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ABSTRACT: In this review, recent developments in the fabrication of
hexagonal and parallel ordered arrays of metallic nanodomains on a
substrate are described. We focus on the nanopatterning approach by
means of switchable block copolymer thin films. This approach is highly
advantageous, because it can lead to extremely regular patterns with
metal subunits of only a few nanometers in diameter and center-to-
center distances of tens of nanometers. Hence, the resulting 1D or 2D
periodic arrays of metal nanodots and nanowires on silicon substrates
can be fabricated with extremely high unit densities and on very large
areas. The templated deposition of presynthesized metal nanoparticles on functional block copolymers is described in detail.
Current challenges are discussed and an outlook for further developments is given.
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■ INTRODUCTION

Noble metal nanoparticles are in the research focus of many
nanomaterial scientists for decades, because they exhibit
fascinating, partially size-dependent physical and chemical
properties.1−6 Possible applications of such nanomaterials are,
for example, found in catalysis because of their large surface to
volume ratio.7−10 Also, some metal nanoparticles exhibit
localized surface plasmon resonances, which result in
interesting optical phenomena making such nanoparticles
suitable for a broad range of applications in surface-enhanced
Raman spectroscopy (SERS), refractive index sensing, and
fluorescence enhancement.11−19 As a result of intense scientific
efforts, nowadays various synthetic pathways have been
developed to prepare colloidal solutions of noble metal
nanoparticles. With one synthetic step, 1 × 1012 or more
nanoparticles can be synthesized with similar shapes and sizes,
and both size and shape are tunable to a large extent. In many
cases, however, these noble metal nanoparticles need to be
arranged in a way so that the resulting superstructures still
exhibit the advantageous application-oriented physicochemical
nanoscopic properties.20 Desired properties for catalytic
applications are good accessibility and highest possible specific
surface, leading to mostly voluminous e.g., gel-like non-
templated arrangements,21−26 or to templated nanoparticle
arrangements on various kinds of substrates such as fibers for,
for example, textile catalysis.27−29 On the other hand, for
sensing applications (such as chemical sensors or SERS-based
sensors)30−32 or the incorporation into high-density data

storage devices or small distance conducting paths,33 the
nanoparticles need to be assembled with high precision on flat
substrates, and the space between them should be regular and
adjustable. For the deposition of particles on substrates the
particle-substrate interactions are of high importance and need
to be understood in-depth. Recent work focused on the growth
kinetics, temperature dependencies, and interactions between
metal particles and various substrates such as silicon and silica
(amorphous and crystalline), sodium chloride, and various
polymers.34−37 Furthermore, for such highly advanced purposes
as the above-mentioned sensing applications, ways need to be
explored to tailor and control the periodicity of the nano-
particle assemblies.38 Conventional particle deposition methods
such as spin-coating, spray-coating, or dip-coating will lead to
either densely packed nanoparticle arrangements or even
nonordered ones. In many cases, so-called self-assembly
approaches can be applied leading to either densely packed
or voluminous and highly porous architectures, depending on
the respective conditions.39,40 Template-based nanolithography
is more suitable when the nanoparticles will be deposited with a
certain distance from each other in regular patterns.41−59 In
particular, block copolymer (BCP) template-based nano-
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lithography is a powerful tool to achieve control over both the
periodicity and the type of arrangement. The latter can be a
one-dimensional periodic array (such as fingerprint-like wire-
type nanoparticle arrangements) or a two-dimensional (i.e.,
dotlike) periodic array of the nanoparticles with long-range
order. In this technique, the regular periodic structures from
self-assembled block copolymers or BCP-based supramolecular
complexes are prepared on flat substrates and functionalized
with nanoparticles using either in situ or ex situ methods.
Depending on the BCP composition, film thickness, treatment
conditions, etc., these structures can form ordered lamellae,
cylinders, or spheres with periodicities ranging from 5 to 50
nm.60−64 Alternatively, nanoporous BCP thin films consisting
of regular nanometer-sized grooves or pots can be formed by
surface reconstruction or, for example, by removal of small
molecules.65−67 The porous BCP templates may also be
infiltrated selectively with the colloidal nanoparticles deposited
in the grooves or pots because of specific chemical interactions,
electrostatic attraction, or capillary forces. Finally, the polymeric
template can be removed, e.g., by pyrolysis or plasma
treatment, during which small metal nanoparticles fuse or
aggregate to larger nanoparticles while still remaining at their
deposition sites. The BCP templating method is extremely
versatile because, in principle, it is applicable to fabricate a
variety of nanostructures via selection of appropriate BCP
composition, adjustment of the nanoparticle size and shape and
tuning the NP surface chemistry, etc..41 Additionally, the
nanoparticle patterning by means of block copolymer templates
with its extremely high resolution is compatible with silicon
technology and, therefore, of interest for many industrial
applications.68 In the following, we will discuss recent
developments in high-resolution two-dimensional metal nano-
particle patterning by means of block copolymer templates.

■ RECENT DEVELOPMENTS
a. General Fabrication Procedure. In Figure 1, a

schematic illustration of the fabrication procedure is depicted
as described in reference 69. The block copolymer thin films
are deposited on flat substrates, which is usually achieved by
spin- or dip-coating the block copolymer from its solution in a
suitable solvent.70 The formation of self-assembled structures is
driven by the immiscibility (microphase separation) of different
blocks of BCP competing with the chemical linking between
them. Hence, the crucial parameters for the resulting film
morphology are the strength of the interaction between the
different polymer blocks, their volume fraction, the molecular
weight, as well as the film thickness, the substrate surface
chemistry, the film preparation, and post-treatment condi-
tions.71−73 Because as-cast BCP films often display disordered
morphologies, thermal or solvent vapor annealing procedures
are typically employed to induce the BCP self-assembly and
generate ordered structures.74−77 The ordered patterns can
have unit sizes of a few to hundreds of nanometers, whereas the
films may be tens to several hundreds of nanometers thick.
Subsequently, etching by UV irradiation,78 removal of low-
molecular-weight additives,79−81 or surface reconstruction
steps66,82,83 have been applied to create the desired pores for
subsequent nanoparticle infiltration.
The next step is to place the nanoparticles in these templates

so that they exhibit a regular arrangement in 1 or 2 dimensions.
For this purpose, in situ or ex situ approaches are optional
which will be explained in the following: In situ approaches use
the block copolymer thin films as templates for (metal)

nanopattern formation, which can be achieved by electro-
deposition,66,84,85 atomic layer deposition,86 infiltration with
salts followed by chemical, plasma or light induced
reduction,87−107 chemical vapor deposition and metal deposi-
tion from the gas phase.82,98,108−113 Alternatively, in so-called
ex situ approaches, the BCP film templates are directly
infiltrated with ready-made nanoparticles from their solutions.
Nanoparticle deposition can be realized by many techniques
such as, for example, infiltration, the flow stream technique,114

spray deposition,115−117 spin-coating, dip-coating, and long-
term infiltration, the latter ones being the traditionally and
hence still most frequently applied techniques for deposition
inside the pores of BCP films. The ex situ approaches have the
advantage of being independent from the reaction and diffusion
kinetics during the nanocrystal growth, and that they are
expandable to many different materials.118−125 The major
advantage and beauty of this powerful technique is that, in
principle, the respective nanoparticle building blocks can be
controlled in size and shape because of the highly developed
colloidal synthesis routes that have been reported over the last
30 years.3,5,126−132 In the last step, the polymer is removed.
This can be achieved by degrading the polymer, with special
attention to prevent the nanoparticles from getting removed at
the same time or to avoid the nanoparticle agglomeration. We
found that removal via pyrolysis in air or by an oxygen plasma
had the effect of fusion or aggregation of the metal
nanoparticles into larger particles at the sites of the pores.

b. Supramolecular Assembly Approach. The polymers
used in our works are the linear diblock copolymers
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) and poly-
styrene-block-poly(2-vinylpyridine) (PS-b-P2VP) of varied
molecular weight and block ratios. For instance, asymmetric
BCPs, which form cylindrical microdomains, allow us to
fabricate nanostructured thin films with their microdomain
orientation being switchable between perpendicular and parallel
to the substrate. Starting from the substrate perpendicular

Figure 1. Work steps for the fabrication of 1D or 2D periodic metal
nanodot arrays by switchable block copolymer templates. Reprinted
(adapted) with permission from ref 69. Copyright 2009 IOP
Publishing.
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cylindrical morphology, we were able to generate highly
ordered metal nanodot arrays with a periodicity on the
nanometer scale.80 The switchability of the thin films from
1D periodic to 2D periodic and back by means of simple
solvent vapor annealing (see Figure 2) has the advantage that

two different nanoparticle assemblies can be achieved using the
same technique. In this case, a supramolecular complex of PS-b-
P4VP and low molecular weight additive, 2-(4′-hydroxybenze-
neazo) benzoic acid (HABA) were assembled onto silicon
wafers. The pores were created by removal of HABA after
rinsing with methanol. In the case of perpendicularly oriented
microdomains, after solvent vapor annealing and HABA
removal, a quasi-perfect hexagonal pore pattern with an area
of several square microns can be obtained with the areal pore
density of approximately 1665 μm−2 (Figure 2b). Oppositely, in
the case of substrate-parallel-oriented microdomains, a
homogeneous pattern of parallel grooves with certain
curvatures appeared after solvent vapor annealing and HABA
removal, leading to a fingerprint-type pattern. Determined by
AFM, the center-to-center distance of the pores as was as small
24.5 nm ± 1.5 nm and 30 nm ± 1.5 nm for perpendicular and
parallel aligned pores and grooves, respectively.
Subsequent infiltration of the pattern with palladium

nanoparticles for 1 day followed by rinsing with water led to
the accumulation of several palladium nanoparticles per pore,
having the walls covered with the poly(4-vinylpyridine) block
capable to coordinate the palladium nanoparticles. In this work,
the palladium NPs of 2 nm in diameter were synthesized by
citrate and sodium borohydride reduction of hexachloropalla-
date in aqueous solution according to previously reported
procedures.132−134 By atomic force microscopy, almost no
palladium nanoparticles were found on the surface of the BCP
films after rinsing with water. Instead, the presence of the
palladium located inside the pores was proven by X-ray

photoelectron spectroscopy. The reason for this observation is
that the palladium nanoparticles were able to enter the
hydrophilic P4VP grafted pores due to their good wetting
properties, and that the P4VP chains coordinate the palladium
nanoparticles, while the matrix-forming PS block does not
exhibit such affinity toward Pd NPs, so that residual unbound
palladium nanoparticles could be removed from the surface of
the film easily by washing with water.
To remove the polymer templates remaining, we conducted

pyrolysis of the samples at 450 °C in air or treated the samples
with oxygen plasma maintaining the location of the deposited
palladium particles on the substrates. We found that UV-cross-
linking of the polymer films prior to template removal was
crucial to keep the palladium nanoparticles localized at their
respective pore sites. The center-to-center distances of the
periodic arrays determined from the analysis of SEM images
were 27.5 nm ± 1.5 nm similar to that of the polymer template
system. At elevated temperatures, the palladium nanoparticles
had fused or aggregated at the pore sites during template
removal. Thus, the residual 2D periodic array of palladium on
the silicon wafer exhibited a pattern of metallic nanodots of 7
nm ± 2 nm in diameter (from high-resolution SEM, see also
Figure 3a) and at least 2 nm in height (measured by AFM).

Also in the case of substrate parallel domain orientation the
pattern of the residual palladium after polymer removal
followed the original groove pattern with palladium nano-
particles fusing to a fingerprint-type wirelike arrangement of 8
nm ± 1.5 nm in thickness (SEM) and at least 3 nm in height
(AFM) (see Figure 3b). Hence, in this work we had shown that
by switchable-polymer templating we were able to position
palladium particles with nanometer precision in one- and two-
dimensional periodic arrays onto silicon wafers with lateral

Figure 2. Morphologies (measured by atomic force microscopy) of
the supramolecular assemblies from PS-b-P4VP(HABA) thin films
after 2-(4′-hydroxybenzeneazo) benzoic acid (HABA) removal. (a)
Dip-coated films from 1,4-dioxane solution, and after annealing in (b)
1,4-dioxane and (c) chloroform vapors. Reprinted with permission
from ref 80. Copyright 2009 Wiley−VCH.

Figure 3. SEM images of (a) 2D periodic arrays and (b) 1D periodic
“fingerprint-type” parallel patterns of metallic nanodomains on a
silicon wafer. Reprinted with permission from ref 80. Copyright 2009
Wiley−VCH.
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periodicity below 30 nm being one of the smallest periodicities
at that time.
c. Surface Reconstruction Approach. In a subsequent set

of experiments,69 the fabrication of metallic nanostructures via
the block copolymer template approach was modified by using
the PS-b-P4VP BCP with shorter PS and longer P4VP blocks,
respectively, but this time without the addition of the low
molecular weight HABA molecule. In this case, 1,4-dioxane and
a toluene/tetrahydrofuran(THF) mixture (80:20) were em-
ployed for solvent vapor annealing in order to yield highly
ordered BCP microdomains being perpendicular and parallel
oriented to the substrate (Figure 1). Upon dipping these thin
films into ethanol, cylindrical pores or parallel aligned grooves
appeared, respectively. Infiltration with nanoparticles for 1 h
only was necessary to achieve dense nanoparticle loading. In
this case, the density of P4VP chains on the pore walls was
higher than that of the BCP templates obtained by HABA
removal. Hence, more palladium nanoparticles are coordinated
with the longer P4VP chains, which resulted in more dense
nanostructures compared to the procedure discussed in the
preceding section. The final palladium nanodots and nanowires
had a similar regularity and comparably small lateral distances
(26 nm ± 2 and 30 nm ± 2 nm for nanodots and nanowires,
respectively), exactly matching the respective polymer template
pattern. The nanodots and nanowires had diameters (widths)
of 12 nm ± 1 nm, again being the result of site localization of
the nanoparticles during the pyrolysis step in combination with
fusion of several palladium nanoparticles located at each pore at
elevated temperatures.
As further proof of the principle, BCP template-assisted

deposition of nanoparticles was further extended by employing
a PS-b-P4VP with different block ratios: whereas the overall
molar mass of the BCP was kept almost unaltered, the volume
fraction of the P4VP block was changed (increased/decreased)
as compared to the previously used BCPs. When dissolved in a
toluene/THF mixture, the BCP formed micelles having a core
composed of collapsed P4VP chains with a corona formed by
the swollen PS block. These micelles could be transferred onto
the silicon substrate by dip-coating. Surface reconstruction in
ethanol vapor led to the formation of a dimple-type inverted
micelle pattern. This type of thin film, again, represented an
array of nanoscaled regular holes with the same periodicity of
40 nm ± 2 nm as the micellar film acting as a template for the
infiltration of palladium nanoparticles (Figure 4). After
annealing the pristine polymer micellar film in 1,4-dioxane, a
perpendicular aligned structure from lamellae was observed,
which again could successfully be applied as a template for
deposition of palladium nanoparticles. Even though the order
of both the surface reconstructed system and of the resulting
palladium dot array after polymer removal was not as high as
that received with the previously applied block copolymers, it is
noted that also here the palladium deposition had exactly
reproduced the polymer template pattern, as was confirmed
from the power spectral density (PSD) analysis of AFM images
(not shown). This experiment indicated that direct templating
(i.e., without an application of low molecular weight additives
such as HABA) by simply self-assembling and surface
reconstructing PS-b-P4VP polymers is advantageous in
comparison to using templates created by removing a small
molecule. This is because the technique can be expanded to a
large variety of different PS-b-P4VP polymers varying in
molecular weight and in the volume fractions of the two
polymer blocks. We have proven this further by employing PS-

b-P4VP BCP with a total molecular weight being approximately
1.5 times higher than in the previous cases.135 By employing
this block copolymer composed of the same building blocks,
again arrays of highly regular hexagonally closed packed
cylinders were fabricated with a comparatively higher center-
to-center spacing of 56 nm ± 2 nm and an average diameter of
the P4VP cylinders of 26 nm ± 2 nm. Since, also in this case,
we were able to employ these regular films as templates for
noble metal nanoparticles, this indicates that by changing the
volume fraction or chain length of the P4VP, the final size of
the nanodots after polymer removal can be adjusted, so that
high density arrays of noble metal nanodots with feature sizes
up to 10 nm can be easily reached by an appropriate choice of
the starting polymer.
Using the same BCP thin films, we also reported on the

extension of the method to gold and platinum nanoparticles.135

However, in this study, the BCP thin films were directly dipped
into the nanoparticle dispersion before creating the nanopores
or grooves. This study showed that the strength of the
coordination of the P4VP to the metal nanoparticles is crucial
for the extent of the nanoparticle loading in the P4VP domains
during the nanoparticle infiltration as well as on their stability
upon post-treatment. For instance, in the case of palladium
NPs, their interaction with P4VP was not strong enough to
keep the palladium nanoparticles on the surface of the P4VP
domains, when PdNP/PS-b-P4VP composite films were etched
from the silicon substrates using an aqueous solution of sodium
hydroxide (see Figure 5), so that by TEM it was not possible to
clearly identify the presence of the palladium nanoparticles at
the P4VP domain sites (see Figure 5c). However, we have
shown by SEM that palladium infiltration takes place and also
the highly ordered palladium nanodot array remains on the
substrate after polymer template removal (see Figure 5f along
with the observations discussed above). In contrast, gold and
platinum nanoparticles could be identified in TEM images

Figure 4. Schematic diagrams (insets) and AFM height images of
surface-reconstructed (a) micelles and (b) lamellae before the
deposition of nanoparticles, and of palladium nanodots after the (c)
micellar and (d) lamellar polymer template removal. Adapted with
permission from ref 69. Copyright 2009 IOP Publishing.
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Figure 5. Transmission electron micrographs after floating the (a) gold, (b) platinum, and (c) palladium infiltrated polymer films by means of
sodium hydroxide, and SEM images of the resulting highly ordered nanodot arrays of (d) gold, (e) platinum, and (f) palladium. Reprinted (adapted)
with permission from ref 135. Copyright 2010 Elsevier.

Figure 6. (a) Schematic illustration of the stepwise approach used for patterning of two types of presynthesized nanoparticles exploiting block
copolymer self-assembly. (b) UV−vis spectra of ternary AgNP/AuNP/PS50-b-P2VP50 composites measured after different times of AuNP deposition.
(c, d) SEM images of (c) lamellar AgNP/AuNP/PS50-b-P2VP50 and (d) cylindrical AgNP/AuNP/PS57-b-P4VP18 composites). Reprinted (adapted)
with permission from ref 150. Copyright 2013 Wiley−VCH.
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easily (Figure 5a, b). The number of nanoparticles placed on
each domain could be counted by analyzing TEM images
(Figure 5a, b). For example, in the case of gold nanoparticles,
the average number of nanoparticles found on each domain is
4−5 (Figure 5a). By pyrolysis or plasma treatment, these
nanoparticles fused to larger nanoparticles by retaining the
deposition site. The loading of the nanoparticles was different
for all these three noble metal nanoparticle materials resulting
in differently sized final gold, platinum, and palladium nanodots
(6, 6, and 4 nm in height and 15, 16, and 4 nm in width,
respectively), maintaining at the same time equal center-to-
center interdot distances. This was attributed both to the
variations in the coordination affinity of P4VP to the different
noble metals investigated and to variations in the nanoparticle
sizes (ranging from 2.5 to 3.8 nm in diameter), leading to
different loadings on the surface of the P4VP domains.
We can, hence, conclude that the affinity of the P4VP block

toward the noble metal is crucial. Moreover, the affinity is much
higher to gold and platinum than to palladium. These
observations were further confirmed by infiltrating, as described
above, PS-b-P4VP micellar films with all three different types of
nanoparticles. Here, the micellar film was used without any
surface reconstruction. For this kind of polymer templates, for
which the nanoparticles are expected to assemble on the top of
each micelle, nearly no palladium nanoparticles were found in
SEM investigations, whereas for gold and for platinum
nanoparticles, regular patterns of the nanoparticles located at
the site of each micelle were observed.
d. Dual Nanoparticle Patterning. By altering the

interactions between the nanoparticles and the polymer chains
which crucially influence the site of the nanoparticle
assembly,42,136−146 it was also possible to incorporate at the
same time two different kinds of nanoparticles and, hence,
create a ternary nanocomposite structure by controlling the
nanoparticle surface chemistry.147−154 It is thereby favorable to
assemble the different types of nanoparticles within the two
different domains of the block copolymer template. In our
approach150 we have used two types of nanoparticles having
affinity toward different blocks of PS-b-P4VP (PS-b-P2VP).
Schematically, the whole strategy is shown in Figure 6a. As a
first type of nanoparticles, we synthesized oleylamine-stabilized
Ag NPs and then conducted a ligand exchange step so that
finally they were covered with polystyrene ligands.155 Thus,
when mixing these PS-coated nanoparticles with PS-b-P4VP or
PS-b-P2VP BCPs of different chain lengths and architectures
the silver nanoparticles were expected to be localized in the
polystyrene domains during the formation of self-assembled
polymer structures. A similar strategy has been applied
previously by other groups in order to incorporate various
types of nanoparticles into block copolymer films as well as in
bulk.123,124,156−158 Thus, Ag NP/BCP nanocomposite thin
films could be annealed in 1,4-dioxane vapor so that regular
composite structures are formed with the silver nanoparticles
being located in the polystyrene domains. Hence, in the next
step the AgNP/PS-b-P4(2)VP composite thin films could be
used as templates for depositing citrate stabilized Au, Pt and Pd
nanoparticles which, like in all aforementioned cases, assembled
at the PVP sites (see Figure 6c for parallel and Figure 6d for 2
D aligned arrays). With this technique, a lateral separation of
the silver nanoparticles from the gold, platinum or palladium
nanoparticles could be achieved. Because of the remarkable
difference in size, the presence and lateral position of each kind
of nanoparticles could be identified very easily, e.g., using

conventional SEM or TEM. These resulting ternary composite
thin films from two different nanoparticle species and a block
copolymer (NP1/NP2/BCP) exhibited optical properties
similar to those of their nanoparticle building blocks with
only a slight shift of the localized surface plasmon resonance
maxima of the gold NPs toward longer wavelengths, which was
expected due to particle−particle interactions (see Figure
6b).159 It is noted that we observed some distortions of the
hexagonal order of the P4VP cylinders after loading of the
polymer with silver nanoparticles.150 Such distortions of
microdomain order are attributed to the relatively large size
of the silver nanoparticles and have also been previously
reported for other nanoparticle-filled systems.160,161 Thus, by
this approach we succeeded in incorporating two different types
of metal nanoparticles by employing a two-step deposition
process in combination with the control over the nanoparticle
surface chemistry, which is of utmost importance for
applications in which two differing nanoparticle properties are
needed in close but separated and densely packed proximity.

■ CONCLUSION AND OUTLOOK
We have shown a variety of recent experimental approaches
toward achieving a precise control over the spatial organization
of metal nanodomains by means of switchable block copolymer
thin film templating of presynthesized metal nanoparticles. We
consider this process being a possible route to develop device
components in the future. With the techniques described, it is
possible to tune the lateral distance and type of arrangement
through the adequate choice of polymer, polymer block ratios
and solvent treatments. Furthermore, by exploiting the surface
chemistry of the metal nanoparticles, we have gained control
over the attractive and repulsive interactions of the nano-
particles with the respective building blocks which leads to a
control over the site of nanoparticle deposition within the
polymer thin film. After polymer removal, regular arrays of
nanowires or hexagonally ordered nanodots with controlled
lateral spacing and tunable center-to-center distance, in some
cases below 30 nm, can be achieved. The noble metal materials
employed ranged from palladium to gold and platinum for
preferential depositions at the PVP site and to silver for
deposition in the PS domains.
However, certainly there are still a variety of tasks to be

tackled. The next objectives will be to further reduce the
periodicities to even smaller values and to achieve even larger
regular areas with defect densities as low as possible. Further
improvement of the control over the preferential attraction and
repulsion of the nanoparticles to the respective polymer block
will lead to a facile expansion to other nanomaterial
depositions. A still remaining task is to develop further polymer
removal methods after nanoparticle infiltration. So far, in our
method, the polymer is mostly removed at elevated temper-
atures, leading to melting and fusion of the nanoparticles. If we
want to profit from the large spectrum of different nanoma-
terials with different shapes coming from advanced colloidal
nanoparticle synthesis routes, a polymer removal method
without altering the nanoparticle shape and physical properties
is desirable. Therefore, further research is needed to develop
polymers that can be easily removed by chemical degradation
and at the same time leave the nanoparticles unaltered.
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Micellar Inorganic-Polymer Hybrid Systems - a Tool for Nano-
lithography. Adv. Mater. 1999, 11, 149−153.
(97) Boyen, H. G.; Kastle, G.; Zurn, K.; Herzog, T.; Weigl, F.;
Ziemann, P.; Mayer, O.; Jerome, C.; Möller, M.; Spatz, J. P.; Garnier,
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