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We present a detailed study of the thermal stability of organic thin films of
diindenoperylene encapsulated by sputtered aluminum oxide layers. We studied the
influence of capping layer thickness, stoichiometry, and heating rate on the thermal
stability of capped films and their eventual breakdown. Under optimized encapsulation
conditions (thick and stoichiometric capping layer), the organic films desorb only at
temperatures 200 °C above the desorption of the uncapped film. Moreover, the capped
organic films retain their crystalline order at these elevated temperatures, whereas they
would normally (i.e., uncapped) be in the gas phase. This study therefore also shows a
way of studying organic materials under temperature conditions normally inaccessible.
Considering results from complementary techniques, we discuss possible scenarios for
the eventual breakdown. The results have implications for the performance and
long-term stability of organic devices for which stability against elevated temperatures
as well as against exposure to ambient gases is crucial.

. INTRODUCTION

In recent years, great progress has been made in the
area of organic semiconductor devices.'™ Such devices
eventually have to meet certain stability requirements to
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find their way into commercial products. Exposure of the
active organic films to ambient gases may cause gas
penetration into the organic film and lead to oxidation or
unintentional doping of the active transport layer.®™ Sta-
bility against elevated temperatures is important to guar-
antee a good long-term performance of such devices.”'®
An obvious way of protecting the active layer against
these degradation and failure mechanisms is encapsula-
tion."”

Aluminum oxide is frequently used in device and coat-
ing technology due to its specific physical and chemical
properties.'®' Sputtered aluminum oxide layers were
used to encapsulate organic semiconductor films of
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diindenoperylene (DIP) and to study the thermal stability
of these systems. From electrical and structural measure-
ments it was concluded that DIP is a good candidate for
the application in organic devices.”>*' In a previously
published short communication, we reported the obser-
vation that capped films of DIP remain crystalline even at
temperatures more than 200 °C above the desorption
temperature of uncapped films.** On the basis of further
experimental work, the present paper presents a detailed
study of the underlying effects and responsible mecha-
nisms of this remarkable enhancement.

Because the structure and morphology of the alumi-
num oxide film depends strongly on the sputter condi-
tions,>* "’ these also influence the mechanical and ther-
mal properties of the capping layer. At elevated tempera-
tures, elastic stress due to the different thermal expansion
coefficients of the organic and the aluminum oxide films
is expected to evolve.

We performed measurements to characterize the ef-
fects of capping layer thickness, stoichiometry, and heat-
ing rate on the stability of these hybrid samples. The
long-term stability of these samples at temperatures far
above the desorption temperature of the DIP film was
also investigated.

To obtain a picture as comprehensive as possible, we
used a combination of x-ray diffraction techniques, ther-
mal desorption spectroscopy, atomic force microscopy,
transmission electron microscopy, and optical micros-
copy.

The paper is organized as follows: In Sec. II we de-
scribe the experimental setup and procedures. Section III
presents our results on the structure and morphology of
as-grown DIP films capped with aluminum oxide layers
and with particular emphasis on their thermal stability. In
Sec. IV, we discuss the results and discuss a possible
breakdown scenario of the samples. Section V concludes
this work with a brief summary.

Il. EXPERIMENTAL
A. Preparation of organic films

Organic films of DIP were prepared on silicon wafers
by organic molecular beam deposition®®* (with thick-
nesses ranging from 100 to 1000 A). The structure and
electrical properties of DIP films have been studied ex-
tensively in the past.”**'-°

After standard cleaning procedures, the substrates
were transferred from a load lock into the preparation
chamber where a base pressure from 10™"" to 10™'° mbar
could be attained. Before the DIP growth, the substrates
were outgased at temperatures between 650 and 700 °C
for about 12 h. DIP was evaporated from home-built
Knudsen cells, and the film thicknesses were determined
with a quartz crystal microbalance. The pressures during

deposition were in the range of 107'° to 10~ mbar. DIP
films were prepared on Si(100) wafers with different
oxide layer thicknesses (15-4000 A). The growth rate
was =5 A/min, and the substrate temperature during
growth was kept at 145 °C.

After preparation of the organic films, we used in situ
atomic force microscopy (AFM) and x-ray diffraction
methods to characterize the surface and the structure of
the as-grown samples.

B. Preparation of aluminum oxide capping layers

The aluminum oxide layers (thickness from 166 to
5938 A) were deposited on the organic films by high-
frequency (HF)-magnetron sputtering in a separate
chamber. To avoid oxidation of the underlying organic
film, we used pure argon as sputter gas (argon partial
pressure 2.6-2.8 x 10~ mbar). Regarding the oxygen
content, this leads to an under-stoichiometric target after
some sputter cycles which had been overcome by regen-
erating the target after each deposition in an oxygen/
argon atmosphere [p(Ar) = 5 X 10~ mbar, p(O,) = 2 x
10~ mbar]. The base pressure of the chamber was 3 x
1077 mbar, the deposition rate was about 7 A / min, and
the substrate temperature was kept at —10 °C.

C. Experimental methods

Different experimental techniques were used to inves-
tigate the properties of the capped and of the uncapped
organic films.

X-ray diffraction techniques are particularly powerful
for destructive-free investigation of the structure of bur-
ied interfaces. X-ray reflectivity (XRR), grazing inci-
dence x-ray diffraction (GIXD), and diffuse x-ray scat-
tering were used to determine the structural properties of
the capped and uncapped organic films. From x-ray re-
flectivity measurements, we determined the electron den-
sity profile p(z), and from the out-of-plane DIP Bragg
peaks, we determined the lattice parameter of the organic
film structure and the coherent film thickness, respec-
tively.

We used these x-ray diffraction techniques in situ dur-
ing the heating process to study possible diffusion and
structural changes. The integrated intensity of the DIP
Bragg reflection was used as a measure of the number of
ordered molecules in the organic film. GIXD measure-
ments supply us with information about the in-plane
structure of the organic film and its lateral expansion
during heating. The x-ray diffraction measurements were
performed at the synchrotron facility ANKA at the For-
schungszentrum Karlsruhe (Germany) and at laboratory
x-ray sources at the Max-Planck-Institut fiir Metallfor-
schung (MPI-MF) in Stuttgart (Germany).

For studies of the thermal stability of the capped or-
ganic films, we used thermal desorption spectroscopy
(TDS). In the TDS experiments, the quadrupole mass
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spectrometer is tuned to the mass of DIP molecules
(400 amu), and the signal is recorded as a function of
time, while the temperature is ramped at a constant rate.
We studied the influence of different heating rates and
different capping layer thicknesses on the thermal stabil-
ity of the system. To guarantee capping of the entire
organic film and to prevent edge effects, we used shadow
masks for the organic film preparation.

AFM was used to study the surface morphology of the
capped and uncapped organic films, and transmission
electron microscopy (TEM) was used to investigate the
insulator-organic interface. The preparation of cross-
sectional TEM specimens is rather difficult for organic-
inorganic film structures. Fortunately, the procedure,
which had already been applied successfully to Au on
DIP,*! could also be applied to our system. The TEM
measurements were performed with a Philips CM200
operated at 200 keV.

For the determination of the stoichiometry of the alu-
minum oxide layers, we used Rutherford backscattering
spectroscopy (RBS). The measurements were carried out
with He* ions of 1 MeV at the Dynamitron in Stuttgart.
The RBS-chamber had an IBM-geometry (i.e., the detec-
tor was located at a 8 = 165° scattering angle in the
same plane as the beam and the normal to the sample)
with a detector resolution of 14 keV full width at half-
maximum (FWHM). The data were analyzed with the
software RUMP.

lll. RESULTS

A. Characterization of capped DIP films under
ambient conditions

1. Surface morphology

The structure and morphology of DIP films on silicon
oxide have been described in detail elsewhere.*'-*°
Briefly, they exhibit large flat terraces with a step height
of =16.5 A with the molecules standing essentially up-
right on the surface. The films can be prepared with a
very high crystalline order.

A comparison between contact AFM images before
and after the aluminum oxide deposition is shown in
Fig. 1. After the aluminum oxide is deposited on top of
DIP, the surface morphology of the DIP film can still be
recognized. A closer look on the morphology of the alu-
minum oxide layer shows that the DIP surface is covered
with a layer of small “grains” of aluminum oxide, which
still reflects the main topographic features of the under-
lying organic film (terraces).

2. Multilayer structure of aluminum oxide on DIP

In Fig. 2, the TEM image of a typical sample shows
the resulting heterostructure. Within the organic film,

Z [nm]

Z[nm]

f X[nm]
(b)
FIG. 1. Contact AFM image of a DIP sample (a) before and (b) after

deposition of the aluminum oxide layer. The aluminum oxide layer
exhibits a grainy morphology covering the terraced DIP structure.

Z [nm]

Si.oxide/Si

p (arb.units)

FIG. 2. TEM image showing a well-defined heterostructure of alumi-
num oxide on DIP/SiO,. The laterally averaged image also shows the
individual layers of DIP.

even individual molecular layers of DIP could be re-
solved. The density profile of this sample is shown by a
laterally averaged image (see left panel in Fig. 2). Here,
the periodic arrangement of the DIP lattice planes and the
interfaces of the organic film with the substrate (silicon
oxide) and the aluminum oxide capping layer can be
seen. Note that the seemingly decreasing density of the
aluminum oxide layer below 20 nm comes from the
specimen preparation and is not real. Considering the
DIP islands with their large flat terraces, their interface
with the aluminum oxide capping layer was dominated
by the DIP film roughness (aluminum oxide films pre-
pared on bare silicon oxide exhibited low roughness).
Nevertheless, the aluminum oxide/DIP interface was
very well-defined and only limited interdiffusion could
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be observed. The aluminum oxide layer exhibited a
roughness of 40 A.

The top curves in Figs. 3(a) and 3(b) show the x-ray
reflectivity data of a DIP sample before and after the
deposition of aluminum oxide (~1212 A). The pro-
nounced thickness oscillations (Kiessig interferences),
which could be observed before and after the sputtering
process (the low frequency oscillations coming from the
DIP film and the high frequency oscillations coming
from the aluminum oxide layer) indicated that the inter-
faces were still well defined. Comparing the Laue oscil-
lations around the DIP Bragg peak the coherent thickness
decreased from 368 A before to 325 A after the sputter-
ing process. Therefore, the structural order of the first
layers of the organic film was slightly compromised by
the aluminum oxide deposition. For different samples
prepared at lower sputtering powers (65 W instead of
150 W), no significant changes could be observed.
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FIG. 3. Typical x-ray reflectivity scans of capped DIP films for dif-
ferent temperatures. (a) The reflectivity curves to a g, value of 0.12 are
displayed. (b) The DIP Bragg reflection is displayed for temperatures
ranging from 25 to 410 °C [same order as in (a)]. At 410 °C the DIP
Bragg peak disappears gradually. The different curves were taken
approximately every 5 min (c). The different curves are scaled for
clarity.

At higher scattering angles (i.e., in the Bragg regime),
no signature for crystalline aluminum oxide was ob-
served showing that the film was completely amorphous
which was also confirmed by complementary TEM
measurements.

3. Stoichiometry of the aluminum oxide layers

The stoichiometry of the aluminum oxide layer and
incorporation of Ar in the capping layer could play a
crucial role in the deterioration by crack formation at
elevated temperatures. Cavities filled with Ar in the alu-
minum oxide film may influence the mechanical proper-
ties of the capping layer.>”* Therefore, the stoichi-
ometry and the Ar content of the aluminum oxide films
were determined by RBS.?’

The Al/O ratio of our aluminum oxide samples ranged
between 0.63 and 0.91 and thus from oxygen rich to
metal rich films. The Ar content was found between 0.59
and 4.00 at.% depending on the preparation conditions.

B. Thermal stability—Desorption

After characterizing the as-grown samples we studied
the thermal stability of capped DIP films. To investigate
their overall thermal stability we measured TDS spectra
of uncapped and capped DIP films (Fig. 4).

The uncapped DIP film had a well-defined peak
around 190 °C, which we referred to as “bulk” desorp-
tion, while the desorption peaks for the capped DIP films
were shifted to higher temperatures and exhibited a pro-
nounced sub-structure. The capped films in Fig. 4 were
heated with 30 °C/min and 10 °C/min, respectively. At
lower heating rates, the center of mass of the TDS spec-
trum was shifted to higher temperatures. We consider the
sharp peaks in the spectra of capped films to originate
from individual desorption channels such as small

. ; . : . ,
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FIG. 4. TDS data of an uncapped versus capped DIP films for differ-
ent heating rates.
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cracks. These cracks or defects give rise to a limited local
desorption of the underlying organic film but do not lead
to the desorption of the entire film.

C. Thermal stability—Structure
1. Specular reflectivity—Interface structure

To obtain structural information of the system during
the heating process, we performed in situ x-ray diffrac-
tion experiments. Figure 3 shows the specular reflectivity
and the Bragg peak at different intermediate tempera-
tures (the mean heating rate was about 0.75 °C/min) for
a typical DIP film capped with an aluminum oxide layer
(sample 8, see below). The Kiessig fringes in panel
(a) show the different contributions from the DIP film
(359.4 A) with its low-frequency oscillations modulated
by the contributions from the aluminum oxide film
(1212 A) high-frequency oscillations. They change only
slightly with increasing temperature indicating that the
interfaces do not change significantly upon heating. At
around 410 °C, the thickness oscillations become less
pronounced due to increasing roughness. In panel (b), the
first order Bragg reflection of DIP is displayed as a func-
tion of temperature. Apart from the thermal expansion
which shifts the peak to smaller ¢, values no substantial
changes can be observed. At 410 °C, however, the Bragg
intensity decreases rapidly [Fig. 3(c)]. At this constant
temperature, the Bragg peaks were monitored every
5 min starting from the upper curve (data are offset for
clarity). Besides the decrease in intensity of the DIP
Bragg peak and a small shift to higher ¢, values, the Laue
oscillations disappear, indicating that the coherence of
the crystalline film is gradually reduced. The Bragg in-
tensity eventually disappears at 7 = 410 °C.

From least-square fitting of the reflectivity curves by
the Parratt-formalism, information about the temperature
dependence of the electron density profile was obtained.
Table I summarizes the results for the aluminum oxide
and for the DIP layer. For this specific sample, the
electron density of aluminum oxide remained nearly con-
stant upon heating while the electron density for the DIP
film decreased up to 410 °C, possibly due to thermal
expansion.

To summarize, from the observations of the tempera-
ture-dependent reflectivity curves including the DIP

TABLE 1. Results of least-square fitting to the Parratt formalism.
Here, only the electron density (x107° el/A?), the thickness (A) and the
roughness (A) of the aluminum oxide and DIP films are displayed.

T (°C) PAlox Laiox T Alox Ppip Lo Oprp
25 0.943 1212.4 334 0.396 359.4 27.8
200 0.957 1210.9 34.6 0.320 359.6 30.5
275 0.963 1210.0 34.8 0.306 362.1 30.8
350 0.962 1208.8 36.8 0.271 359.7 322
410 0.959 1204.9 38.0 0.276 363.6 36.9

Bragg reflection, we may conclude that the overall het-
erostructure remained essentially unchanged during heat-
ing. Aluminum oxide did not penetrate significantly into
the DIP film and the crystalline structure of the organic
film was not affected up to a certain, rather high tem-
perature, which was specific for each sample (see below).

2. Off-specular scattering—Disorder

X-ray scattering experiments contain information on
the statistical properties of surfaces or interfaces, i.e., the
lateral length of surface morphologies (via transverse
rocking scans) and the correlations between buried inter-
faces (via longitudinal off-specular scans). Diffuse scat-
tering data were detected in two different geometries,
namely transverse (“rocking”) scans and longitudinal
(“offset”) scans. Figure 5(a) illustrates the different scans
in reciprocal space.

The inset of Fig. 5(b) shows a transverse scan of
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FIG. 5. (a) Scans in reciprocal space with representation of specular
reflectivity, transverse rocking and longitudinal offset scans. (b) Lon-
gitudinal offset scans of Al,O4/DIP (A6 = 0.05°) for different tem-
perature steps scaled for better visibility. The inset shows a room
temperature transverse rocking scan taken around 6 = 0.5° (20 =
1.0° = const., A = 1.078 A).
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aluminum oxide on DIP at room temperature around
6 = 0.5° (20 = 1.0° = const., A = 1.078 A). The
rocking curve consists of the narrow specular scattering
contributions of the DIP film and the broader scattering
contribution of the disordered aluminum oxide film.

The longitudinal offset-scans in Fig. 5(b) were taken at
an offset angle of A® = 0.05° for each temperature step.
These longitudinal diffuse scans were used to subtract
diffuse scattering from the specular scattering. Also, they
allow for the determination of the aluminum oxide layer
thickness [high-frequency oscillations in Fig. 5(b)] inde-
pendent from the specular x-ray reflectivity data due to
the relatively broad rocking curve of the aluminum oxide
layer (>0.05°). For the oscillations corresponding to the
aluminum oxide film, no significant changes could be
observed up to 410 °C. Furthermore, the diffuse scatter-
ing from a relatively thin disordered layer (low frequency
oscillation), which increases with temperature up to
about 50 A in thickness at 410 °C, is observed. This thin
layer neither corresponds to the aluminum oxide layer
(1212 A) nor does it correspond to the silicon oxide
layer, which has a thickness around 14 A. We may specu-
late that this disordered layer may originate from diffu-
sion of the sputtered material already upon deposition
into the top few layers of DIP and which further diffuses
into the organic film with increasing temperature, thus
destroying the high structural order of the top DIP layers.
A similar effect was observed for the deposition of met-
als on organics.>®*”

3. Bragg intensities—Crystallinity

In addition to the position of the Bragg reflection,
which gives the out-of-plane lattice parameter, the inte-
grated intensity, which gives the degree of order in the
film, was evaluated. Its temperature dependence gives
the thermal disordering of the DIP film. It was calculated
by multiplying the area under the background-corrected
Bragg peak with the rocking width. The integrated Bragg
intensity was used to compare the influence of different
experimental conditions and material properties (capping
layer thickness, stoichiometry and heating rate) on the
stability of the organic film (Fig. 6). The specifications of
these samples are given in Table II.

In the following by the term ‘“breakdown tempera-
ture”, we will mean the temperature at which the inte-
grated intensity starts to drop significantly. This allows
comparison of the thermal stability of samples with dif-
ferent film thicknesses, stoichiometries, etc. Comparing
the integrated intensities of these samples, we conclude
that in accordance with TDS data, higher heating rates
shift the breakdown temperature to smaller values
(sample 3). Furthermore, thicker capping layers (sample
6) are more stable than thin capping layers (sample 5),
and the metal-rich oxide layers (sample 4) show the ten-
dency to break down at lower temperatures. (Note, for

unn T
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FIG. 6. Comparison of the integrated Bragg intensity of different
samples. Sample 1 (open triangle) had no capping layer, samples 2-6
had an aluminum oxide capping layer but different sample specifica-
tions or heating rates (see Table II). Sample 7 (open square) had a gold
film instead of an aluminum oxide layer on top of DIP.3¢

TABLE II. Sample parameters, i.e., thickness and stoichiometry
(AL:O ratio, Ar content) of the aluminum oxide capping layer, DIP film
thickness, and the mean heating rate.

ch\p LDIP Ar Rheating Tbreakdown
Sample  (A) (&)  ALO  (at%) (°C/min) (°0)
1 - 773 0.89 200
2 607 1002 (0.66° (- 0.49 480
3 618 773 (0.66)* (N 2.66 460
4 662 479 (50.66° (o) 0.33 360
5 166 334 0.606 0.75 0.56 410
6 5938 402 0.63 0.59 0.58 500
7 135° 385 160
8 1212 360 0.733 0.40 0.75 410
9 520 450 0.602 0.37 0.37 410

Values not known/estimated.
*Gold capping layer.*®

samples 2, 3, and 4, the stoichiometries were not deter-
mined, but from comparison with RBS measurements on
different samples sputtered under comparable conditions,
a qualitative estimate is possible. In particular, for
sample 4, a higher metallic content can be concluded.
The limited stability of metal-rich capping layers could
be seen in a series with purely metallic “capping” layers
(sample 7), which penetrate into the organic film at el-
evated temperatures and destroy the structural order of
the organic film.*®?’

4. Lattice parameters

The out-of-plane lattice parameter ¢ (see Fig. 7) could
be determined from x-ray reflectivity measurements for a
capped (sample 5) and an uncapped DIP film (sample 1)
as a function of temperature. Up to temperatures of
around 200 °C, the lattice parameters ¢ increased lin-
earely with temperature for both uncapped and capped
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FIG. 7. Relative change of the lattice parameters of a capped DIP film
on silicon oxide as a function of temperature. The room temperature
values are a = 8.55 A, b = 7.05 A, and ¢ =16.57 A. For comparison,
the temperature dependence of the lattice parameter ¢* of an uncapped
DIP film and the relative thermal expansion of aluminum oxide are
plotted.

films and a thermal expansion coefflclent of ajft = 65.0
x 10°°K™! and o = 66.6 x 107° K™, respectively, could
be extracted. Above 200 °C, the thermal behavior of the
capped film differed strongly from a linear behavior.
This might be explained by structural changes and
stresses in the film or at the film interfaces.

From radial scans of DIP on silicon oxide (the DIP
domains are randomly oriented i 1n plane) the three GIXD
reflections at q) = 1.155 A, g, = 1469 A~', and
q, = 1.717 A" were measured as a function of tempera-
ture. According to the DIP unit cell proposed by Diirr et
al.*® these reflections correspond to the (11), (20), and
(21) reflections, respectively. At room temperature, the
following parameters for the capped DIP film could be
obtained: a = 8.55 A, b = 7.05 A, ¢ = 16.57 A, and
v = 89.7°. The temperature dependent evolution of
a, b, and c is displayed in Fig. 7 (y remained constant
within 0.3°).

The in-plane lattice parameters a and b do not show
linear behavior. Up to 150 °C, the thermal behavior of a
and b is comparable to the thermal expansion of sputtered
aluminum oxide films, for which values of & = 6.5 x
107® K" are reported.'® Above 150 °C, the DIP lattice
parameters a and b show a much stronger increase than
aluminum oxide and if approximated to a linear behavior,
the thermal expansion coefficient of @ and b is around
48.8 x 107° K" and 118.2 x 107® K™, respectively.
Regarding the effect of thermal expansion, compressive
and tensile stresses on the position of a Bragg reflection
(shift to lower, higher and lower ¢ values, respectively)
the complex thermal behavior of the DIP lattice param-
eters a, b, and ¢ can be understood in terms of thermal
expansion and the formation and relaxation of thermally

induced stresses in the organic film and at the interface to
the aluminum oxide layer.

Furthermore, the typical pyramidal structure of DIP
films leads to lateral stresses acting on the aluminum
oxide, which gradually decrease from layer i to layer i + 1,
and it leads to vertical stresses acting on the aluminum
oxide, which gradually increase from layer i to layer i + 1,
as illustrated in Fig. 8. Inhomogeneities in the aluminum
oxide layer such as regions with a higher content of
trapped Ar or regions with a different stoichiometry may
also enhance or relax the thermal stresses in the alumi-
num oxide film.

The large mismatch in the thermal expansion of or-
ganic and aluminum oxide film (around one order of
magnitude) enhances the thermally induced stresses,
which at some point can no longer be accomodated, thus
leading to fracture of the capping layer.

D. Long-term stability

To evaluate time-dependent effects upon heating, one
sample was kept at an intermediate temperature (300 °C)
while recording the DIP Bragg peak with its Laue oscil-
lations for more than 300 h (see Fig. 9).

The results clearly show that the integrated intensity
decreases with time (to 50% of its initial value after 100 h)
while the coherent thickness of the organic film remains
unchanged over the whole period of time (within 5 A).
This supports the TDS data, which suggested that DIP
already desorbs in a temperature range between the de-
sorption temperature of the uncapped film (190 °C) and
the breakdown temperature of the capped film. The de-
sorption of DIP is largely prevented by the aluminum
oxide film, but pinholes and cracks in the capping layer

AlLO,
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O

FIG. 8. Schematic representation of the aluminum oxide/DIP inter-
face.
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FIG. 9. Time-dependence of the Bragg intensity of a capped DIP film
kept at 300 °C. The decrease of the Bragg intensity can be fitted to two
exponentials having a short-term and a long-term contribution. After
100 h, it has decreased to about half the value of the starting intensity.
The DIP film had a thickness of about 700 A and an aluminum oxide
thickness of about 600 A.

lead to a finite desorption rate, and thus the desorption of
DIP is kinetically limited. The decrease of the Bragg
intensity can be fitted to two exponentials with a short-
term (time constant: 16 h) and a long-term (time con-
stant: 517 h) contribution. Because the coherent thick-
ness remained constant during the heating process, the
observed decrease of the integrated Bragg intensity at
300 °C with time is related to desorption of the organic
film from areas located in the proximity of the defects in
the capping layer—for example microcracks or holes—
and to desorption from uncapped side-edges of the
sample. It is not desorbing “layer by layer” in a laterally
homogeneous way, as would be possible for desorption
from uncapped films.

The photograph in Fig. 9 (inset) shows the sample
after 400 h at 300 °C. We note that the DIP film covered
the entire substrate which led to desorption from the
edges of the sample. We attribute the bright parts of the
sample to those where DIP had already desorbed. Obvi-
ously, a non-negligible contribution came from desorp-
tion at the edges. However, desorption from the middle
of the sample could be observed. The circular shape of
these areas might come from the desorption of the mol-
ecules through defects in the capping layer (represented
by the short term contribution of the Bragg intensities)
and succesive diffusion to these defects (long term con-
tribution). The histogram of the color distribution (not
shown) of the sample suggests that the brighter parts,
and therefore the parts where DIP had already desorbed,
cover 72.5% of the sample surface. This means
that 27.5% of the DIP film is still on the sample which
is consistent with the long-term measurements where
about 20% of the initial integrated intensity were left
after 250 h.

IV. DISCUSSION

The characterization of the as-prepared samples has
shown that the aluminum oxide layer exhibits a grainy
morphology, covering the terraced DIP surface. Details
of the film structure depend on the specific preparation
conditions. The stoichiometry and the Ar content of these
capping layers may also differ accordingly and therefore,
also the mechanical and thermal properties.

X-ray diffraction and TEM measurements have shown
that the aluminum oxide/DIP interface shows only lim-
ited penetration even after heating to 400 °C. The thermal
stability of the samples depends strongly on the heating
rate (lower heating rates lead to higher breakdown tem-
peratures), which was confirmed by both TDS and x-ray
reflectivity measurements. Thicker aluminum oxide cap-
ping layers were more effective in producing a higher
thermal stability (at least up to thicknesses of 60 nm),
which could be caused by a better compensation of de-
fects or a better relaxation of stresses compared to thin
capping layers. Aluminum oxide films with a higher me-
tallic content were found to be less stable. The higher
mobility of metal-rich capping layers thus might have
facilitated crack and defect formation at elevated tem-
peratures.

During the heating process, the organic film of DIP
remained highly ordered up to temperatures more than
200 °C above its (uncapped) desorption temperature.
From TDS measurements, we know that desorption of
the organic molecules starts about 50 °C above the de-
sorption temperature of uncapped films probably due to
local defects in the capping layer. This is supported by
long-term XRR measurements, which show that the
number of ordered molecules decreases with time at
a fixed temperature (7 > 190 °C). As the coherent
thickness of the DIP film remained constant during the
heating process the desorption process is apparently hin-
dered locally.

The origin of these defects in the capping layer might
be thermally induced since there was no desorption
found in a 50 °C temperature range above the desorption
temperature of uncapped films. GIXD measurements
have shown that the lateral thermal expansion of the
organic film is constrained up to ~150 °C and then sud-
denly increases to a value about one order of magnitude
larger than the thermal expansion of the aluminum oxide
capping layer.

It is not easy to identify a simple microscopic mecha-
nism driving the eventual breakdown. Nevertheless, cer-
tain scenarios can be discussed. One possible mechanism
of the breakdown scenario, which we could derive from
our results, is related to the large mismatch in the thermal
expansion at the Alox/DIP interface (see Fig. 7). The
optical micrograph in Fig. 10(a) shows a sample for
which the DIP was deposited with a shadow mask and
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(b)

FIG. 10. Optical micrograph of a heated Alox/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
the region where the organic film was located underneath.

afterwards aluminum oxide was deposited without mask.
Note, that the cracks were only located on the Alox/DIP/
SiO, and not on the Alox/SiO,.

The terrace structure of DIP films leads to lateral
stresses acting on the aluminum oxide, which increase
with the DIP layer number (starting from the first mono-
layer); this leads to vertical stresses acting on the alumi-
num oxide, which increase with the DIP layer number.
The large mismatch between the thermal expansion of
the aluminum oxide and the DIP films and possible re-
laxations of stresses finally lead to a strain-induced crack
formation in the aluminum oxide layer when the tem-
perature is increased. These thermally induced defects
allow the desorption of DIP molecules located under
these defects. In a second step, even molecules from
well-capped areas diffuse to the defects to desorb from
there. This scenario (I) would assume a failure of the
aluminum oxide capping layer due to the thermome-
chanical mismatch between the different materials.

Nevertheless, a second scenario (II) could also be pos-
sible, which is based on a secondary failure of the cap-
ping layer. During the aluminum oxide sputtering, some
voids may have formed between the aluminum oxide and
the DIP film, which allow a local desorption of DIP when
heated above the desorption temperature. The partial
pressure in the cavities might increase and expand the
“bubbles”, which increases stress in the aluminum oxide

layer and possible crack formation and desorption, ac-
cordingly.

V. SUMMARY AND CONCLUSIONS

We performed a detailed study of the parameters,
which influence the thermal stability of organic films of
DIP capped by an aluminum oxide layer. The strongly
enhanced thermal stability is due to the aluminum oxide
layer serving as an almost perfect “lid” for the DIP. The
crucial question is what is limiting the thermal stability
of aluminum oxide and what is leading to the eventual
breakdown.

From TDS and x-ray diffraction measurements it
turned out that the stability can be further enhanced by
using thicker aluminum oxide layers. The heating rate
also plays a role for relaxation processes which compete
with the thermally induced stress at the aluminum oxide/
DIP interface. Since the thermomechanical properties of
the aluminum oxide layers change with its composition
the stoichiometry of the capping layer plays a major role
in the breakdown scenario. From our results, we con-
clude that thicker capping layers and low heating rates
are more favorable for the high-temperature stability and
metal-rich capping layers tend to break down at lower
temperatures compared to stoichiometric (Al,O5) cap-
ping layers.

For the eventual breakdown of the capped film struc-
ture, we presented a possible scenario based on the fail-
ure of the aluminum oxide capping layer due to thermally
induced crack formation and subsequent desorption of
the organic molecules.

We believe that the use of aluminum oxide layers as an
encapsulation material has significant potential for the
application in organic devices. Capping layers do not
only prevent molecules from the organic layer to desorb
at elevated temperatures, but they also promise to prevent
ambient gases from penetration into the organic semi-
conductor film. This is not only valid for the specific
molecule of DIP but was also shown to work for more
popular molecules such as pentacene.** One might there-
fore also think about using organic semiconductor mol-
ecules, which have desorption temperatures so far con-
sidered too low for practical application.*® Besides the
practical use of a cappig layer, we point out that a cap-
ping layer allows to study material properties beyond the
desorption temperature of the specific molecule and thus
to study the behavior under conditions otherwise inac-
cessible.
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