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ABSTRACT: The coating structure and barrier property
relation of coated PET films is of high interest for under-
standing the difference between predicted and actual barrier
performance of coated PET films. In this work the chemical
and morphological structure of HMDSO coatings generated
with and without oxygen in a microwave plasma has been
investigated with XPS and AFM analysis. These results were
correlated with oxygen permeation measurements at differ-
ent strain rates and temperatures. The results show that with
a more glass-like chemical composition the barrier property
is improved. The growth of the coatings takes place in a
columnar manner and the interfaces between the columns

seem to be the low energy passages for the permeation,
which cause the difference between predicted and actual
barrier performance. When the coatings are strained the
barrier fails at a strain higher than 1%. Cracks occur and
with higher strain rates the number of cracks increases.
Cracking takes place perpendicular to the strain direction
and at the interfaces of the columns of the coating. © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 99: 1485–1495, 2006
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INTRODUCTION

The low gas barrier property of polymers is a serious
limitation of many conventional polymers for their
application in packaging industries. Therefore, im-
provement of the barrier property of these polymers in
terms of both extent and longevity has always re-
mained a very specific issue. Transparent glass-like
barrier coatings on thin polymeric films or on the
surfaces of blow-molded articles are gaining more
importance in various industries such as packaging,
pharmaceuticals, biomedical, etc. Plasma enhanced
chemical vapor deposition (PECVD) has already been
established as an efficient method to produce very
thin and homogeneous coatings on an extremely wide
range of polymer substrates.1–5 Typically, thin SiOx

type coatings obtained from a plasma containing ox-
ygen and a silicon organic precursor gas could im-
prove the barrier properties by a large extent. How-
ever, PECVD is a complex process that involves a
large number of critical process parameters, which

directly influence the nature and hence the perfor-
mance of the barrier coating. Therefore, a clear under-
standing of the effects of these process parameters on
the physical and chemical nature of the coatings is
always important. Again, the deposition of an efficient
barrier coating does not necessarily guarantee satisfac-
tory performance of the laminates in service. The coat-
ing layer should also be tough enough to sustain its
structural integrity against various kinds of stress to
which it is subjected during the fabrication processes
or the usage.

Among the various factors that determine the bar-
rier efficiency of the coatings obtained by PECVD,
coating layer thickness, nature and density of the de-
fects, chemical composition, and nature of packing of
the structural units of the coating layers are the most
significant ones. It is now well known that gas perme-
ation decreases with increasing coating thickness
when the latter exceeds a certain critical value.4,6,7

Additionally the surface roughness of the coating
seems to have a significant effect on the permeation
rate.8–10 Generally the SiOx coatings do not have the
barrier performance expected from theoretical consid-
erations.11 This is caused by defects in the coating,
which are the major low energy passages for the per-
meant molecules that account for residual gas per-
meance through the coating layer. Rossi and Nul-
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man,12 Sobrinho et al.,7 and Roberts et al.11 have de-
veloped theoretical models that describe the influence
of the defect geometry, defect size, and the defect
density on permeation through the coating layer. It
has been reported that permeation through coating
layers increases with increasing both density and size
of the defects. They have also shown that a high
density of microdefects (pinholes) causes more perme-
ation compared to a low density of large defects when
the fractions of the coated surface area covered by
defects are comparable in both cases.

The analysis of AFM and SEM micrographs of SiOx

and AlOx type coatings have revealed that the depo-
sition of the particles takes place in either columnar13

or granular14–17 form. These defects have been made
visible by several preparation techniques. In TEM mi-
crographs (usually top view) it seems that the defects
are at the interface between two columns/grains. With
another technique (confocal microscopy) the defects
are only indirectly accessible, thus a conclusion of the
morphology of the defects may not be drawn.

The chemical composition of the coating is always a
very important factor that determines the efficiency of
the barrier layer. In a SiOx type of barrier coating it has
been observed that barrier properties improve as the x
value approaches 2 and as the proportions of carbon
and hydrogen in the coating layer decrease.2,4,18

The effect of strain on coated films was first studied
by Felts.19 He found that the barrier properties remain
nearly unchanged up to critical strain. Above this
strain he found a serious loss in the barrier perfor-
mance. Heil2 mentions in this context that the strain
rate has a significant influence on the critical strain.

In the present study SiOx barrier layers on PET films
have been deposited using a hexamethyldisiloxane
(HMDSO)/oxygen plasma excited by a microwave
energy source in contrast to the usual RF or HF exci-
tation. The effects of microwave power input and
oxygen flow rate during the coating process on the
surface morphology, the chemical composition, and
the oxygen barrier property have been studied. An
attempt has been made to study how uniaxial strain
affects the SiOx type barrier layer.

EXPERIMENTAL

Materials

For our studies a 12-�m-thick PET film was used
(supplied by Hoechst Diafoil GmbH). Hexamethyl-
disiloxane used as precursor monomer was of syn-
thetic grade with 98% purity and specific gravity 0.76
(supplied by Sigma–Aldrich Chemie GmbH). The ox-
ygen used was of 99.995% purity and the nitrogen
used as carrier gas for the permeation measurements
contained, besides N2, 95 ppm O2 and 1.75 mol % H2
(all gases supplied by Linde AG).

Experimental setup

The reactor used was of a downstream plasma reactor
type, i.e., the substrate to be coated was kept outside
the plasma volume. Figure 1 shows the plasma reactor
used for coating PET films. It consists of a vacuum
chamber containing a rotatable sample holder, a vac-
uum pump with a pressure controller, a mass flow
controller, and a microwave generator (1.2 kW, 2.45
GHz) with a wave-guide system and integrated
plasma source.

Microwave power input and the oxygen flow rate
into the plasma reactor for coating one side of the PET
films were varied as shown in Table I. Other process
parameters, namely microwave frequency, pressure,
coating time, distance between the substrate and the
plasma region (Fig. 1), and the HMDSO flow rate were
kept constant as follows:

1. Microwave frequency: 2.45 GHz
2. Pressure: 20 Pa
3. Coating time: 30 s
4. Distance from plasma: 50 mm
5. HMDSO flow rate: 10 sccm (standard cubic cen-

timeter)

PET films were cut into square pieces, fixed on the
substrate holder of the plasma reactor, and rotated
during plasma coating to ensure equal exposure of the
film surface to the flux of various reactive species from
the plasma region. For coating both sides of the sub-
strate, sufficient time was allowed after coating of one
side to bring it to room temperature and then the other
side was coated using similar conditions.

Measurement of oxygen permeation

The oxygen permeance through both coated and un-
coated PET films was measured using an Ox-Tran
100A (Modern Controls Inc.). The area of the sample
chamber was 100 cm2. Since the uniformly coated
region on PET film is smaller than the area of this

Figure 1 Sketch of the plasma reactor used for coating PET
films.
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sample chamber, films were masked with self-adher-
ing aluminum foil leaving the central portion (a circu-
lar area of diameter 25 mm) of the coated surface
exposed for gas permeation. To measure the oxygen
permeance through the films under strain, a metallic
frame (Fig. 2) was used. The films were fixed on this
frame and given a certain amount of strain before
setting them in the chamber of the Ox-Tran. A more
detailed description of the measurement device is
given in Michaeli et al.20 All oxygen permeation rate
measurements were carried out at a constant temper-
ature of 35 � 1°C, if not specified. The oxygen was
saturated with water vapor at 20°C and then heated to
the actual measurement temperature, thus the abso-
lute humidity was kept constant.

Chemical compositions of the coating layer

Chemical compositional analysis of the coating layer
was carried out using a XPS (M-Probe, Surface Sci-
ence). Relative chemical composition of the coating
layers was calculated from the characteristic peak in-
tensity ratio. The nature of the chemical environment
of the Si atom in the coating layer was evaluated from
the binding energy of the Si(2p) and Si(2s) orbitals.

Surface morphology of the coating layers

To study the surface morphology of the coating layer,
tapping mode AFM (Digital Instruments Dimension
3100 AFM, AC160TS cantilever), TEM (Zeiss EM 900),
and SEM (Zeiss DSM 960A) were used. For the AFM
study, the coated films were fixed on a metallic frame,
which was used to impart strain to the film. The frame
was then mounted on the sample holding platform
under the scanning head in the AFM instrument. For
investigating the nature of the strained surface under
the SEM, the coated film was strained first and then an
adhesive tape was fixed on the uncoated side of the
strained film to maintain the strain. A small square
piece of such an attachment was then cut and coated
with gold for SEM study. Though this was a crude
method of sample preparation, as the exact strain level
could never be maintained, some interesting observa-
tions were made from the SEM photographs that will
be discussed in the following sections.

Figure 3 Variation of oxygen permeance of the single-side–
coated PET film (SiOx/PET) with oxygen flow rate and
microwave power input. *The permeance of both-side–
coated PET film obtained using the parameter set A9, i.e.,
oxygen flow rate � 100 sccm and microwave power input
� 400 W.

TABLE I
Experimental Set-ups for the Coating Process

Sample
no.

HMDSO
flow rate

(sccm)

Oxygen
flow rate

(sccm)
Pressure

(Pa)

Time of
deposition

(s)
Distance
(d) (mm)

Power
(W)

A1 10 0 20 30 50 300
A2 10 50 20 30 50 300
A3 10 100 20 30 50 300
A4 10 200 20 30 50 300
A5 10 0 20 30 50 400
A6 10 50 20 30 50 400
A7 10 100 20 30 50 400
A8 10 200 20 30 50 400
A9 10 0 20 30 50 500

A10 10 50 20 30 50 500
A11 10 100 20 30 50 500
A12 10 200 20 30 50 500

Figure 2 Metallic frame with movable clamp used for
stretching films during the oxygen permeance measurement
in the Ox-Tran 100A.
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RESULTS AND DISCUSSION

Oxygen permeation

The uncoated 12-�m-thick PET film showed an oxy-
gen permeance value of 53 cm3/(m2 d bar), while the
single-side coated films (represented as SiOx/PET) ex-
pectedly showed a lowering of this value though not
to a large extent. However, it is possible to obtain a
very efficient SiOx barrier coating using the PECVD
technique with lowering of oxygen permeance by two
orders of magnitude.3 The PET film coated on both
sides (prepared using the coating condition of sample
A9 and represented as SiOx/PET/SiOx) shows further
lowering of the oxygen permeance value. Figure 3
shows that the oxygen permeance through SiOx/PET
decreases when the oxygen flow rate and microwave
power input increase during the plasma coating pro-
cess. To explain this trend understanding of the
changes that occur in the chemical composition and
the surface morphology of the coating layer is essen-
tial. This will be described in subsequent sections.

Chemical analysis

The chemical analysis of the coating layers were stud-
ied using XPS. Since peak areas in XPS spectra are
directly proportional to the atomic concentration of
the respective element,21 the ratio of two different
peak areas could be used to indicate the relative pro-
portions of the two elements in the coating layers.
Again, the binding energy (BE) of a particular orbital
of any element is a clear indicator of its chemical
environment. So, the trends in the BE of Si(2s) and
Si(2p) orbitals were used to indicate the change in the
chemical environment of Si atoms in the coating lay-
ers. Figure 4(a–c) shows the variation in various
atomic ratios in the coating layers. It is evident from
this figure that, as the oxygen flow rate and micro-
wave power input increase, the inorganic nature of the
coating layers increases. The comparisons of these
atomic ratios with those present in HMDSO and poly-
dimethyle siloxane (PDMSO, –[(CH3)2SiO]n–) show
that the carbon contents in the coating layers are much
lower. The Si/O ratio close to 0.5 indicates the closer
similarity to silica glass. Figures 5 and 6 show the XPS
peaks for the Si(2p) and Si(2s) orbitals and their vari-
ation with microwave power and oxygen flow rate.
The binding energies of the Si(2s) and Si(2p) orbitals
increase as the microwave power input and oxygen
flow rate into the plasma reactor are increased and
approach those obtained in silica glass. Similar types
of observations have also been made by other re-
searchers.4,22 The lowering of the carbon content and
the increasing inorganic nature of the coating layers
certainly improve their oxygen barrier properties.4,23

Surface morphology

The TEM micrograph of the cross section of coating
layer obtained from HMDSO/O2

27 plasma reveals
that the thickness develops through columnar growth
of the deposited particles (Fig. 7).28 The interfaces
between the single columns (diameter 80 nm) are pos-
sibly the nanodefects described in Roberts et al.11 and
may be the possible cause for the poor barrier perfor-
mance of the coated films. However, with the increas-
ing oxygen flow rate and microwave power input, the
surface roughness and the defects density decrease,

Figure 4 The effects of process parameters on the chemical
composition of the coating layer.
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which accounts for the lowering of oxygen permeabil-
ity. Figure 8 shows that the packing of the deposited
particles becomes more compact with increasing oxy-
gen flow rate during the coating process. This could be
due to the higher degree of fragmentation of the
HMDSO molecule and its fragmented products,
which reduces the deposition of large particles and
their shadowing effect after deposition.

Activation energy of oxygen permeation and
mechanism of permeation

In this section, activation energy of oxygen perme-
ation through both coated and uncoated PET films has
been calculated following activated rate theory3,24 for
the temperature dependence of the permeation. Ac-
cording to this theory the permeation of noninteract-
ing gases through glassy polymers below their glass
transition temperature is given by

� � �
o

e�(Ep/RT) (1)

where � is the permeance (cm3/(m2 d bar), �o is a
constant unique to the system, Ep is the apparent
activation energy (J/mol) of oxygen permeation, R is
the universal gas constant (J/mol K), and T is the
absolute temperature (K).

For a multilayer barrier system, like the present
case, the above equation can be expressed as3

�
12. . .

� �eEp1/RT

�
o1

�
eEp2/RT

�
o2

� . . .��1

(2)

Equation (2) expresses that each layer in the laminate
barrier structure contributes to the total energy re-
quired for permeation and the layer the having high-
est value of Ep/RT in eq. (2) determines the activation
energy for the whole system. Therefore, any physical
and chemical change in that layer will be reflected in
the value of the overall activation energy (Ep) for the
laminate.

In this work, we studied three different barrier sys-
tems, such as uncoated PET films, one-side–coated
PET films (SiOx/PET), and double-side–coated PET
films (SiOx/PET/SiOx). To calculate the activation en-
ergy of oxygen permeation through them, oxygen per-
meances at four different temperatures were measured.
The activation energy values are shown in Figure 9. The
uncoated PET and the one-side–coated PET films show
similar Ep values as those reported in literature.3,8 This
similarity in the activation energy indicates that the low
energy passages for the permeant molecules are similar

Figure 6 Effects of process parameters on the binding en-
ergy of silicon atomic orbital in the coating layer: (a) ESCA
peaks for Si(2p) orbital; (b) variation of Si(2p) binding en-
ergy.

Figure 5 Effects of process parameters on the binding en-
ergy of silicon atomic orbital in the coating layer: (a) ESCA
peaks for Si(2s) orbital; (b) variation of Si(2s) binding energy.
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for both the systems and the coating architecture does
not have any significant influence on the temperature
dependence of the permeation process. Nevertheless, the
probability of the permeant molecules diffusing through
the defect-free regions of the coating layers cannot be
considered to be zero. When this probability is very
small compared to the probability of diffusion through
defects, the diffusion through the coating layer will not
have any contribution to the activation energy of the
permeation process. In this situation, the bulk of coating
simply acts as a “block,” which permeant molecules
must bypass until they find the defects and get access

into the PET layer.3 As a result, the coated film will show
an activation energy value similar to that of uncoated
PET film.

The activation energy of the both-side–coated film
was found to be much higher than that of the un-
coated and the single-side–coated films. This type of
observation was also made by Tropsha et al.3,25 in the
case of RF-assisted plasma (in presence of organo
silicon monomer and oxygen) coated PET films. More-
over, the activation energy they obtained was much
higher than that obtained in this work. This may be
due to the differences in the coating processes, which

Figure 7 Microstructure of the coating layer obtained from HMDSO/O2 plasma. (Top) TEM image showing nature of
growth of the layer; (bottom) AFM image showing surface morphology (A1- HMDSO plasma and A2- HMDSO/O2 plasma).
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certainly change the chemistry and surface morphol-
ogy of the coating layers. However, the model they
proposed to explain the increase in the activation en-
ergy in case of the both-side–coated film is equally
applicable in this case. It is expected that the nature
and thickness of coating layers are similar on both
sides of the PET film in a SiOx/PET/SiOx system.
Figure 10 shows the various models describing the
ways by which permeant molecules may permeate
through the both-side–coated film. In model “a” per-
meant molecules find the defects in the coating layer
on the both sides of the PET film (path 1). Such a
situation will result in an activation energy of the
permeation similar to that of the uncoated PET film. In
models “b” and “c” the permeant molecules permeate
solely through the defect free regions of the coating
layer at least on one side of the films (paths 2, 3, and
4). Thus, in these cases, SiOx type coating layers will be
rate determining for the permeation process and the
activation energy will be decided by the nature of the

defect-free region of the coating layer. This means that
the presence of defects in the coating layers will not
have any effect on the temperature dependence of the
permeation process, despite the fact that permeant
molecules always prefer low energy passages such as
various kinds of defects. Therefore, models “a” and
“b” cannot represent the actual situation as they di-
rectly contradict the established fact that kinetics of
permeation process depends on density and nature of
defects.6,12 In this context, model “a,” although it gives
the lowest energy mechanism for oxygen permeation,
cannot explain the high activation energy for the
SiOx/PET/SiOx system. Again the probability of find-
ing the defects by the permeant molecules on the
second coating side (where desorption occurs) is not 1;
so it may happen that some of them diffuse through
the defect-free regions of the coating layer due to the
unavailability of low energy passages very close to
their path of diffusion. This tendency of the permeant
molecules will be increasingly prevalent with the de-

Figure 8 Effects of oxygen flow rate on the surface morphology of the coating layer, microwave power 500 W, oxygen flow
rate (A9) 0 sccm, (A10) 50 sccm, (A11) 100 sccm, and (A12) 200 sccm. Rms: A9 � 1.6, A10 � 1.5, A11 � 1.5, A12 � 1.4; Ra: A9
� 2.0, A10 � 1.9, A11 � 1.8, A12 � 1.8.
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creasing defect size and defect density in the coating
layer. This has been illustrated in model “d” in Figure
10, where all four types of possible paths are shown
operating. The relative proportion of these paths fol-
lowed by the permeant molecules will decide the final
barrier improvement in terms of permeance and acti-
vation energy. When paths 2, 3, and 4 altogether are
insignificant compared to path 1, the activation energy
of the coated films will be similar to that of the un-
coated PET film, but the permeance will be lower
because the coating layer, even if having a large num-
ber of defects, always acts as a block toward the dif-
fusion of permeant molecules. But when at least any of
the paths 2, 3, and 4 becomes appreciable, the activa-
tion energy will be higher and, as their proportions
increase, it will approach that of the defect-free coat-
ing layer. For the present work model “d” of Figure 10
was considered and accordingly the behavior of the
coating layers with unidirectional strain is explained.

Effect of uniaxial strain on barrier coating layer

Oxygen permeation

In all coated and uncoated films oxygen permeance
increased with increasing strain in the film (Fig. 11).
There was no significant change in the oxygen per-
meance up to 1% strain, but from 1 to 2% strain, the
oxygen barrier property failed with abrupt increase in
the permeance. The same observations were made by
Yanaka et al.26 on electron beam evaporated SiOx

coated PET films. At a strain higher than 2%, the rate
of increase in permeance again slowed down and the
SiOx/PET/SiOx system always showed better barrier
performance than SiOx/PET and PET. The strain rate
is an extremely important aspect that has to be con-
sidered while doing these kinds of studies, especially
when comparing the results of similar kinds of inves-
tigations from different sources.2,19 Besides this, the
direction of stress with respect to the extrusion direc-
tion of the original PET film may influence the results.
Therefore, the critical strain at which the gas barrier

Figure 9 Arrhenius plot for the calculation of the activation
energy of oxygen permeation through coated and uncoated
PET films.

Figure 10 Models showing the probable ways of gas per-
meation through both-side–coated films; numbers indicate
the type of path: 1, through PET alone via defects; 2 and 3,
through defect-free coating region on one side and defect on
the other side; 4, through defect-free coating region on both
sides of PET film.

Figure 12 Variation of the activation energy (�Ep) of the
oxygen permeation through barrier layers with uniaxial
strain.

Figure 11 Variation of the oxygen permeance through bar-
rier layers with uniaxial strain.
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property of any SiOx type of coating fails cannot be
inferred as unique for any pair of substrate and coat-
ing layer unless all the parameters influencing it, such
as coating thickness, coating chemistry, strain rate, etc.
are maintained constant. In the present study, every
attempt was made to keep the strain rate low and
nearly constant. The direction of stress was chosen

deliberately perpendicular to the direction of PET film
extrusion, which apparently seems the weaker direc-
tion as far as the strength of the films is concerned.

The activation energy of oxygen permeation (Ep)
shows no significant change with strain in cases of
PET and SiOx/PET. However, in SiOx/PET/SiOx, Ep
decreases sharply up to 2% and, above that strain, Ep
values of these three barrier systems become compa-
rable (Fig. 12). The decreasing trends in the activation
energy can be explained by model “d” in Figure 10.
The similarity in the Ep values of PET and SiOx/PET
type barrier indicates that the permeant molecules
follow path numbers 1 and 2 (Fig. 10), preferably in
the latter. For the both-side–coated films (SiOx/PET/
SiOx) the much higher value of Ep indicates that there
is a significant number of permeant molecules that
follow paths 3 and 4 (Fig. 10). When films are strained,
cracks appear (Figs. 13 and 14) and the number of
defects on the coating layer increases. As a result, the
number of molecules following the high-energy path
decreases with increasing strain and so does the Ep

Figure 13 SEM image of the surface of the strained single-
side–coated PET film (strain is around 2%).

Figure 14 AFM images of the coating layers at different strains (a � 0%, b � 1%, c � 2%, and d � 3%)
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value. When such a number becomes insignificant
(above 2% strain), the Ep value for both-side–coated
films becomes comparable to that of uncoated and
single-side–coated PET films.

Surface morphology

It was found that, on stressing, parallel cracks ap-
peared on the coating surface and the direction of the
crack propagation was perpendicular to the direction
of the stressing force. The same kind of observation
also has been made on electron beam evaporated SiOx

coatings19 and on RF plasma SiOx coatings2. Another
interesting point observed was that the extrusion di-
rection of the PET film had no influence on the direc-
tion of crack propagation. Figure 13 shows the nature
of cracks developed at approximately 2% strain in the
single-side–coated film. The number of cracks was
found to increase with increasing strain as is evident
from the AFM images of the stressed films at different
strains (Fig. 14). In macroscale, it appears that the
cracks are very straight, but the high magnification
AFM imaging reveals that the cracks propagate along
the boundary of the deposited particles and not at all
straight in microscale. Rather, they propagate in a
zigzag manner (Fig. 15). The interparticle regions are
the weakest regions in the coating layer along which
the propagating crack makes its way.

CONCLUSION

The oxygen barrier properties of SiOx type coatings
are strongly dependent on the chemical composition
and the surface morphology of the coating layer. In
the present work, it was observed that higher oxygen
flow rates and microwave power input during the
coating process, within the working range, improve
these properties. The presence of defects and their
density play the major role in determining the barrier
performance and its temperature dependence.
Though SiOx type coatings on PET films significantly
improve their oxygen barrier performance, activation
energy of permeance through the coated films indi-
cates that the mechanism of oxygen permeation is
similar through the uncoated and the single-side–
coated films. The proposed model suggests that there
exists a critical defect density below which the coating
layer controls the kinetics of the permeation process.
Above this critical density, the defect-free coating re-
gions act as islands on the surface of the substrate
(PET), which act as physical blocks on the paths of
permeating molecules. In the both-side–coated films,
there is a significant portion of the permeating mole-
cules that permeate through the defect-free region of
the coating layer at least on one side of the PET film.
This is reflected in the substantial increase in the acti-
vation energy of oxygen permeation. Barrier perfor-

mance deteriorates with straining of the films and,
after a certain critical strain, it fails completely. How-
ever, in the strain region, where the barrier property
fails, the similar behavior of the uncoated and coated
PET films indicates that the changes in substrate layer
(PET) also play an important role. Below this strain
region, the lowering of Ep and oxygen permeance is
mainly due to the appearance of cracks and perhaps
the widening of the existing defects in the coating
layer. The cracks run parallel to each other and are
independent of the extrusion direction of the PET film.
The interparticle regions are found to be the weak

Figure 15 High magnification AFM image showing the
nature of the crack propagation in a stressed coated film.
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regions through which cracks propagate. Therefore,
the ability of the SiOx type of coatings to maintain a
satisfactory oxygen barrier property against mechani-
cal stress is mostly dependent on interfacial strength
of the deposited particles.

These investigations were carried out with the financial
support of Deutsche Forschungsgemeinschaft (DFG) and
Deutscher Akademischer Austauschdienst (DAAD), to
whom we extend our thanks.
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