacial struc-
ture of metal contacts on organic thin films. Moreover, DIP
exhibits excellent crystalline order and very good charge-
transport properties associated with it.’) Gold is widely used
for contacting organic electronic devices and rather inert,
hence, specific chemical interactions play only a minor role.
This allows us to focus on the role of substrate temperature
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Fig. 1. A) Cross-sectional TEM of sample 1. B) Cross-sectional TEM of sam-
ple 2. C) Structure of diindenoperylene (DIP, C5;Hjg).

and deposition rate on the morphology of the metal-organic
interface.

Based on a comparison with previous experiments and
Monte Carlo simulations of metals on polymers,[z’é] one may
expect the largest differences in interfacial morphology for
metal deposition on crystalline organic films in the as-grown
state for the two following extreme growth conditions:

e low substrate temperature combined with a high deposi-
tion rate

e high substrate temperature combined with a small deposi-
tion rate

Although there are important differences between disordered

polymer films and crystalline films of comparatively small

molecules regarding the diffusion channels of metals into

these films, we use these extreme cases as a starting point.

Therefore, we prepared two samples (denoted as sample 1
and 2; see Table 1) under the above mentioned different
growth conditions to investigate the interfacial morphology in

Table 1. Preparation conditions of the gold layer on top of the DIP film.
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the as-grown state by cross-sectional TEM. Furthermore,
sample 1 was used for X-ray studies during annealing. The
thermal stability of the gold/DIP interface as probed by RBS
will be discussed using sample 3.7 In addition to the samples
discussed here, others were studied in complementary experi-
ments, confirming the conclusions presented in this paper.

The TEM images of sample 1 and 2 (Fig. 1A and 1B) show
the gold layer on top of the crystalline DIP layer. Remark-
ably, one clearly observes individual molecular lattice planes
of the DIP film, where each pair of horizontal stripes with
bright—dark contrast is associated with one monolayer of the
essentially upright standing DIP molecules. This shows the
excellent crystalline order of the DIP film across the entire
thickness (at the bottom the SiO, substrate is seen).

As is obvious from the images the interfacial morphology is
very different for both samples. Sample 1 exhibits a well-de-
fined gold/DIP interface with only a few small gold clusters
that have diffused into the topmost layers of the DIP film.
Apparently, the low substrate temperature limits the diffusion
of gold atoms into the DIP film. Furthermore, the high de-
position rate increases the probability that an adsorbed gold
atom forms a less mobile cluster with other gold atoms, which
also contributes to limiting the diffusion.

Consistent with this, the combination of high substrate tem-
perature and low rate for sample 2 leads to an almost com-
plete intermixing of gold and DIP. Large gold clusters are
embedded inside the DIP film and penetrate to the SiO,/DIP
interface. This study clearly shows that it is very important to
choose appropriate preparation conditions to obtain well-de-
fined and controlled metal-organic interfaces.

We now turn to the thermal stability of the organic layer
and the degree of diffusion of metal into the organic layer
under (simulated) elevated operation temperatures. For this
purpose we performed temperature-dependent, in-situ X-ray
diffraction measurements of sample 1. In addition, we carried
out temperature-dependent RBS measurements of sample 3.

In Figures 2A-C we show the results of an X-ray study of
the thermal stability of the DIP-layer in this heterostructure.
Figures 2A and 2B show the DIP(001) reflection with its
Laue-oscillations for sample 1 at different temperatures and
the scattering geometry, respectively. In Figure 2A, the X-ray
reflectivity data are also plotted for the sample in the
as-grown state. The long wavelength oscillations around
¢,=0.1-0.2 A stem from the gold layer with a uniform thick-
ness of about 135 A on top of the DIP film. The Laue oscilla-
tions around the DIP(001) reflection again confirm the high
structural order of the DIP film with a coherent thickness,
dcon, of about 385 A, which is laterally uniform and which
equals the total thickness of the DIP film.

During the annealing the DIP(001) reflection does not
change significantly for 7<150°C, as is shown in Figure 2A
and Figure 2C, which display the integrated intensity of the
reflection (shaded area in Figure 2A) as a function of temper-
ature (filled circles in Figure 2C). Yet, a further increase of
the temperature results in a significant decay of intensity of
the DIP(001) reflection, which we associate with the desorp-
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Fig. 2. A) DIP(001) reflection of sample 1 for different annealing temperatures.
The different scans are offset to each other for clarity. For the sample in the
as-grown state the X-ray-reflectivity data are also plotted. B) Schematic plot of
the specular scattering geometry. C) Normalized intensity (filled circles) of the
DIP(001) reflection (shaded area in A) and coherent thickness, dcopn, Of the
DIP-film (open triangles) as a function of the annealing temperature. The verti-
cal line marks the upper temperature limit for stability of the DIP film.

tion of DIP molecules (Fig. 2C, note the log scale of the
y-axis). This implies that the DIP film is thermally stable up
to T=150£10°C under the annealing conditions employed
(see Experimental), which is sufficient for typical device ap-
plications. In contrast to the integrated intensity, d ., remains
largely unchanged throughout the annealing (Fig. 2C). This
means that the breakdown of the structure at still higher tem-
peratures is obviously due to a laterally inhomogeneous pro-
cess, leaving DIP islands of constant height, while major frac-
tions of the film are already desorbed.

Next, we turn to the thermal stability of the Au/DIP inter-
face. For this purpose, we carried out in-situ, temperature-de-
pendent, high energy resolution RBS measurements on sam-
ple 3. In Figure 3 the spline-fitted RBS gold peak is
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Fig. 3. RBS measurements around the gold edge of sample 3. The figure shows
the spline-fitted RBS gold peak just after gold deposition (black), and after
annealing at 7=100°C (red), 150 °C (green), 160 °C (blue), and 170 °C (magen-
ta) for one hour each. The slightly rounded edges on the high-energy side are
indicative of small amounts of adsorbed material on top of the gold film. For
comparisﬁon, the gray shaded area shgws an RBS simulation for an ideal Au film
with 70 A average thickness and 25 A thickness fluctuation.

displayed, measured just after deposition and after annealing
at different temperatures for one hour each. Immediately
after deposition the gold peak exhibits a slightly smeared-out
shape with relatively steep edges at the high- and low-energy
side, pointing to an essentially homogeneous and well-defined
film with only little interdiffusion. The simulation (gray area
in Fig. 3) gives a film thickness of 70 A and a thickness fluc-
tuation of 25 A. The latter equals the surface roughness of the
DIP film as determined by X-ray reflectivity measurements.

Although for technical reasons sample 3 could not be pre-
pared completely the same as sample 1, the RBS data provide
evidence for a well-defined interface between the gold and
the DIP layer. Annealing at 100 °C does not change the peak
significantly, demonstrating that the interface is thermally
stable against interdiffusion. Further annealing at 150 °C re-
sults in a noticeable change of the shape of the peak: the
FWHM of the peak increases, and the low-energy side exhib-
its a longer tail. This is a clear sign for diffusion of gold into
the DIP film. Remarkably, the peak shape does not change
any more upon further annealing to 160 °C and 170 °C, which
suggests that the gold diffusion process is completed already
at 150 °C, most likely due to the formation of immobile gold
clusters. However, at the two highest annealing temperatures,
the position of the gold edge shifts to lower energies by
=1 keV. This implies that the gold film is covered by a thin
DIP film of about 15 A in thickness, indicating that at this
stage wetting effects play a role.

In conclusion, we have shown that the interfacial properties
of metal contacts on organic materials in the system gold on
DIP are strongly determined by the preparation conditions of
the gold film. Gold deposition at a high rate (20 A min™) and
low substrate temperatures during deposition (-120 °C) leads
to well-defined interfaces with only a slight amount of inter-
diffusion. Moreover, we found that the interface is stable
against further interdiffusion up to 100 °C and that the DIP
structure itself is stable even up to 150 °C. These temperatures
are supposed to be sufficient for most technical applications
of metal contacts on organic semiconductors.

Adv. Mater. 2002, 14, No. 13-14, July 4

Experimental

All samples were prepared on atomically smooth oxidized (4000 A) Si(100)
substrates. A DIP-layer of typically 400 A in thickness was grown at
Tsup=145+5°C and arate R of 12+3 A min~' under UHV conditions. The gold
film was deposited after growth of the DIP film in the same chamber. The
deposition conditions for the gold layer on top of the DIP film are shown in
Table 1. For a detailed characterization of this multilayer structure, TEM im-
ages were taken by a JEOL FX4000 and a Philips CM200 microscope, at
400 kV and 200 kV, respectively. X-ray measurements were carried out at
beamline W1 at HASYLAB with a wavelength of 1=1.39 A. The RBS data
were taken at the Stuttgart Pelletron [8] with He" ions at 1.3 MeV and a scatter-
ing angle of 6=75°. We used a high energy resolution spectrometer with an en-
ergy resolution of AE=2.4 keV, corresponding to a depth resolution of =10 A
in gold. For the study of the thermal stability of the organic layer and the met-
al-organic interface as a function of temperature, the samples were mounted on
a heater, annealed to a given temperature for one hour each, and measured in
situ using X-ray-reflectivity and RBS, respectively, at each temperature step.
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A Novel Conductive Polymer-Sulfur Composite
Cathode Material for Rechargeable Lithium
Batteries

By Jiulin Wang,* Jun Yang, Jingying Xie, and Naixin Xu

Demand is now increasing for rechargeable lithium batteries
with a high energy density and long cycle life, as they have a
wide application range—from microbatteries for small-size
electronic devices, to power sources for electrical vehicles. The
high energy density that is obtainable with a lithium battery is
mainly due to the large charge density of the anode active
materials such as lithium metal (3861 mAhg™) and lithium
intercalation carbon materials (372 mAhg™). Therefore, the
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