IEESAPPLIED MATERIALS

Forum Article

INTERFACES

www.acsami.org

Patterned Diblock Co-Polymer Thin Films as Templates for Advanced

Anisotropic Metal Nanostructures

Stephan V. Roth #T Gonzalo Santoro, ]ohannes F. H. Risch,’ Shun Yu,# Matthlas Schwartzkopf
Torsten Boese, Ralph Dohrmann, Peng Zhang, Bastlan Besner, Phlhpp Bremer, Dleter Rukser,
Michael A. Rubhausen, Nlck] Terrlll Paul A. Stanlec, Yuan Yao,™ Ezzeldin Metwalli,"

and Peter Miiller-Buschbaum™

"Deutsches Elektronen-Synchrotron (DESY), Notkestrasse 85, D-22607 Hamburg, Germany

*Institut fiir Nanostruktur- und Festkorperforschung, Center for Free-Electron Laser Science, Advanced Study Group—APOG,
University of Hamburg, Luruper Chaussee 149, 22761 D Hamburg, Germany

SDiamond Light Source, Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11 0QX, United Kingdom
LLehrstuhl fiir Funktionelle Materialien, TU Miinchen, James-Franck-Strasse 1, D-85748 Garching, Germany

© Supporting Information

ABSTRACT: We demonstrate glancing-angle deposition of gold on a nanostructured
diblock copolymer, namely polystyrene-block-poly(methyl methacrylate) thin film.
Exploiting the selective wetting of gold on the polystyrene block, we are able to fabricate
directional hierarchical structures. We prove the asymmetric growth of the gold
nanoparticles and are able to extract the different growth laws by in situ scattering
methods. The optical anisotropy of these hierarchical hybrid materials is further probed by
angular resolved spectroscopic methods. This approach enables us to tailor functional
hierarchical layers in nanodevices, such as nanoantennae arrays, organic photovoltaics, and

sensor electronics.

KEYWORDS: hierarchical materials, grazing incidence scattering, diblock copolymer thin films, nanocomposites,

glancing angle deposition

1. INTRODUCTION

The tailoring of metal nanoparticles layers' and hybrid
materials plays a crucial role in modern advanced material
science.” " The demand ranges from hydrophobic surfaces and
* flexible sensors®” to organic photovoltaics (OPV)*° and
magnetic storage media.'® The related objective is to combine
the tunable nanostructure of diblock copolymeric materials'"'>
with the selective interaction of metals with different polymer
materials."> ™"

The applications of metallic layers cover catalytically active
layers'® via colloidal contacts'” or nanostructures for sensor
applications®'® and single electron devices."”” Often, spray
deposition'”?® and vacuum deposition methods such as
molecular beam epitaxy,”" vapor deposition,”>** and sputter
deposition”™* are employed to achieve the installation of the
metallic layer. Normal incidence sputter deposition, i.e.,
deposition direction normal to the substrate, allows for
installing radially symmetric nanoparticles, a process used for
SERS'® and catalysis.**"*® In contrast, for sensor applications as
well as catalysis, the size and length scale of the nanoparticles is
on the order of a few nanometers. For electrical contacts,
homogeneous layers well above the percolation threshold are
used, whereas for OPVs,”® well-defined two-dimensional stacks
are needed. Often, metal nanoparticles are included to increase
the light absorption based on plasmons,®® where the plasmon
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frequency depends on the nanoparticles’ size.>’ On the other
hand, the use of oblique incidence glancing angle deposition
(GLAD)32 3* allows for the creation of very versatile comg)act
and columnar nanostructures with designed porosity,’
attractive option for tailoring OPVs. Another example is to
tailor the refractive index of the metal oxide layer.’” Finally,
three-dimensional structures with tailored material composition
can be created.>® This can be further used to create plasmonic
devices.>® Prospectively, this controlled deposition can even be
combined with quantum dots to position plasmonic struc-
tures.*

In our investigations, we combine oblique angle deposition
of gold with diblock copolymer substrates to create hierarchical
materials. This approach combines the installation of
asymmetric, directional nanoparticles with the selected position
because of the different interaction of the gold atoms with the
polymeric blocks of the diblock copolymer. Prospectively, this
opens up new approaches for combining flexible substrates with
nanoantennae arrays*' in flexible electronics and nanowire
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production.** Furthermore, GLAD structures are used to tune
hydrophobicity,* and in view of functional textiles* and
fibers,** columnar structures with application in catalysis and
purification on flexible substrates become even more
important.46

2. EXPERIMENTAL METHODS

We investigate the kinetics of the metal layer growth as well as the
different installed morphologies and their wavelength-dependent
optical reflectivities.

2.1. Sample Preparation. Two series of polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA) films with different block
ratios were prepared. For the in situ as well for the ex situ experiments,
all PS-b-PMMA thin films were prepared on silicon substrates. For the
in situ experiment, the sample size was approximately 3 X 4 cm? to
allow for scanning of the sample. For the ex situ experiments with a
metal layer thicknesses of § = 0.4, 0.8, 12, and 120 nm, the sample size
was 15 X 15 mm” The ex situ sample § = 3.12 nm had a size of
approximately 2 X 4 cm?

2.1.1. Silicon Substrate Cleaning. The silicon (Si) substrates (p-
doped, (100) orientation, Si-Mat, Kaufering) were cleaned by placing
them in an acid bath at 80 °C for 15 min. The acid solution consisted
of 130 mL of deionized water (H,0), 70 mL of hydrogen peroxide
(H,0,), and 200 mL of sulfuric acid (H,SO,). After the 15 min in the
bath, the samples were rinsed thoroughly with deionized water and
then blow dried with N, gas.*’

2.1.2. Diblock Copolymer Thin Films. The PS-b-PMMA films were
prepared as follows. We used PS-b-PMMA with a molecular weight of
45-b-44 kg/mol and polydispersity index (PDI) of 1.12, and
additionally PS-b-PMMA with a molecular weight of 55-b-22 kg/mol
and polydispersity index (PDI) of 1.09. The polymers were purchased
from Polymer Source Inc. (Canada). Concerning the molecular weight
of 45-b-44 kg/mol, the diblock copolymer templates were prepared by
spin-coating of 12.5 mg/mL PS-b-PMMA solution in toluene on the
precleaned silicon substrates at 2000 rpm for 30 s. All samples were
treated at 120 °C for 3 days to install the phase-separated structure.
The film thickness was determined by scratching and atomic force
microscopy (AFM) to 60 + S nm Concerning the molecular weight of
55-b-22 kg/mol, the sample preparation as well as the sputter
deposition results are presented in the Supporting Information.

2.2. Grazing Incidence Small-Angle X-ray Scattering
(GISAXS). In situ real time grazing incidence small-angle X-ray
scattering (GISAXS)*® is ideally suited for analyzing progressive layer
deposition and nanoparticle formation and growth in hybrid
materials.*” > The in situ deposition experiment was performed at
the beamline 122 of Diamond Light Source (DLS), Didcot, U.K.. The
beam was monochromatized using a fixed-exit silicon (111)
monochromator and focused via two bimorph mirrors to deliver a
beam size of 220 X 70 um” at the sample position. The focused beam
was further cleaned using a cross-slit approximately 0.5 m from the
sample position. The selected X-ray wavelength was 0.1128 nm. The
sample-to-detector distance (SDD) was set to 3775 mm. A two-
dimensional detector (Pilatus3 2M, Dectris, Switzerland, number of
pixels 1475 X 1679, pixel size 172 X 172 um?) was used. The flight
path between sputter deposition chamber and detector was evacuated.
One beam stop was used to shield the specular reflected beam. The
angle of incidence was set to @; = 0.6°. The direct beam was blocked
by a beam stop with a diode. A sketch of the geometry is shown in
Figure S2 in the Supporting Information together with a description of
the measurement procedure.

2.3. Glancing Angle Deposition (GLAD). The radio frequency
(rf) sputter deposition chamber was incorporated at the sample
position of 122 on a heavy load goniometer (Huber, Germany),
allowing for adjustment of x/y/z, tilt (rotation perpendicular to beam)
and incident angle. The base pressure was 1.5 X 10~ mbar. The Argon
(Ar) pressure was 2.4 X 1072 mbar/2.5 X 107> mbar (in situ
experiment and ex situ samples, respectively). The Au (99.9999%
purity, Mateck, Germany) target was water-cooled, and the radio
frequency was 13.56 MHz. The distance between target and sample
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midpoint was 90 mm. The glancing angle was 10° with respect to the
sample surface (see Figure 1). The voltage was U = 975 + 10 Vand U
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Figure 1. Selected grazing incidence small-angle X-ray scattering
(GISAXS) patterns. The color scale is logarithmic. g,, g, denote a
reciprocal space coordinate system. Au and the orange arrow denote
the glancing angle deposition of gold. The arrows denoted N and P
correspond to the scattering contribution of the self-assembled Au
nanoparticles (N) and the scattering contribution from the diblock
copolymer substrate (P). IDG denotes one of the intermodule gaps of
the detector. The nominal thickness § of deposited Au is shown on
each pattern. The red arrow denotes the growth direction of the Au
nanoparticles under an angle # = 55° + 3°.

= 1190 + 10 V (in situ experiment and ex situ samples, respectively).
The details of the sputter deposition chamber and its routine
incorporation in a synchrotron beamline are described elsewhere.®”

2.4, Real Space Imaging. The real space imaging was performed
ex situ after sputter deposition.

2.4.1. Atomic Force Microscopy (AFM). To obtain an overview on
the samples and their morphology, we use the NT-MDT Aura system
in semicontact mode. A NSG-30 cantilever (NT-MDT, Apeldoorn,
The Netherlands) with a spring constant of 40 N/m was used.
Samples were probed at ambient conditions, and the measured data
were corrected for background and cantilever movement.

2.4.2. Field-Emission Scanning Electron Microscopy (FESEM). The
SEM images were taken with an NVision 40 Gemini (Zeiss) field-
emission SEM operating at an accelerating voltage of 5 kV and at a low
working distance of 3.0 mm.

2.5. Spectroscopy. To investigate the directional response of the
installed hierarchical hybrid structure, we used spectroscopic
ellipsometry as well as UV—vis spectroscopy.

2.5.1. Spectroscopic Ellipsometry. Spectroscopic ellipsometry
measurements were performed over a spectral range of 0.5—4.2 eV
in the polarizer—compensator—sample—analyzer (PCSA) configura-
tion using a SE850 Ellipsometer from SENTECH Instruments GmbH.
The ellipsometric angles A and ¥ were measured with a step width of
20 meV. For a complete characterization of the samples, three different
angles of incidence were used, along with a complete rotation of the
sample azimuth @ in steps of 12°. As birefringence was expected due
to the anisotropic nanostructures, the polarizer and compensator were
held at a fixed position. Using lenses, the illuminated area was
approximately 1 X 1 mm? at the same spot during the rotation. Due to
the biaxial layer converting p to s polarized light and s to p polarized
light, the ellipsometric angles are no longer an eigenstate of the sample
and the measured values depend on the polarization state of the
incident light. By rotating the sample, different components of the
dielectric tensor are accessed, providing a complete characterization of
the sample.

2.5.2. UV-Vis Spectroscopy. Light from a 150 W xenon lamp
(LOT-Oriel, Darmstadt, Germany) was focused into a fiber optic
cable. After exiting the light cable, the light beam was further focused
using lenses (Thorlabs, USA, New Jersey) to a 0.5 X 0.5 mm?spot size
on the sample. The reflected light was collected by a fiber optical cable,
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at @, = o The spectrum was analyzed using an Andor Shamrock
spectrometer (Belfast, Ireland), equipped with a grid monochromator.
A CCD camera cooled to —40 °C was used to record the spectral
intensities. A photo of the experimental setup as well as the results is
presented in the Supporting Information, along with the results.

3. RESULTS AND DISCUSSION

Figure 1 shows selected GISAXS pattern at Au layer thicknesses
of 6 =0, 0.4, 1.6, and 2.56 nm. At § = 0 nm, a strong intensity
distribution along the g, direction is visible, originating from
the correlated roughness of the PS-b-PMMA film. The small
shoulders at q, ~ 0.14 nm™' stem from the phase separated
structure, which is also seen in the AFM images presented in
Figure 3a and are discussed later. Upon increased deposition,
we note two phenomena. First, the GISAXS-signal from the
phase-separated polymer structure increases in intensity,
whereas the g, position of the now strong peaks stays constant.
This already indicates a selective growth of the Au nano-
particles on the PS component of the diblock copoly-
mer.’**7%% Second, the scattered intensity shows an
asymmetry with respect to the g, axis. The direction of Au
deposition under the oblique angle of 10° is indicated in Figure
1. The asymmetric intensity distribution is a fingerprint of the
anisotropic growth of the nanoparticles, being directly detected
by GISAXS. Using the procedure for extracting the growth
angle of the nanostructures outlined in the Supporting
Information, we obtain an angle f = 55° + 3° in perfect
agreement with previous work by Hawkeye et al.>® This angle is
also indicated in Figure 1.

The line-cuts in Figure 2 show the intensity I(q,, g, = 0.72 +
0.04 nm™}, §), and thus depict the evolution of the GISAXS
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Figure 2. Out-of-plane g, cuts performed at a fixed g, = 0.72 £ 0.04
nm™ in the GISAXS pattern from Figure 1 are shown. The nominal
thickness of deposited Au is indicated. P, P’ denote the characteristic
structure of the diblock copolymer substrate, N that of the Au
nanoparticles. Please note the noncentrosymmetric shape of the g,
profiles because of GLAD.

signal stemming from the polymer thin film and the Au
nanoparticles in more detail. The intensity increase in the peaks
related to the polymer nanostructure as well as their constant
position and asymmetry in g, direction throughout the sputter-
deposition is clearly visible. We fitted I(q,, g, = 0.72 + 0.04
nm~, 5) using Gauss—Voigt functions in order to extract
quantitative growth kinetics, i.e., the radius and distance of the
Au nanoparticles as well as the length scale of the phase-
separated polymer structure during the sputter deposition. The
height of the Au nanoparticles is extracted by using the
procedure described in the Supporting Information. Figure 6

Figure 3. (a) Atomic force microscopy (AFM) image of the P(S-b-
MMA) substrate, a nominal gold thickness of 0.82 nm and well
beyond the percolation threshold (12 nm). The black square in each
images represents an area of 200 nm x 200 nm. The color code
presents the height in nm. (b) Field-emission scanning electron
microscopy (FESEM) image of samples prepared at a nominal gold
thickness of 1.6 and 3.1 nm. The AFM images clearly show the
selective wetting of the PS-block during the gold sputter deposition
before the percolation threshold is reached. The FESEM images
clearly show that the gold nanoparticles grow on the PS domains.

size [nm]
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Figure 4. Evolution of the mean distance and radius of the Au
nanoparticles as well as the (constant) domain size of PS in the
PMMA-matrix. Dp denotes the domain size of the PS. Red symbols
refer to the extracted values g, < 0 nm™" (denoted L), black symbols
refer to the extracted values for g, > 0 nm™' (denoted R). The green
symbols show the constant characteristic length scale of the PS-b-
PMMA film. The dashed lines show different growth laws.*®
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Figure S. Evolution of the height of the nanoparticles. The dashed
lines show the limit of 3D growth.

shows the intensity evolution of the polymer peak P situated at
g, = —0.14 nm~". Its intensity increases because of selective
incorporation of Au on the PS block, then drops when the Au

DOI: 10.1021/am507727f
ACS Appl. Mater. Interfaces 2015, 7, 12470—12477


http://dx.doi.org/10.1021/am507727f

ACS Applied Materials & Interfaces

Forum Article

900
800

600
500 —
>
400 &
300
200
100

— 0
25

Amplitude ratio P'/P

15 20

S [nm]

1.0

Figure 6. Evolution of the of the structure factor peaks P’ and P at g, =
+0.138 nm™'. The P’/P ratio initially decreases, then levels off around
0.5. The decrease from an initially symmetric value of 1 is due to the
oblique angle deposition of Au. The dashed line shows the expected
ratio for conventional incidence sputter deposition. The blue line
shows the amplitude of the structure factor P in blue. The trend shows
an increase of the amplitude due to selective coating of PS, at larger Au
thicknesses the Au nanoparticle contribution dominates. This leads to
a decrease when the Au deposition becomes less selective, when
approaching the percolation threshold; also see AFM image 6 = 12
nm.

film thickness increases. The intensity ratio of the peaks
denoted P’ and P in Figure 2 is a measure of the asymmetry of
the peaks induced by GLAD. To the best of our knowledge,
this effect has been observed for the first time in the present
investigation. It is clearly seen that the ratio decreases rapidly
up to 6 = 0.1 nm and then levels off at a constant value of 0.5.
In normal incidence sputter deposition, such a behavior is not
observed.>"**

Concerning the Au nanoparticles, the GISAXS pattern in
Figure 1 and the line cuts in Figure 2 (N) clearly show the
growth of these nanoparticles. The side maximum stems from
the interparticle distance'*" and can be calculated using D =
27/ qy, where qo denotes the position of the side maximum.
Following the model of Schwartzkopf et al,>' we may assume a
local hexagonal arran§ement of nanoparticles. However,
following Roth et al,*” we may assume a more cylindrical
shape of the nanoparticles in the present case. By combining
these two assumptions, we are able to calculate the mean radius
of the particles R. To do so, we can express the radius R of the
cylindrical nanoparticles as a function of 6, the height H of the
nanoparticles, and g

Ny

R(D) 0, H) =
4r H

(1)
H has been derived from the intensity distribution along the g,
direction, as described in the Supporting Information, and is
shown in Figure S. One immediately notes that the height of
the nanoparticles grows in a nonlinear way because of self-
assembly and the confinement to the PS block because of
diffusion,” following a 3D growth mode.*” Only in later stages
(6 > 2 nm) does the increase in height follow the standard
linear law in thickness 8.*° For q,<0 nm™}, also denoted as left
side L of the scattering pattern, and for g, > 0 nm™, also
denoted as right side R of the scattering pattern, the apparent
distance of the Au nanoparticles differs, as can be seen from the
fitting results in Figure 4. Using this finding in combination
with eq 1, we obtain the different radii in Figure 4 for g, < 0
nm~! and g, >0 nm™". Please note that we obtain R; < Ry,
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which is to be expected because of the growth in GLAD
direction. At the same time, as seen in Figure 4, the position of
the polymer signal stays constant.

We have incorporated different growth laws defining
different growth regimes in D and R of the nanoparticles.
Following Kaune et al,* it has been found that D, R ~ 6% with
a being an exponent 0 < @ < 1. After the nucleation threshold
around 0 = 0.2 nm, where significant lateral nanoparticle
growth sets in, we obtain ap = 0.4 for the scaling factor of the
distance and ay = 0.7 for the scaling factor of the radius. After
the transition point around 6 = 0.8 nm, ap = 0.85, and ay =
0.95. It is important to note that the scaling law is the same for
g, <0 nm™' and q,> 0 nm™.

3.1. Refined Model. In general, the three derived growth
regimes are characterized by the predominant surface processes,
namely (1) nucleation, (2) diffusion-mediated growth, and (3)
adsorption mediated growth. They are basically comparable to
the growth regimes observed from gold cluster growth on
silicon substrates during normal incidence sputter deposition.>!
However, two important aspects need to be incorporated,
which are equally important for tailoring hybrid materials. On
the one hand, because of the oblique incidence of atoms during
GLAD, the clusters tend to grow asymmetrically via direct
adsorption from the gaseous phase. This is clearly illustrated
using AFM, see 6 = 120 nm in Figure S5 in the Supporting
Information. During the early stages of growth observed in the
GISAXS experiment, the GLAD induced asymmetry of the
nanoparticles manifests itself in two different radii of curvature
for the nanoparticles, as we have already described above. This
leads to the asymmetric GISAXS pattern with respect to the in-
plane g, = 0 nm™" direction, very well pronounced for, e.g., § =
1.56 nm and 6 = 2.56 nm. On the other hand, it is important to
note that the diffusion coeflicients on both blocks of the
diblock copolymer are quite distinct. Following Ruffino et al,*’
Au shows a 64% increased surface diffusion on PS compared to
PMMA. This may be attributed to the chemical nature of
PMMA with its C—O bonds that would sequester the Au
atoms, making them less mobile. On the other hand, the high
mobility in the PS allows a faster metal atom diffusion and
coalescence, which lead to large particles on the PS domains.
This difference in mobility results in a different wetting
behavior, which in turn affects the cluster growth kinetics.
Therefore, taking into account the different Au—polymer
interaction of PS and PMMA, the above-mentioned general
growth stages can be refined.

1. Nucleation regime up to 6 = 0.2 nm: Initially, the Au
atoms impinge on the surface and adsorb.’"** Because of
the weaker polymer—gold interaction compared to the
gold—gold interaction,®*®* they diffuse as adatoms
randomly on the surface. Upon impinging on each
other, they may create a nucleus for a nanoparticle and
eventually cluster. Because the adatom mobility is higher
on PS, the chance of a seed-forming collision event is
significantly increased. Thus, PMMA is more devoid of
Au atoms than PS. This explains a preferred nucleation of
Au on PS, which positively affects further cluster growth.
Hence, the Au layer first reproduces the phase-separated
morphology of the underlying substrate.'>>>>> This
explains the increase of intensity of the polymer
characteristic peaks, see Figures 1 and 2. In normal
incidence deposition, both peaks remain symmetric in
intensity®>>> However, the noticeable asymmetry for gy <
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Figure 7. Model of the selective growth of Au on PS-b-PMMA. The GLAD angle ¢, is 10°. Top: Initially, the atoms impinge on the PS-b-PMMA
surface. Dark gray denotes the PS domains, light gray the PMMA domains. Middle: Because of GLAD, anisotropic structures build up because of
self-assembly. The growth direction follows an angle of 8 = 55° + 3°, because of shadowing effects as well as direct growth from adatoms. Bottom:
Increase in the depletion region in the PMMA domains because of the shadowing effects.
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Figure 8. (a) Map of A and ¥ for § = 0.82 nm for an angle of incidence of 60°. @ = 0° corresponds to the y-direction, ie., the direction of GLAD,
see Figure S1 in the Supporting Information. (b) Map of A and ¥ for § = 120 nm for an angle of incidence of 70°. @ = 0° corresponds to the GLAD
direction.

0nm™" and g,>0 nm™" is already established after a very
low § ~ 0.1 nm.

. The diffusion-mediated growth up to 6 = 0.9 nm:
Although nucleation is still present, the clusters
themselves diffuse on the surface. Their diffusion is
again governed by the different diffusion coefficients on
both PS and PMMA domains.**°® The metal clusters
may grow by capturing free adatoms from the surface as
well as by propagating collisions of the metal clusters
themselves. Hereby, the metal clusters coalesce to form a
bigger metal cluster, and thus reduce their surface energy.
Because of selective wetting of Au on PS, diffusion-
mediated metal cluster growth via self-assembly on PS
becomes more likely than on PMMA. Combined with
the decrease in diffusion coeflicient of Au from PS to
PMMA, we may expect an increased concentration of Au
at the domain boundaries. The consequence is 2-fold.
First, the polymer structure factor peaks increase further
with sputter time. Second, due to the shadowing,
neighboring PMMA domains will show a depletion
zone, where no new atoms can impinge directly, see
Figure 7. The asymmetric concentration of Au atoms and
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3.

metal clusters induced by the shadowing becomes
enhanced, meaning that larger metal cluster on PS
domains absorb more from atoms the gas phase and
respectively fewer atoms can impinge on the PMMA.
This shadowing and depletion zone might explain the
asymmetry in the polymer structure factor. These
phenomena may possibly be exploited in directional
refractive index tuning.

Adsorption-driven growth from 6 > 2 nm: As the metal
clusters size increase, the metal clusters become more
and more immobile. At a critical radius of R & 3 nm, the
metal clusters grow preferentially by attachment of atoms
from the gas phase. During GLAD, especially at this low
angle of incidence of 10° anisotropic metal cluster
growth and shadowing effects during deposition become
important.>® The latter might stem from surface
roughness as well as from self-shadowing because of
growing gold cluster structures. As indicated above, gold
clusters first occur on PS domains and tend to grow
faster in size. Because of the shadowing, the asymmetric
concentration becomes enhanced, meaning that larger
gold clusters on PS domains adsorb directly more atoms
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from the gaseous phase and tend grow faster in size, see
Figure 7. During further deposition, the metal layer
becomes coarsened, and the surface coverage further
increases, while the depletion zone becomes reduced due
to finite diffusion coeflicients. At § = 12 nm, a fully
covered film is observed and the correlation of the Au
layer to the substrate is lost, see Figure 3a.

The refined growth model is shown in Figure 7. First, atoms
impinge on the PS-b-PMMA thin film. They diftuse to the PS
domains, and nucleation preferentially occurs there, thus
increasing the difference in electron density between the PS
and the PMMA domains. Once clusters are established, the self-
shadowing becomes important, leading on the one hand to the
depletion zone in PMMA and on the other hand to the
noncentrosymmetric nanoparticles. Finally, because of the
diffusion of the Au atoms and the finite mobility of the Au
clusters, also the PMMA domains, hitherto rather devoid of Au
atoms compared to PS domains, become covered, and growth
sets in there, too.

Additional measurements with spectroscopic ellipsometry
confirm the asymmetry of the nanoparticles for two thicknesses
0 = 0.82 and 120 nm. Figure 8a, b shows the corresponding
maps of the ellipsometric parameters A and ¥ as a function of
the light energy at an incident angle of 60° for the two Au
thicknesses. Clearly, the observed anisotropic behavior in the
2—3.5 eV range stems from the slightly anisotropic nano-
particles.

At 3.6 eV, an oscillation is visible. This stems from an
interference between the substrate and the polymer layer and
leads to an oscillation in A and W. In Figure 8b, A and ¥ values
for 6 = 120 nm are shown. The data show a broken 2-fold
symmetry because of the polarizer position of 45°. The low-
energy anisotropy corresponds to a change in the mean free
carrier density interacting with the light. In the Supporting
Information, additional maps are shown. Even for small
thicknesses, the sputtered layer displays an anisotropic behavior
parallel to the sample surface. For thick films, a clear Drude like
term is visible in the A and ¥ values, and a broken 2-fold
symmetry is observed.

This corroborates our model and at the same time shows
novel perspectives for tailoring directional nanomaterials.

4. CONCLUSION

We combined oblique angle deposition of Au with a
nanostructured diblock copolymer templates with different
molecular weights. Our fundamental study shows a very simple
route to create directional nanostructures via selective doping
and self-assembly. Exploiting the strong Au—Au interaction and
the differences in diffusion on both blocks as well as the phase-
separated polymer morphology, we are able to obtain a
hierarchical material. The spectral response is clearly
asymmetric, as proven by spectroscopic ellipsometry. The
asymmetry manifests itself in noncentrosymmetric nano-
particles on top of the PS domains. This new feature that we
introduce here, directional nanostructures on selected domains
only, is of great interest for applications in organic photo-
voltaics and electronics, which for example, may now be
combined with directional optical coupling.*!
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Overview over all morphological and structural parameters of
the nanoparticles’ growth (Figure S1). GISAXS geometry
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