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ABSTRACT: We investigate the formation of an ordered array of metal
nanoclusters via selective doping of microphase-separated nanodomains
in thin diblock copolymer films. Nanostructure formation during this
doping process is probed in situ with microbeam grazing incidence small-
angle X-ray scattering («GISAXS) and ex-situ with atomic force micro-
scopy (AFM). During sputter deposition of iron on the thin film template §
of polystyrene-block-poly(methyl methacrylate) P(S-b-MMA) copoly-
mer, having upright cylindrical domains of PMMA, iron atoms selectively
dope the PMMA domains due to the preferential chemical affinity. AFM
confirms the uGISAXS results that the iron atoms preferentially wet the
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PMMA domains at low amount of sputter deposited iron. Up to a £ F
threshold of a nominal thickness of 2.0 nm deposited iron, the atoms wet ﬂ‘r**
only the PMMA domains and create the ordered array of metal Y,

nanoclusters. Above this threshold thickness the iron nanostructures grow laterally and finally cover the complete template surface.

1. INTRODUCTION

In general, miniaturization of devices demands functional
materials on the nanoscale. In particular, ordered metal nanos-
tructures are desirable to render the optical, electrical, magnetic,
chemical, and biological properties in nanodevices." > On the
basis of block copolymers, mesoscopic lattice structures can be
produced through self-assembly.'®>* The group of Russell”®
showed that 10 terabit per square inch domain density can be
achieved with long-range lateral order in block copolymer thin
films having upright cylindrical domain structures. Therefore,
templates of such long-range hexagonal array of upright cylind-
rical domains, in a thin film of a block copolymer, can serve as
advanced host materials for metal nanostructures.”*~>* So far,
there have been several methods used to install metal nanos-
tructures inside of the block copolymer domains. Among them,
one common method is to remove the minor block from the film
and refill the produced pores with the desired metallic materials.'®'***
The pores in the polymer films can be filled for example through
vapor defosition of metal,'"” dip-coating from a nanoparticle dis-
persion,* and electrophoretic deposition.*® Through particle coop-
erated self-assembly"** colloidal nanoparticles can also be directed to
the upright cylindrical domains present in block copolymer thin films.
In this technique, the balance of the surface tension between the
ligands of the nanoparticles and the interfacial tension between two
blocks are responsible for a directional assembly of the nanoparticles
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in a specific block. Physical vapor deposition and sputter deposition of
noble metals on polymer surfaces and microphase-separated block
copolymer templates®®*' showed that the noble metals decorate one
preferential block and form metal nanoparticles, metal wires, and
chains of metal clusters depending on the used template morphology.
Lopes et al. investigated selective wetting of metals on the copolymer
polystyrene-block-poly(methyl methacrylate), denoted as P(S-b-
MMA), having cylindrical domains parallel to the substrate and
observed the formation of metal wires and clusters on the selective
domains upon thermal evaporation of metal.***” The selectivity was
increased by further annealing above the glass transition temperature
of the copolymer. However, the used thermal evaporation of metal
leads to the formation of metal clusters on the polymer surface
because of a very high surface free energy of the metal atoms
produced by this preparation method. Therefore, metal nanodots
having defined size and spacing may be achieved with only low energy
metal deposition methods such as sputtering. So far, to our knowl-
edge, selective doping of upright cylindrical domains in a block
copolymer thin film by sputter deposition of ferromagnetic materials
has not been reported.
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In this article, we present a pathway to selectively deposit iron
on a polymer film and thereby create ordered metal nanostruc-
tures. Our approach is based on the selective nature of doping of
iron atoms during sputter deposition onto a thin film of the block
copolymer P(S-b-MMA), having upright cylindrical domains of
PMMA with lateral order. Such a thin film of P(S-b-MMA) is
used as a template and iron (>’Fe) is sputtered on top of this
template. Nanostructure formation and doping are investigated
in situ with microbeam grazing incidence small-angle X-ray
scattering (4GISAXS).* Additionally, the nanocomposites’ sur-
face morphology is investigated with atomic force microscopy
(AFM) by using selected stages of iron surface coverage of the
template.

2. EXPERIMENTAL SECTION

Template Preparation. An asymmetric diblock copolymer P(S-
b-MMA) having a molecular weight of Myy = 77 000 g/mol (molecular
weight distribution Myy/My = 1.09) and a random copolymer P(S--
MMA) with My, = 31100 g/mol (molecular weight distribution Myy/
My = 1.17) were purchased from Polymer Source Inc. The silicon (100)
substrates were cleaned first with an acidic mixture of 160 mL of 96%
sulfuric acid, 70 mL of 30% hydrogen peroxide, and 110 mL of deionized
water at 80 °C, followed by a strong rinsing with deionized water.** The
solution of the random copolymer of P(S-+-MMA) in toluene was spin-
coated on top of clean silicon wafer pieces. The resulting thin film of P(S-
r-MMA) on top of silicon was exposed to UV light for 30 min. During
UV exposure, the double bonds present in PS broke and grafted on the
silicon substrates. The excess polymers, which were not grafted, were
removed from the substrate surface by subsequent washing with toluene.
With a second spin-coating step a thin film of P(S-b-MMA) with a
thickness of 81 nm was prepared from a solution of the polymer
and toluene. The film was annealed at 165 °C and an oven under
vacuum (1 x 10> mbar) conditions for 72 h. The treated diblock
copolymer film has upright cylindrical domains of PMMA in a PS
matrix."**** In addition, three similar templates were prepared for AFM
investigation by using HF acid-treated silicon substrates which are
described in detail elsewhere.'

Sputter Deposition of Iron. We used a portable UHV system
equipped with a dc magnetron sputtering source and two beryllium
windows enabling simultaneous in-situ GISAXS experiments on the thin
polymer film template during sputter deposition of iron.*""*%*’

A schematic side view of the sputtering chamber used for this
investigation is shown in Figure 1. The main chamber was pumped
down by a two-stage turbomolecular pump to a base pressure lower than
5 % 10~® mbar. Argon (purity = 6.0) plasma was used to knock the iron
atoms out of the target. The target was the iron isotope *'Fe (purity =
99.999%). Iron was sputtered at a pressure of 5 x 10~ > mbar (argon
pressure). At this pressure, no collisions of the iron atoms with the argon
plasma is expected. The distance between the sample and the target was
6 cm. Iron was being sputter-deposited for 20 min with a rate of 0.2 nm/
min for the in situ investigation. The sputter deposition rate was
controlled with independent reference sample measurements. Along
with the in situ uGISAXS study, three templates prepared by using HF
treated silicon substrates were sputtered separately with 0.4, 0.8, and 2.0
nm nominal thicknesses of iron to investigate the change of the surface
topography by AFM.

Atomic Force Microscopy (AFM). The surface topography of
the template and the sputter-deposited templates were investigated by
using an Autoprobe CP Research atomic force microscope in tapping
mode. The measurements were performed at ambient conditions. We
used gold-coated silicon cantilevers with a high aspect ratio (Ultralever
cantilevers) having a resonance frequency of 60 kHz. Because of the high
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Figure 1. Schematic side view of the basic setup used in the in situ
GISAXS experiment during sputter deposition. Two beryllium windows
allow the X-ray beam to impinge on the sample mounted with the help of
a manipulator and to collect the scattered intensity on the detector. The
working pressure was S X 10> mbar. The incident angle was o; =
0.426°.

aspect ratio and an asymptotic conical shape, the polymer morphology
was probed with a high lateral resolution. From the raw data, the
background due to the scanner-tube movement was fully subtracted.

Grazing Incidence Small-Angle X-ray Scattering (GISAXS). The
nanostructure formation during sputter deposition was investigated with in situ
UGISAXS. M | |GISAXS measurements were carried out at the beamline
BW4 of the DORIS HI storage ring at HASYLAB (DESY, Hamburg,
Germany). During the #GISAXS measurements, the X-ray beam impinges
on the thin film using an inverted geometry in comparison to the regular
UGISAXS setup due to the geometry (see Figure 1) of the operated sputter
deposition chamber. As a result, the measured 2d scattering pattern appeared
on the detector inverted in the vertical direction in comparison with the
standard #4GISAXS geometry.*’ Two pointlike beam stops were used to block
the direct and the specularly reflected beam in front of the detector to avoid
damage of the detector. In addition, a third, rodlike movable beam stop was
also used to block the very high intensity around g, = 0 on the detector (see
Figure 2b). The selected wavelength of the focused X-ray beam (beam size
60 tm X 30 um) was A = 0.138 nm.% The incident angle was o, = 0426°,
which is above the critical angles of PS (0.138°) and PMMA (0.146°).
Therefore, the X-ray beam penetrates the whole film and the scattering data
contains information on the structural lengths present in the full depth of the
film. The distance between the sample and the detector was Dgp = 1.96 m.
A MARCCD detector was used to record the 2d scattering intensities every
60 s during sputtering. In total, 20 #GISAXS patterns were recorded.

3. RESULTS AND DISCUSSION

a. Template Structures. Figure 2a shows the phase image of
the polymer template used for the presented investigation.
Templates prepared by both methods, HF etching and coating
with an ultrathin film of random copolymer, have similar
morphology; i.e., the cylindrical domains of PMMA are oriented
normal to the substrate surface in the PS matrix. Since the volume
fraction of the PMMA block is 0.29, cylindrical domains of
PMMA were formed due to microphase separation."!”***
During annealing, these cylindrical domains of PMMA arranged
themselves in a hexagonal array. Because the substrates are
neutral, the cylindrical domains in P(S-b-MMA) block copoly-
mer thin films orient predominantly perpendicular to the sub-
strate surface.’® >* Although the substrate is neutral to both
blocks of the used P(S-b-MMA) copolymer, not all PMMA
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Figure 2. (a) Atomic force microscopic phase image of the template
used for sputter deposition of iron. The phase images show the presence
of upright cylindrical domains of PMMA (dark spots) in PS matrix
(yellowish phase). (b) #GISAXS pattern of the pure template on 2d
detector. The side intensity maxima represent the average cylinder-to-
cylinder distance, dy. p-bs and r-bs stand for point-beamstop and rod-
beamstop, respectively.

domains are perfectly oriented normal to the substrate, but few
domains of PMMA are randomly oriented. The film surface is
very smooth with a rms roughness of only 0.2 nm. Islands or
holes, which are typical for microphase-separated block copoly-
mer film, are not observed in the AFM investigation. Because of
the presence of the neutral substrate, the whole film wets the
substrate completely and contains upright cylindrical domains of
PMMA, as described above. The average diameter of the
cylinders, Dy, and the cylinder-to-cylinder distance, d,;, mea-
sured by AFM image processing software IP 2.1, are 27 & 3 nm
and 45 &£ 3 nm, respectively. The corresponding #GISAXS data
of the template shows one side maximum at a position of g, =
13.6 X 10 > nm™ ' (see Figure 2b), which originates from the
cylinder-to-cylinder distance of 46 £ 1 nm. Thus, we find good

agreement between the structures observed in AFM and uGI-
SAXS, demonstrating that the AFM data shown are well repre-
sentative for the sample under investigation. The reason for the
absence of more pronounced intensity side maxima (higher
intensity in first orders) is that the electron density difference
between the PS and the PMMA phases is not very high. The
absence of higher order maxima is caused by the deviations from
a perfect hexagonal arrangement of the cylinders as seen by the
AFM as well.

b. Template Doping with Iron by Sputter deposition: An
in Situ GISAXS Study. The P(S-b-MMA) block copolymer thin
film template is mounted on the sample holder with the surface
of the film facing down toward the metal source as shown in
Figure 1. Because of the presence of two beryllium windows
along the flight path of the incoming and scattered X-ray beam, in
situ GISAXS measurements are feasible during sputter deposi-
tion. Figure 3 shows three selected uGISAXS data and the
corresponding simulated scattering patterns using the IsGISAXS
software.>® The principal features of all scattering patterns are the
pronounced intensity side maxima which are already present in
the pure template. The intensity of these side maxima is
noticeably changing with increasing amount of sputter deposited
iron. However, the position of the intensity side maxima remains
constant at g, = 13.6 X 10" nm™ . Moreover, the intensity of
the side maxima increases without any distinguishable diffuse
intensity around each side maximum, up to 2.0 nm of iron sputter
deposition (nominal thickness). The appearance of these inten-
sity side maxima is due to an increase of electron density contrast
among the nanostructures present in the film with a regular
lateral distance and shape of the structures upon sputter deposi-
tion. The sputter-deposited iron creates this electron density
difference between the cylindrical domains of PMMA and the
matrix PS. This indicates that the sputtered iron atoms selec-
tively wet or adsorb to one of the blocks in the P(S-b-MMA)
diblock copolymer film template. Either the iron atoms stick
preferentially to only one domain or they diffuse inside the
film and dewet preferentially from one domain and migrate
toward the other domain. However, only from the scattering
data it is difficult to conclude which domain the iron atoms
preferentially wet.

To extract the structural information from the 4 GISAXS data,
we simulated all the 2d scattering patterns assuming a very simple
model of our system using the IsGISAXS>® software. In this
simple model, we assumed our template to be a thin polymer film
of constant electron density on top of a silicon substrate, and the
iron nanostructures grow vertically and laterally on top of the
film. The scattered intensities have been calculated according to
the distorted-wave Born approximation (DWBA).*® Three ex-
amples of simulated 2d uGISAXS patterns are given in Figure 3
(@, b/, and ). These are tGISAXS patterns after sputter deposi-
tion of 0.4, 0.8, and 2.0 nm of nominal height of iron. The
structural information is extracted from the data and the simula-
tion. To better show the evolution during sputtering, the off-
detector cuts**”% at the position of one side intensity max-
imum and the structural change due to sputter deposition of iron
are shown in Figure 4.

The vertical intensity modulation in the off-detector cuts becomes
stronger with increasing amount of sputtered iron (see Figure 4a).
In addition, the position of the intensity maximum in the off-
detector cuts changes, and a second intensity maximum appears
with increasing height of sputtered iron (shown by arrows in
Figure 4a). This is a clear indication of the vertical growth of the
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Figure 3. 2d #GISAXS patterns originating from the sample after sputter deposition of 0.4 nm (a, a’), 0.8 nm (b, b’), and 3.8 nm (¢, ¢’) of nominal
thickness of iron. (a), (b), and (c) are the data and (a'), (b'), and (') are the simulations using the IsGISAXS™® software. The logarithmic color scale is
selected for better contrast among the present features. A rod-beamstop (r-bs) and a point-beamstop (p-bs) were used to protect the detector from very
high intensity of the reflected X-ray beam. The intensity of the side maxima increases with the amount of sputter-deposited iron.
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Figure 4. (a) Intensities of the off-detector cuts of the data and the corresponding fits from the simulations with IsGISAXS are plotted as a function of
@ = 0,; + 05 where @ is the incident angle of the X-ray beam on the sample and the Q.is the exit angle of the scattered beam. The symbols are the data and
the solid lines are the simulation. The curves are shifted vertically against each other for better presentation. The nominal heights of the sputter-deposited
iron are shown on the right to the corresponding curves. (b) Extracted object heights, denoted by H, of the nanostructures are plotted as a function of the
nominal height, h,.. A, B, and C indicate three regimes with different growth rates. The solid lines are the linear fits. (c) The object diameters D of the
nanostructures are plotted as a function of h,,.

nanostructures. To understand the growth kinetics, the heights in Figure 4b. Three regimes with different growth rates, relative
of the nanostructures, extracted from the simulations, are plotted to the sputtering rate, are observed, which are marked as A, B, and
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C in Figure 4b. Up to a height of 0.8 nm the growth rate is 0.45
nm/min, whereas the sputtering rate is 0.2 nm/min; ie., the
growth rate at the initial stage (A) is 2.2S times higher than the
sputtering rate. The growth rate at the intermediate stage (B) is
0.18 nm/min, which is 0.9 times the sputtering rate. It seems that
the growth rate is almost equal to the sputtering rate at this stage.
The growth of the height stops when the height reaches ~4 nm.
Afterward, the height remains constant, and no vertical growth is
observed until the end of the in situ sputtering experiment. The
diameter of the nanostructures shows also significant changes
with the nominal height of the sputtered iron. As well, we observe
three different regimes of object size growth (diameters). From
the start until 2.0 nm of nominal height of sputtered iron the
diameter remains almost constant at a value of 27 £ 1.5 nm,
which is almost equal to the diameter of the PMMA cylinders
present in the template. So, it seems that the iron atoms prefer to
wet the PMMA blocks. With increasing amount (above 2 nm of
nominal height of sputtered iron) of iron, the diameter increases
linearly up to 47 &= 2 nm and then remains constant until the end
of the experiment. Since the cylinder-to-cylinder distances pre-
sent in the template are 46 &= 1 nm (obtained by simulation), it
can be assumed that the iron atoms start to diffuse to the PS
matrix or the nanostructures grow laterally on the PS matrix
above a threshold (2 nm) of nominal amount of sputtered iron.
The lateral growth stops after sputter deposition of iron with 3
nm of nominal amount, and they merge to cover the whole
surface of the template. Since no vertical and lateral growth of the
nanostructures on top of the template is observed at this stage, it
can be assumed that the rest of sputter-deposited iron atoms
diftuses into the template.

This in situ wGISAXS investigation shows that in the early
stages below a critical amount of sputter deposited iron, the iron
nanostructures reproduce the polymer film morphology, having
both, the diameter and lattice spacing similar to the diameter and
lattice spacing present in the template. Therefore, the polymer
film acts as a perfect template in this regime. This leads us to the
assumption that the iron atoms selectively dope PMMA domains
below a critical amount of sputtered iron (2 nm) for the applied
experimental conditions. The exact value of this critical amount
may vary for different template structures and depend on the
template sample temperature as well as the sputtering conditions
(deposition rate, etc.). At a higher sputter deposition rate this
critical amount can decrease and at a slower deposition rate it
can increase, respectively. Moreover, a better selectivity may
be achieved at slower deposition rate. In addition, the size of the
available PMMA domains will play an important role as well. The
larger the open area of the PMMA domains is, the more effec-
tive the iron deposition is to be expected. However, to detail
the dependence of the critical amount on all these parameters
goes beyond the scope of this investigation. To confirm the
assumption of domain doping, we prepared three more block
copolymer film templates, sputtered with different amounts of
iron onto them, and investigated the resulting samples ex situ
with AFM.

c. Iron-Doped PMMA Phase: AFM Investigation. Three
templates with a very similar surface morphology, having upright
cylindrical domains of PMMA in a PS matrix, are used in an ex
situ AFM investigation of the surface morphology. On these
templates iron of different nominal thicknesses is sputtered using
identical sputter deposition conditions as we had applied in the
in situ experiment. The selected nominal iron thicknesses are
comparable to those in the in situ uGISAXS study. To focus on

(b)

% PMMA +iron §

Figure 5. Topography (a, ¢, e, g) and phase (b, d, f, h) images of the
template obtained by AFM investigation after sputter deposition of iron
with nominal amount of 0.4 nm (a, b), 0.8 nm (¢, d), 2.0 nm (e, f), and
4.0 nm (g, h). The presence of nanostructures formed by sputter
deposition of iron can be observed in both topography and phase
images as the bright spots in a yellowish matrix of PS in (a—f). The inset
shows clearly the iron-doped PMMA domains.

the initial stages, all three nominal thickness values are chosen to
be smaller than the critical limit of doping of the PMMA
domains, as probed with 4GISAXS.

Figure S shows the surface topography as probed with AFM
and the corresponding phase images of the templates after
sputter deposition of the iron with different nominal amounts
(0.4, 0.8, and 2.0 nm). For comparison, the sample prepared in
the in situ sputter experiment is shown as well (nominal amount
4.0 nm). The topography images (a, ¢, and e) show the presence
of nanostructures of iron on top of the PMMA domains. If we
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compare the phase images of the iron-sputtered templates shown
in Figure 5b,d,f with the pure template shown in Figure 2a, we
can see a strong phase contrast being generated because of the
presence of the hard iron atoms on top of the relatively softer
PMMA domains. The dark PMMA spots become brighter than
the PS matrix because of the presence of iron. Besides, the height
of the nanostructures increases with the increased amount of
sputtered iron. If the iron atoms had decorated preferentially
inside the PS matrix at the early stage of sputter deposition, we
would be able to see the generation of a layer of iron with holes in
the AFM investigation. No aggregate or cluster of iron has been
observed on top of the PS matrix. Therefore, combining the
findings of the in situ uGISAXS and AFM investigation, we
confirm the selective doping of PMMA by the iron atoms below a
critical limit of sputter deposition.

After the in situ wGISAXS investigation, the sample was
investigated with AFM as well. The corresponding topography
and phase images are shown in Figure Sg,h. Neither a nanostruc-
ture has been found on top of the template, nor a phase contrast
has been seen in the phase image. Only a flat surface was probed.
This leads us to the conclusion that the whole template is fully
covered with iron atoms after sputter deposition of iron with a
nominal amount of 4 nm. This fully agrees with the findings of
the in situ uGISAXS study already mentioned before.

The question is, why are the iron atoms selectively decorating
PMMA at the early stage of sputter deposition? The possible
answer is in the chemical interaction between the polymer blocks
of the diblock copolymer and the iron atoms. PMMA has a polar
carbonyl group as a side chain. A carbonyl group has a partially
negatively charged oxygen atom due to the strong electronega-
tive nature of the oxygen atom. Iron atoms are nucleophilic in
nature due to the shortage of two electrons in the 3d orbital. As a
result, the negatively charged oxygen atoms attract the nucleo-
philic iron atoms, leading to selective doping of the PMMA
cylindrical domains by the iron atoms. In thin films of polymer, a
large amount of free volume is present due to the rotational and
translational entropy of the polymer chains during the film
formation. The iron atoms can diffuse easily through the PS
phase of the film and migrate toward the PMMA phase at the
early stage of sputter deposition (region A in Figure 4b). The
driving force of this migration of iron atoms is assumed to be
polar interaction. When the top surface of the PMMA domains is
saturated with iron atoms, the subsequently sputtered atoms can
no longer be accommodated in the PMMA domains. As a result,
the deposition and diffusion of the iron atoms toward the PMMA
domains extend inside the PS phase, which causes an increase of
diameters of the formed nanostructures that can be observed at
the intermediate stage of sputter deposition (regime B in
Figure 4b). It is to be expected that a larger open area of the
PMMA domains (for example, in a lamellar diblock copolymer
system) would increase the probability of selective deposition
and prevent the diffusion of iron atoms to the PS at this stage.

4. CONCLUSION

‘We have successfully investigated the selective nature of metal
doping during sputter deposition of iron on a P(S-b-MMA)
diblock copolymer film template having upright cylindrical
domains of PMMA in a PS matrix. Both, real-space and recipro-
cal-space characterization techniques have been used comple-
mentarily to investigate this iron deposition. Ex situ AFM maps
the surface topography. uGISAXS probes the inner film structure

in addition. The in situ #GISAXS investigation allows for the
detection of the critical nominal thickness of iron (2.0 nm)
maintaining the region of selective block doping. Below this
critical nominal thickness, sputter-deposited iron atoms selec-
tively wet the PMMA domains only. On the one hand, iron atoms
can act as a nucleophilic agent. On the other hand, carbonyl
groups present in the side chain of PMMA have a highly
electronegative oxygen. As a result, the interaction between the
nucleophilic iron atoms and partially negatively charged oxygen
atoms of carbonyl groups drives iron atoms to deposit preferen-
tially on the PMMA domains. Above the critical limit, the
nanostructures grow laterally and cover the whole template
surface. Thus, preferential doping of PMMA domains by iron
opens a new route to create ordered metallic nanostructures with
a controlled size in terms of regular distance and diameter
by using microphase-separated block copolymer thin film
templates.

To extend the observed behavior to other polymer template
and metal systems might however not be that easy. On the one
hand, the creation of polymer templates with upright cylinder
structures so far only worked for a limited number of diblock
copolymer systems. On the other hand, the selective interaction
of the metal atoms with one of the blocks from the diblock
copolymer is of major importance to prevent a continuous metal
decoration of the surface. Moreover, the sputter deposition
has to be performed in a gentle manner to prevent a distortion
of the polymer template by the deposited metal.
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