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ABSTRACT: Diblock copolymer nanostructures with metal oxide nanoparticles are prepared on solid supports
by spin-coating. The maghemite nanoparticles, (e are masked with grafted polystyrene chains to allow a
tailored positioning on top of nanostructures created by the symmetric polystyi@ciepolyisoprene diblock
copolymer. Film thickness and lamellar thickness of the diblock copolymer are smaller than the nanoparticles
diameter to prevent the particles from being embedded inside the polymer superstructure. Nanostructures without
nanoparticles are compared with structures with up to 30% nanoparticles content. The structural analysis is based
on atomic force microscopy and grazing incidence small-angle X-ray scattering. The observed structures are
explained in the framework of a retarded dewetting process preceding microphase separation. With increasing
nanoparticle concentration the structural type changes from droplets into a continuous structure and covers typical
lengths between 50 and 195 nm. Above a critical concentration cluster formation out of nanoparticles is present
in coexistence with isolated nanoparticles and dominates structure creation.

1. Introduction Inorganic and organic particles can be used as fillers in the
polymer matrix for suppression of dewetting. Both types of

_ Nanocomposite mate_rlals based on a polymer matrix and fillers give rise to different kinds of surface structuf&s?’ The
inorganic nanoparticles fillers are of great importance in research .

because the desired physical properties can be rendered to thmhlbmon of dewetting in thin filled polymer films might occur

final product. Improving mechanical, optical, electrical, and glca:zz(re—;jbi?rrf;igTn(at(re]:f;(f:eflllgac%aﬁ;rﬁljeifaénricri)r/nrgi: cn)wri ht
thermal properties is still topic of ongoing reseatchTarget oy ) 9

properties are largely dependent on the arrangement of nano-Inhlblt initiation and propagation of dewetting process by

particles in the host matrix used. For special application purposeChan(-:]Ing th_e interaction of p_olymf_er with the subsrate _folloyved
an ordered arrangement of the nanoparticles is desired. Anby decreasing hydrodynamic fluid flow process during film

ordered arrangement of nanoparticles can be achieved by usin ﬁptgre' Bt?rnes and Ka‘.”mhet al. uslegbmllerzne to S:[uchjptrr(]e sts th
the template offered by self-organization of block copolyrets. the dewetling process In homopolymer and reported that the
The idea is to incorporate nanopatrticles into spherical, lamellar, inhomogeneously d|str|buteq nanof_|llers b'nd. to .the surface and
or cylindrical microdomains formed by microphase separation grrest the growth _Of dewemr;gg regions by pinning the contact
of the block copolymet:-17 which can be done for example, lines of the growing hole% Knshnan .and Mackay et al.
either by removing one block and using as a mask for plating "€Ported the similar effects using dendrimer and PS nanopar-
or by etching through the film and transferring the pattern to a tlcles?g"‘l'McGarrlty et al. reported recently that the inhibition
solid substratds-2 Another method is to tailor the surface of ~©Of dewetting due to added nanoparticles to the supported thin
nanoparticles in a way that the block copolymer self-assemblesPolymer films occurs because of migration of nanoparticles to
with the nanoparticles that organize themselves selectively in the substraté? Most of the work, so far reported, focused on
one block2?-25 Most of the work performed so far was focused stability of films on solid surface, i.e. to avoid dewetting. Lee
on equilibrium structures as well as on films having thicknesses €t al*° reported a different approach to dewetting based on the

of several characteristic repeat units of the used diblock @ssembly of nanoparticles by using a template offered by
copolymer. dewetting of charged polymer solutions. Within this investiga-

tion we are interested in nanostructures formed in the case of a
symmetric diblock copolymer containing iron oxide nanopar-
ticles. In more detail, the system consists of the symmetric
diblock copolymer polystyrenielockpolyisoprene and maghemite

The ordered arrangement of nanopatrticles is important not
only in bulk but also on the surface since the surface topography
influences the optical, mechanical, electrical, or thermal proper-
ties. Dewetting of thin films creates different kinds of structures . i . . .
on the surface depending on the molecular architecture, film nanoparticles. These iron ox!de nanoparticles are coated with
thickness, interfacial energies, surface defects, fluid's viscosity, 9"afted polystyrene (PS) chains.
and external perturbaticii-2° Although largely investigated, In the literature composite systems containing diblock
research related to dewetting is limited to polymer films and copolymer films and nanoparticles were addressed by several
structure formation on surface based on homopolymers, polymergroups2®-5” Recently, Park et al. reported the effect of the used
blends, and block copolymers without added nanopartféiés. casting solvent on the internal morphology of the resulting

diblock copolymer matri®* In our investigation a comparable

. : 4 system in terms of polymer and nanopatrticles is used. However,

f%rmﬂgﬂgmg author. E-mail: muellerb@ph.tum.de. the work of Park et at* focused on very thick, bulklike films,

*HASYLAB at DESY. which are of larger thickness than the films investigated herein.
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The incorporation of magnetite nanoparticles into the lamellae  2.2. Atomic Force Microscopy (AFM). Local surface structures

of different thick diblock copolymer films was reported by were investigated with AFM in noncontact mode operating an
Lauter-Pasyuk et &5¢In both selected cas¥s® the thickness Autoprobe CP research AFM instrument. In noncontact mode the
of polymer film and in particular the bulk lamellar spacing were tiP-induced damage is minimized. In special necessity we used
much larger than the diameter of nanoparticles embedded. Inf@PPing condition, too. The used gold-coated silicon cantilevers
contrast, in the present work we focus on film thicknesses which (Ultralever cantilevers) which have a resonance frequency of 60

. ) ) kHz, a tip with a high aspect ratio, and an asymptotic conical shape.
are smaller than the diameter of the magnetic nanoparticles. Therha'radius of curvature of the tip wasl0 nm, which is small as

bulk lamellar spacing is comparable to the diameter. As a result, compared to the structures measured. The measurements were
a completely new type of structure is obtained on top of a solid performed at room temperature in air. The AFM height and lateral
substrate. The nanoparticles cannot assemble themselves insidealibration was performed several times with calibration standards
the lamellae domains of the diblock copolymer or inside a to improve the accuracy of the height and lateral information.
polymer film but arrange on top of the polymeric superstructures Because of the hardware linearization of our AFM system, this
built up from the diblock copolymer. Thus, the structures calibration works over the covered range of heights and surface
observed exhibit freely accessible nanoparticles, which are not@réa. Each scanned micrograph consists of 256 lines, scanned with

hidden inside a polymer matrix. Such structures are of interest 0-2° Hz up t0 1.0 Hz. . . "
for biorelated sensing applications. The AFM measurements were carried out at different positions

- . of the sample with different scan sizes (typically 0.5, 1, 2, 4, and
The reported hybrid nanostructures are produced by spin- g ,m). Only the topographical and no phase shift information was
coating without any further processing which marks a significant obtained in noncontact mode. Tapping mode gave us phase contrast
difference as compared to other published work due to its among hard solid surface, hard nanoparticles, and soft polymer (no
simplicity. The surface structures are investigated by atomic phase contrast image is reported in this article). From the raw data
force microscopy (AFM) using noncontact conditions to avoid the background due to the scanner tube movement was fully

tip-induced damage or structure creation on the soft polymer Subtracted.
surface and tapping condition to get phase contrast from different The root-mean-square (rms) roughness of the sample surface

materials. AFM yields topographical images and thus a typical representing the deviation of individual heights from a mean surface
real space information about structure heights, widths, and was calculated by using the Image Processing (IP 1.3) software.

L . - The rms roughness statistically describes structures perpendicular
related statistical information such as root-mean-square (rms) 9 y perp

h . - ¢ i £ th to the surfacé®
roughness. Moreover, via Fourier transformation of the AFM To obtain statistical lateral information about the probed

data statistical lateral information called most prominent in- g ctures, the power spectral density (PSD) function was calcu-
plane length is obtained. Complementary to the real-space|ateds® The first step in this calculation is the two-dimensional
investigation, grazing incidence small-angle X-ray scattering Fourier transformation of the height data probed with the AFM. It
(GISAXS) was performed to probe these lateral structures with gives a two-dimensional (2d) intensity distribution in reciprocal
a higher statistical significance. In addition, GISAXS is not space. The desired PSD function results after a radial averaging of
limited to surface structures and can probe structures formedsuch a 2d intensity distribution. Figure 1 shows an example of an
underneath the nanoparticles and inside the polymer superstruc2AFM topography image; its Fourier transformed intensity distribu-
ture. The GISAXS technique is getting more and more popular- ion and PSD function. In such a way, the AFM data of all scan
ity because it is a nondestructive method, which is sensitive to sizes produced a set of PSD functions that were merged into a

f d bulk struct ith a broad f bl (so-called) master cunf8as shown in Figure 1c. This master curve
surtace and bulk structures with a broad range of accessl erepresents the statistics of length scales of lateral structures

structure sizes. In addition, only a very small sample volume is i, veciprocal space on the overall probed surface area. The master
required. curves are comparable to the GISAXS cuts described
After a short introduction to the basic experimental methods, later.
atomic force microscopy and GISAXS, the observed structures ~ 2.3. Grazing Incidence Small-Angle X-ray Scattering (GISAXS)
are discussed. A summary concludes the paper. Measurements.To resolve the structures present on top and inside
the polymer nanostructure, the surface-sensitive X-ray scattering
technique grazing incident small-angle X-ray scattering (GISAXS)
was used. The basic setup of the GISAXS scattering geometry is
2.1. Sample Preparation.The used diblock copolymer poly-  shown schematically in Figure 2. GISAXS measurements were
styreneblockpolyisoprene, denoted P¢8F), is purchased from carried out at the beamline BW4 of the DORIS Il storage ring at
Polymer Standard Source (PSS, Mainz, Germany). It has a HASYLAB (DESY, Hamburg). The selected wavelength was
molecular weight of 23.6 kg/mol with a narrow molecular weight 0.138 nm. The beam divergence in and out of the plane of reflection
distributionM,,/M,, = 1.02 and a volume fraction of Figss= NpgN was set by two entrance cross-slits. The beam was moderately
= 0.49. The maghemite nanoparticles, denoted yOEkehave a focused to the size o x B) 30 x 60 xm? by using an assembly
mean diameter oD, = 11 nm (20% size distribution) and are  of refractive beryllium lense%.The sample was placed horizontally
covered with polystyrene (PS) chains, grafted fremithium on a goniometer. A beam stop was used to block the direct beam
polystyrenesulfonate (LPSS). The reported structures were preparedn front of the detector. Besides, a second, pointlike movable beam
on top of precleaned silicon Si (100) surfaces. The cleaning was stop was also used to block the specular peak on the detector. The
performed by using acidic bath (160 mL of 96% sulfuric acid, 70 incident angle was set tp = 0.72, which is well above the critical
mL of 30% hydrogen per oxide, and 110 mL of deionized water) angles of the polymers (0.138and nanopatrticles (0.28 As a
at 80°C followed by strong rinsing with deionized watérThe result, specular and Yoneda peak are well separated on the detector,
ultrathin hybrid films were prepared with spin-coating (2000 rpm and both the sample surface and the film are probed. Because of
for 30 s) a mixture of P(®-1) dissolved in toluene and magnetic  the shallow incident angle, the footprint of the X-ray beam on the
nanoparticles dispersed in toluene on the substrates immediatelysample surface was 2.4 mm long. The scattered intensities were
after cleaning and drying. Films having different nanoparticles recorded by a 2d detector (MARCCD; 2048 2048 pixel)
concentration (0, 1, 5, 10, 20, and 30 wt % in films) were prepared. positioned atDsp = 1.97 m behind the sample. A characteristic
During spin-coating the reported nanostructures form due to GISAXS pattern is shown in Figure 2. Because of its simple shape,
dewetting. To ensure reproducibility of the reported nonequilibrium structural information is obtained from vertical and horizontal cuts
structures, several samples were prepared under identical condition®f the 2d intensity distributiof? The vertical cut aty, = 0, called
resulting in statistically identical structures. detector cut, contains the information on the structure perpendicular

2. Experimental Section
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Figure 1. Example of master curve generation from AFM dd&. Topography data of scan sizeudn x 4 um measured in noncontact mode
presenting the droplike structures from dewetting of diblock copolymer film. Brightness represents the structure’{l)e@ddtulated two-
dimensional Fourier transformed image, showing the ring of intensity (sign of an isotropic structure) in Fourie(®pdester curve formed by
combining power spectral density (PSD) functions that resulted from radial averaging of intensity distribution in Fourier space of different scan
ranges. The position of the peak shown by the arrow relates to the most prominent in-plane length.

Scattering pattern
on 2d detector

Figure 3. AFM micrographs show a scan size ofuin x 1 um to
emphasize local structures (a, 0%; b, 1%; c, 20%; d, 30% by weight
of nanoparticles). The structure heights increase with the increase in
s brightness of structures in the images.

Figure 2. Schematic picture of the experimental setup in GISAXS
geometry. The sample surface is placed horizontally. The incident angle 3. Results and Discussion

is denotedy;, the exit anglex;, and the out-of-plane angle. The two- . ) .
dimensional detector resembles along the horizontal axis gthe All reported structures were formed directly during the spin-

dependence and along the vertical axis ghdependence (neglecting  coating process. On a macroscopic scale as probed with optical
the smallg, dependence). The scattering intensity distribution on the techniques no preferential structures are observable. X-ray

detector (low intensity as dark and high intensity as bright) is presented L .
on a logarithmic scale. The detected scattering pattern shows the diffusereﬂ(:"(:t'vIty proves the absence of homogeneous layers which

scattering with the split Yoneda peak and specular peak (shielded byaré parallel to the substrate surface. As a consequence, high-
a beam stop that protects the detector from a very high intensity of the resolution techniques which are sensitive to lateral structures
reflected beam), which are common features of a nanostructured surfacegre applied.

3.1. Surface Structures.Surface structures of the created

to the surface. Horizontal cuts at constapallow extracting the ~ Nanostructures are investigated by AFM. The surface topography
information (geometry, size distribution, and spatial correlation) Of the produced structures as a function of nanoparticle
of lateral structure$ The intensity of thegy, cuts was integrated ~ concentration is shown on a small scale in Figure 3. The sample
over a small slice\g, in the vertical direction to obtain an improved ~ Without added nanoparticles, the pure B(§-nanostructure (see
statistics. In the literature these horizontal cuts are also named asFigure 3a), consists of individual droplets, which are typical
GISAXS cuts and out-of-plane cuts. for dewetted ultrathin polymer film%.3! Since no additional
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Figure 4. (a) Heighth of the polymer structures without nanoparticles, as measured by AFM, displayed as a function of the nanoparticles concentration
C. The dashed line is a guide to the eye to visualize the decrease in héijlEshematic side view picturing the PS masked nanoparticle sitting
on top of the diblock copolymer nanostructure on a solid support.

sample treatment was applied, these structures are createaf very fast drying process during spin-casting and the entangle-
through spin-coating the polymer solution on the hydrophobic ment between PS chains grafted on the maghemite nanoparticles
silicon wafer surface. The film formation through spin-coating and the diblock copolymer chains particles could not migrate
is a three-step process which is described elsewleFhis to the substrate. As a result, single nanoparticles and clusters
structure formation does not take place in the first and second of nanoparticles are present on top of the polymeric superstruc-
steps where fluid's inertia, its surface tension, shear thinning ture. In the case of single particles, enthalpic interaction might
effects, and balance between viscous flow and centrifugal force lead the nanoparticle to stay on the PS phase. This phenomenon
dominate. It results in the third step which is characterized by is shown in Figure 4b as a sketch, which does not show
the presence of a highly viscous homogeneous tolupolymer microphase separation but the probable position of a single
solution. Upon solvent evaporation this very thin film gets nanoparticle on dewetted diblock copolymer superstructure.
unstable and decays into isolated droplets as it was observed in At very low nanoparticle concentration (1% and 5%) the
the case of homopolymers and block copolynféfs. No dropletlike structures are replaced by wormlike structures.
homogeneous layer of the diblock copolymer is formed below Comparable to the observation in polymer films of larger film
a critical concentration of polymer in the spin-coated solutfon.  thickness®® the presence of nanoparticles retards the dewetting
Polymer droplets are formed on the substrate because ofand thus inhibits the droplet formation, which is typical for the
dewetting and the insufficient material to form a complete layer. final stage of dewetting. As a result of a retarded dewetting,
Height and width of the resulting structures dre~ 7.8 nm the height of the polymer structures decreases from 8 to 5 nm
andw ~ 118 nm, respectively. The symmetric diblock copoly- and the surface area covered with polymer material increases
mer used in the present investigation has a bulk lamellar (see Figure 3). The retardation process continues with increasing
morphology with a bulk lamellar period df = 13.2 nn%6.67 amount of nanoparticles. Figure 4a displays the decrease in the
(and thus a lamellar thickneds2 < Dp). The height of the height of the polymer nanostructures as a function of the
nanostructures, as probed with AFM, is not commensurate with nanoparticle concentration. The height information is extracted
the bulk lamellar period. or distances of/2. Consequently, it ~ from AFM images with lum scan size. In addition, the width
is unlikely that a lamellae parallel to the substrate is present of these structures decreases significantly from 09 nm
inside the islands. However, AFM could not provide information (0% np) to 55+ 9 nm (20% np) and 4% 9 nm (30% np).
about the presence of perpendicularly oriented lamellae either.However, the statistics of this information is limited since they
The surface topography of the samples changes with theare based only on a small surface area.
addition of nanoparticles. The resulting nanostructure appears Above a critical concentration of nanoparticles a second
more densely packed. The nanoparticles are located on top ofprocess of structure formation starts. Nanoparticle clusters
the diblock copolymer superstructure. No nanoparticles are consisting of several nanoparticles (in Figure 3 visible as the
observed on the bare silicon substrate. In general, the localizatiorbig bright objects) dominate structure formation. This kind of
of maghemite nanopatrticles within the different diblocks or at cluster formation might be due to the entanglement among the
the interfaces between the diblocks is driven by a competition PS chains masking the iron oxide core. These clusters are present
between entropy and enthalpy. On the one hand, any localizationin addition to single nanopatrticles and positioned on the polymer
of the nanoparticles reduces their entropy and is therefore nanostructures as well. Again, no clusters are found on the
disfavored. On the other hand, putting nanoparticles coated withdewetted bare parts of the substrate. We attribute this special
one type of polymer (in this investigation PS) in contact with location of clusters as well to the presence of PS chains on the
a different polymer (such as polyisoprene) costs enthalpy (or surface of iron oxide nanoparticles which comprise into the
energy) relative to putting it in contact with the same polymer clusters. Because of this masking, the nanoparticles are pref-
(e.g., PS). This is the primary driving force behind the erentially attached to the PS block of the diblock copolymer
localization of the nanoparticles at different places within the and thus stay in the polymer phase. Above a critical concentra-
diblock copolymer phasé$:°1 Because of the chosen system tion, at very high nanoparticle contents (20% and 30%), the
with particle diameters larger than the lamellar spacing and the number of clusters strongly increases.
height of the nanostructures, an incorporation of the nanopar- In Figure 5 a larger scan range is shown for an improved
ticles is energetically unfavorable. On the other hand, becausevisualization of the developed clusters. Because of the second
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Figure 5. AFM micrographs showing the surface topography of the nanostructures which result from the addition of different amounts (a, 0%; b,
1%; c, 5%; d, 10%; e, 20%; f, 30% by weight) of nanoparticles and cluster formation at high nanoparticle concentrations. The scaprsize is 4
x 4 um. Structure height increases with the brightness of the structure in the images.

process, the domination of clusters at higher nanoparticles 14 T T :
concentration, the regular continuous polymer structures do not b T T esioan,

convert into a continuous polymer film with increasing amount 128 et g
of nanoparticles. However, the distance between two adjacent I
polymer structures decreases with increasing amount of nano-
particles.

To obtain statistical information about the lateral length scales
of the structures on the sample surface, AFM data are Fourier
transformed and a so-called master curve is constructed out of
data measured with different scan rangfe$his master curve
construction is described in the Experimental Section in more
detail (see Figure 1). Figure 6 shows a plot of the master curves. 4l d

The master curve of the sample without added nanopatrticles ! L L s
(bottom curve in Figure 6) exhibits a peakegit= 3.22x 1072 10® 1072 10” 10°
nm~1. This peak corresponds to the most prominent in plane q (nm’)
length of the polymer structures on the substrate surface. TheFigure 6. Double-logarithmic plot of PSD master curves for samples
corresponding lateral length © = 27/q* = 195 nm and is containing varying amount of nanoparticles (from bottom to top the
given by the distance between two neighboring diblock copoly- nanoparticle concentration increases: 0, 1, 5, 10, 20, and 30% by

- . . . weight). For a better understanding the master curves are shifted along
mer droplets. With increasing concentration of nanoparticles (1 psp intensity axisyaxis).
and 5%) the related peak becomes less pronounced and shifts
toward largerq values. This shift indicates a decrease in the
lateral distance. At higher nanoparticle concentrations the peakresults in less well-pronounced intensity maxima as compared
in the master curve is hardly visible. The presence of the clustersto simple polymer nanostructur&sThe determined values of
strongly dominates the surface structure. Although the clusterspeak positions are 130, 88, 105, 119, and 65 nm for samples
are attached to the polymer nanostructure, they remain randomlycontaining 1%, 5%, 10%, 20%, and 30% nanoparticles, respec-
positioned on top of the polymer part and exhibit no lateral tively. As discussed above, the population density of the polymer
order. As a consequence, the master curve from the AFM datastructures (droplets, wormlike, and regular continuous) increases

*
*
*
*
e
H

10 B

log (PSD Int) (a.u.)
oo
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Figure 7. Rms roughness of the nanostructures including the nano-
particles as a function of the nanoparticle concentraBiatetermined
with AFM. The solid line is a guide to the eye.

of (deg.)

with increasing amount of nanoparticles; i.e., the distance
between neighboring lateral structures decreases.

It is noteworthy that there exists a second peak at small values
g ~ 55 x 108 nm™! present in samples which include
nanoparticles. This peak is attributed to the distances between
nanoparticles which are not located in clusters. Because the peal
is not well-defined and the statistics are poor due to the limited
surface area scanned with AFM, no related distances are
determined.

A statistical information perpendicular to the sample surface
is given by the rms roughness. The values of rms roughness ] '
are plotted against nanoparticles concentration in Figure 7. The_ Tl ' R _— '
initial roughness of the silicon substrate was subtracted from Lo
the values measured with the AFM image processing software. Intensity
Therefore, the plotted values represent the roughness due to th&igure 8-d CftJmposiIte imé_lt%edS#OWintg 2d G|S¢§XIS scatteri?gtpatterflli

i i I m wi Iferent nan It ncentrations.

nanostrucures (polymer with nanopartles) only. The values TEdeule & savies bih ATEre fanepsrie Soncenions, The
of th,e rms rQUthess decreases by the addition ‘?f nanor:)""r'“clesthree have 10, 20, and 30% (from left to right) nanoparticle concentra-
and it remains almost constant at low nanoparticle concentra-tion. In each 2d image the out-of-plane angles plotted along the
tions. At higher concentration it increases continuously. The x-axis and the exit angler along they-axis. The intensity is shown on
initial decrease is explained by the decrease of structure heights}:vl3 ;Ct’gfefistfmﬁesg%ﬁéggiaﬁgﬁrn Cczgliggklvgﬁdngm \t/f/)hﬁgq—pm?sﬁnze the
due to thFT‘ retardation qf dewetting. At small nanoparticle intensity—see scale bar). The g(oneda and beam stop shielging the
concentrations the ongoing decrease is compensated by thgpecylar peak are marked by arrows.
formation of nanoparticle clusters. At higher concentration the
increasing amount of clusters increases the rms roughness, whiclintensity. Because of the chosen incident angle, the specular
underlines that for these sample clusters dominate the samplepeak (shielded by beam stop) is well separated from the Yoneda
surface. peak. There is no modulation in the intensity arising from the

3.2. Buried Structures.Data and images provided by AFM  Yoneda peak toward the specular peak. The absence of such
picture the surface topography. Although the nanostructures areintensity modulation results from the missing correlation in
very limited in height, AFM data cannot give information about structures between the substrate surface and nanostrugtures.
the internal structures inside these nanostructures and under th&hus, the nanostructures are individually shaped and positioned
clusters. To address these buried structures, the samples weren top of the substrate as to be expected in the case of dewetting.
investigated with X-ray scattering. The common small-angle The common feature in all 2d intensities is the splitting of the
X-ray scattering in transmission geometry (SAXS) requires a Yoneda peak in the out-of plane directign This splitting is
bulk sample because the beam passes through the sampldue to well-defined lateral structures. Only a very limited
volume. With decreasing scattering volume such as in ultrathin polydispersity in structural distances allows observing such an
films as the system described within this article, the transmission intensity distributiorf3 The presence of intensity in the center
geometry is no longer applicabtéTherefore, we used grazing  of the Yoneda peak is due to the presence of additional large
incident small-angle X-ray scattering (GISAXS), a technique lateral structures which are not resolved in the scattering
in which the transmission geometry is replaced by reflection experiment. Correspondingly, the intensity maxima due to the
geometry. The resulting surface sensitivity enables the inves- splitting of the Yoneda peak occur as side maxima to this central
tigation of surfaces and thin films with thickness down to the maximum in the intensity in the corresponding line cuts. With
sub-monomolecular rang&:7° Consequently, GISAXS is sensi-  change in the nanoparticle concentration the position of the side
tive to the nanostructures which are investigated herein. maxima shifts alongj.

Figure 8 displays the corresponding 2d intensities measured The change in the allover shape of the Yoneda side maxima
at the samples containing different amounts of nanoparticles.as a function of the exit angle; reflects the changes in the
In general, the 2d intensities show marked features in the height of the nanostructures. However, a simple horizontal cut

o -
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) ) . concentratiorC. The solid lines are guides to the eye. The dashed line
Figure 9. Double-logarithmic plot of out-of-plane cuts (symbols) of  indicates the critical concentration for cluster formatig). Example
the 2d intensity as a function of thgy component of the scattering  of a comparison between the out-of-plane cut (filled circles) and the
vector. The solid lines are the fit lines for determining the most psp master curve (stars) in the case of the sample containing no
prominent in-plane length scale. The curves are shifted along the nanoparticles. The curves are shifted algragis for clarity. The arrows

intensity axis for clarity. From the bottom to the top the nanoparticle show the most prominent in-plane lengths corresponding to structures
concentration increases as indicated. The dashed line indicates theys explained in the text.

resoklufjion Irimit %f the dexperimentf. r‘:’he two dgminant hstructures are
marked with | and Il and position of the expected microphase separation ; ; ; ;
structure with 1ll. The arr)rows display thg shift with c%anging Fr)1ano- expected in the case of formation of a perpendicularly oriented
particle concentration. lamellae from the P(3-1). .
The positions of both peaks, denoted | and Il, are determined
from the model fits. The corresponding values of the structure
factor of peak | are plotted as a function of the nanopatrticle
concentration in Figure 10a. We identify these lateral lengths

from an individual 2d intensity is sufficient to extract the
relevant structural information about the lateral structures. The

full treatment of the 2d intensities is not necessary due to the ** ) . !
with the distances between two neighboring structures (droplets

simple scattering patterns. S )
P gp or others) due to the missing correlation between the nanopar-

The selected horizontal cuts are made at an exit angle equakicies ang the clusters. Thus, GISAXS probes the polymer
to the critical angle of the component of one block (in this case o ostructures irrespective of the present nanoparticles.

PS) present in the diblock copc_)lymer PigS) to become more . Because all structures are created during the spin-coating and
sensitive to this component. Figure 9 shows a plot containing g6 frozen in by the solvent evaporation, the formed structures
all these cuts as a function of the nanoparticle concentration. o 1onq tq different stages of the dewetting of the ultrathin highly
The intensities are plotted as a function of the component of ., antrated solution layer. Within the error limit a clear
the scattering vectay, which is oriented parallel to the sample  jocrease of these distances of adjacent structures with increasing
surface and perpendicular to the X-ray beam. The strong peaknanoparticles concentration is observed. The decrease is very
in these cuts corrg§ponds to the hlghly ordergd surface structur.e%ig upon the addition of a very small amount of nanoparticles
present. The position of the peak is determined by a model fit (opange g-19) reflecting the retardation in the dewetting. With
to the data taking into account the form and structure factors as¢,ther addition of nanoparticles the decay is less strong and
well as the resolution function. The resolution function is defined ¢, 4 jimited concentration regime appears linear with concen-
by the largest detectable in-plane length scales of the sampleyation. Thus, the amount of nanoparticles controls the kinetics
A andis determlned by the sample-to-detector distance and the,s dewetting by changing the viscosity of dewetting nanocom-
used X-ray optics. Form and structure factors are assumed t0yijte. In general, the higher the amount of nanoparticles, the
have a Lorentzian size distribution. The lateral length introduced g|g\wer is the dewetting kinetics. In more detail, including cluster
by a microphase separation structure was not included into thesgmation and the presence of a critical concentration (as
fit because its contribution is small. The expected position is jngicated by the dashed line in Figure 10a), the two-step
marked Il in Figure 9. character of the retardation of the dewetting becomes visible.
In the data of the sample containing no nanoparticles one At low concentrations of nanoparticles the retardation proceeds
strong peak at] = 3.22 x 1072 nm~! and one weak peak gt with the adding of nanoparticles. At the onset of cluster
= 6.35x 1072nm ! are observed. The strong peak is common formation, nanoparticles go into clusters and decrease the
in all samples irrespective of nanoparticle concentration, but effective concentration of nanoparticles acting in retardation.
its position and width are changing with nanoparticle concentra- Thus, the structures observed at 10% nanoparticle concentration
tion. The weak peak is visible only in films containing no or seem not to be that strongly retarded as expected without cluster
low amounts of nanoparticles. It vanishes at higher nanoparticle formation. As a consequence, the lateral structures are larger
concentration. In Figure 9 the strong peak is marked with I and (or in other words less retarded in dewetting upon the solid
the weak one with Il. No strong peak is found at the position substrate) than at 5% nanoparticle concentration.
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The weak structure factor peak Il corresponds to a secondsuperstructures is investigated. Because of the special selected
smaller lateral length which is assigned with the diameter of spatial sizes of nanoparticles, lamellar thickness of diblock
the polymer structures on the substrate. We can identify this copolymer in bulk, and film thickness, this new type of
peak in Figure 9 only in films having 0, 1, and 5% nanopatrticles. nanocomposite is formed. The particles are too big in size to
Its position shifts with increasing nanoparticle concentration allow for incorporation inside a diblock copolymer lamellae of
toward smalleny, values. The determined diameters are 99, 92.5, the polymer matrix. The film thickness is too small to allow
and 80 nm in film containing 0, 1, and 5% nanopatrticles, establishing homogeneous films consisting of lamellae which
respectively. These values are quite similar to values as obtainedare oriented parallel to the substrate. Moreover, the film

by AFM image analysis within standard deviation limit. thickness is that small, that dewetting is observed on the sample
The thickness of the films are below the lamellar period, i.e. surface. The presence of PS chains on iron oxide core causes
d < L, and the widths of the structures are eithéror nL + entanglement with polymer chains and thus prevents migration

1,. It is already known that the lamellar structure perpendicular to substrate and results an arrangement of nanoparticles on top
to the substrate can be observed when the thickness ofof polymer superstructures. With increasing amount of nano-
symmetric diblock copolymer film is smaller than the bulk particles the dewetting is retarded, however, not suppressed.
lamellar period. Therefore, we expected that the formed As a consequence, nanostructures formed by the diblock
structures contain perpendicular lamellar microdomains, which copolymer are observed for all investigated nanoparticles
could be formed by shearing during spin-coating. But only a concentrations (up to 30%). The reason for clusters formation
very weak contribution to the GISAXS signal is found of the in the films might be the entanglement of polymer chains grafted
position corresponding to 13.2 nm (marked as Il in Figure 10b) On nanoparticles. As a consequence, with addition of more and
in the case of no added nanoparticles. This small contribution more nanoparticles (after onset) the number of clusters increases
is visible due to the difference between data and fit in the bottom but no continuous film is produced, suppressing dewetting.
curve in Figure 9. With added nanoparticles the fit can explain ~ The major advantage is originating from the simplicity of
the measured data which demonstrates that in a statisticalthe preparation, which basically relies on cleaned Si surfaces
meaning no lamellar spacing due to a microphase separationand the spin-coating of the polymenanoparticle mixture. No
structure is present. Besides, the phase contrast of AFM imagespecial and dedicate additional treatments are necessary. Nev-
does not show any perpendicular lamellar microdomains. ertheless, the resulting structures are highly reproducible and

In samples at higher nanoparticle concentrations of 10, 20, well controlled in terms of the installed lateral order of the
and 30%, we find no relationship between the lamellar period Polymer structures. At low concentration nanoparticles distribute
and the width of the observed structures. Thus, these clusterthemselves with regular distances on the polymeric superstruc-
sizes and their distributions were not resolved. As a conse- tures. Because of the grafted PS chains, the nanoparticles are
quence, we see that the fitting curves do not match with the only observed on top of the polymer nanostructures (see Figure
data at very lowg in Figure 9. We assume that this is because 4b). The preparation techniques allows for reaching very high
of the presence of a structure factor peak related to big clustershanoparticle concentrations, which in thicker fims (and thus
of nanoparticles which is not resolved in the scattering experi- higher concentrated solutions necessary in the spin-coating) will

ment and thus only influence the intensity at very lqw become impossible due to the rapid increase in viscosity.
For a final comparison, the results obtained with AFM Drawback is the onset of cluster formation at high nanoparticles

following the master curve construction and an out-of-plane cut cOncentrations. Ways to overcome this clustering might be an
from the GISAXS measurement are shown together in Figure IMProved perfection of the PS masking and a reduction in the
10b. We restrict the comparison to the sample without nano- polydispersity of the nanoparticle diameters. However, desplte
particles because as outlined above the addition of nanoparticlesIhe presence of clugters, th? reported structures can be of interest
changes the meaning of both data sets. As obvious from Figure!o" Piorelated sensing applications, which require freely acces-
10b, peak positions (denoted I) in both curves are the same ano‘s'_Iole nanopartlcles_._ To allow for_ molecula_lr recognition and
both peaks have a similar broadness in both curves. This meand/0SENsors, an addmongl preparation step W'”, becomg necessary
that the lateral length scales of distances between neighboring©® €move the PS chains from the nanoparticles. With respect
polymer nanostructures are similar to that in the overall film to sensing, the absolute position of the nanopatrticles is of less

structures seen with GISAXS. Thus, the AFM images and data interest, whereas it is of high importance that the nanoparticles
are representative of the overall film structures in terms of are not located inside a polymer matrix but attached to it.

distances of adjacent polymer nanostructures. The pegk=at . -
6.35x 102 nm* (denoted 1) present in the GISAXS data is Acknowledgment. We thank the Bavarian State Ministry

not present in AFM data because it represents the shape of théf Sciences, Research and Arts for funding this research work
polymer nanostructures, and AFM delivers only a very limited through Internatlonz’a}l Graduate School “Materials Science of
statistics as compared to the scattering experiment. The structurafc0mPplex Interfaces” (Complnt).

length related to microphase separation (denoted Ill) is only
probed with GISAXS because the master curves were con-
structed from topography data of AFM in noncontact mode. (1) Bockstaller, M.; Kolb, R.; Thomas, E. Ady. Mater.2001, 13, 1783.
As a result, we see only the external height changes of the (2) Shenton, W.; Pum, D.; Sleytr, U. B.; Mann,Mature (London)L997,
surface. The internal phase changes cannot be detected by 389 585. _ _

topography data in noncontact condition. But the GISAXS (3) Alexandre, M.; Dubois, PMater. Sci. Eng200q 28, 1.

. ot cida(®) Akcora, P.; Zhang, X.; Varughese, B.; Briber, M. R.; Kofinas, P.
measurement gives an average statistics of the structures inside Polymer2005 46, 5194.
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