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ABSTRACT: Two different uniform thicknesses (8 and 68 nm) of a nanocomposite film comprising diblock
copolymer matrix and magnetic nanopatrticles filler have been installed in one sample preparation step under
identical condition simultaneously. Long-range interface correlations are investigated. Maghesie (F
nanoparticles covered with polystyrene chains are incorporated in polystyl@ciepolyisoprene to produce

such film. The film is investigated with atomic force microscopy (AFM), X-ray reflectivity (XR), and scanning
microfocus grazing incident small-angle X-ray scattering (GISAXS). The roughness of the substrate is replicated
on the 68 nm thick composite film surface resulting in roughness correlation in a waveguide manner. No roughness
correlation is observed in 8 nm film.

Introduction optics. With respect to application these deviations force the
necessity to account for this. The installation of long-range

matrix and inorganic fillers, have the advantages of achieving INtérface correlations offers an approach to overcome this
desired mechanical, electrical, and thermal propettieghe problem.

widely used fillers include carbon black, clay, silica, and carbon ~ Because the solid substrate has a given topography the film
nanotubes. The surface topography and arrangement of fillersshould exhibit the similar topography to have a locally well-
inside the matrix of thin films influence typical properties of defined film thickness. This replication of topography is identical
nanocomposites like magnetic properties, which can be renderedwvith a replication of the roughness spectrum from the solid
to the polymer by using magnetic nanoparticles in the diblock substrate through a thin film surface. It results in a correlation
copolymer film8-1% The spin-coating technique is frequently among botl¥?-2¢ One extreme case is a perfect correlation
used to prepare such kind of nanocomposite films of constant between substrate and film, which is called “conformal”
thickness on top of solid support. A broad range of film roughness. This phenomenon has been observed in hard matter
thicknesses (from the submonolayer regime up to severalfilm. Such kind of film is called fully correlated. In the other
micrometers) are accessible by varying the preparation param-extreme case, the roughness spectrum is not replicated on top
eters such as the concentration of the polymer solution, the of the film surface. It is called uncorrelated. The behavior of
molecular weight of the polymer and the rotation sp&ethe polymer chains is found to behave in between both limiting
film characteristics are strongly dependent on the interfacial cases. The polymer chains cannot follow completely the
energy of substrate and the film, film thickness and drying roughness spectrum of the substrate and only the larger
kinetics during spin-coating. The film can be completely wetted, wavelengths are correlated. Therefore, typically polymers can
partially dewetted, or fully dewetted. Preventing dewetting of form partially correlated films. Figure 1 shows schematically
thin and ultrathin film is a big issue. Barnes and Karim et al. these three kinds of roughness correlations between the thin
used C60 fullerene to suppress the dewetting process infilm and the substrate underneath.

homopolymer.’® Krishnan and Mackay et al. reported the  Andelmann et a#93investigated theoretically in the frame-
similar effects using dendrimer and PS nanopartit¥é8.  \ork of linear response theory how the Fourier spectrum of an
McGarrity et al. reported recently that the inhibition of dewetting  ahsorbed thin film is influenced by a rough solid substrate. Later
due to added nanoparticles to the supported thin polymer films v/ Holy and T. Baumbach studied the interface roughness of a
occurs because of migration of nanoparticles to the substrate. periodical AlAs/GaAs multilayer using non specular X-ray
Therefore, the film thickness of a nanocomposite, either partially reflectivity and showed a good agreement with the theoretical
dewetted or wetted film, which is produced by spin-coating, iS cajculation based on distorted-wave Born approximation (DW-
statistically an average value. Local deviations from this mean ga) 31 |, Jiterature, interface correlation was also observed in
value are given by the roughness. This means the local yyyjilayer of hard matter and soft polymers and in single layered
thicknesses at some positions are smaller than the average filnyjy,g 22-26 Langmuir-Blodgett films2728and smectic film$233
thickness. This might lead to an inefficient protective strength | \as observed, that roughness correlation in thin polymer films
at such a spot of smaller thickness of the film for very special gecays with a long annealing tirdBelow the entanglement
technical application such as coatings in microelectronics and yglecular weight no long-ranged interface correlation was
observed® However, at high molecular weights the chain

Polymeric nanocomposite materials, which consist of polymer
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film surface was partially covered with another piece of clean silicon wafer
piece. The polymer solution containing the nanopatrticles was poured
on top of the uncovered part of the substrate. The film was produced
substrate then by spin-coating (2000 rpm for 30 s). The produced film
i v i contains two parts of different thicknesses separated by a thickness
gradient with a rim shape. The part of the substrate, which was
uncovered in the spin-coating, contains the film of 68 nm thickness.
The part of the substrate, which was covered with the second piece
of Si, contains a discontinuous film of average height-@& nm.

Near the border between the uncovered and covered part a rim of
~700 nm height is produced. No additional processing was applied.
Atomic Force Microscopy. The surface topography was imaged
by noncontact atomic force microscopy. We used an Autoprobe
CP Research AFM instrument. In noncontact mode the tip-induced
damage was minimized. We used gold coated silicon cantilevers
(Ultralever cantilevers), which had a resonance frequency of 60
kHz, a tip with a high aspect ratio and an asymptotic conical shape.

] R ) o The radius of curvature of the tip was approximately 10 nm which
Figure 1. Schematic side view showing the replication of the roughness s small as compared to the structures measured. The measurements

spectlrutm 4 ng;“ a t.s‘ljletratel t? otlh? )top of ”;e film. tKeyt:h (@ fully  \ere performed at room temperature in air. The AFM height and
correlated; (b) partially correlated; (c) uncorrelatedenotes the mean o . ) gnt e

film thickness, which is usually determined by standard X-ray reflec- Iatergl ((:jallbrat[on was pﬁrformed severfal :]lmehs .\le'][h ca(ljlb:atlonl
tivity or ellipsometry measurements. The in-plane cutoff lenBth standards to improve the accuracy of the height and latera

determines the smallest length of the roughness spectrum, which isinformation. This calibration worked over the covered range of
replicated by the film, i.e., only in-plane length scales larger tRan  heights and surface area due to the hardware linearization of our

are transferred to the film interface. The amplitude of the roughness AFM system. Only topographical information was obtained in
spectrum is highly exaggerated for clarity of the presentation. noncontact mode of operation. No phase shift information was
recorded. The measurements were carried out at different positions
on roughness correlation in polymer composite films containing of the sample with different scan sizes (typically 1, 2, 4, 8, 15, 30,
magnetic nanoparticles. ar_lcill1 %QZ?)HEaCh scilnoneHd mTicrog_raph cc:jnsists of 256 Iri]nes, scanned
L . S with 0. z up to 1.0 Hz. Tapping mode gave us phase contrast
Within the present investigation we focus on roughness among hard solid surface, hard nanoparticles and soft polymer. The

correlation between a Si sgbstrate and nanocompositg film with background due to the scanner-tube movement was fully subtracted
a diblock copolymer matrix and embedded maghemite nano- fom the raw data.

particles. We address two different film thicknesses. These two X-ray Reflectivity. The film thickness and their internal

thicknesses are installed in one film within one single prepara- compositions were determined by X-ray reflectivity measurement
tion step simultaneously, under identical condition for a better and fitting with Parratt algorith36 using a model system. The
comparison. It is important to have two different thicknesses measurement was carried out with the laboratoryray source

of such film because the arrangement of particles varies with instrument (X-ray reflectometer/diffractometer D5000 from Si-
the film thicknesses and can be used for different application emens). The instrument consists of a sample stage, a knife edge
purposé-11 Roughness correlation depends on the arrangementm”'mator (KEC) and an automatic beam absorber. The X-rays
of the particles. The surface topography of such film is (wal\_/elengtm :I?_'1h54 nm fré)m thg Cu tegget) were c;]olhmateql by
investigated by atomic force microscopy (AFM) and the average \?vifhltaséf(t)%rgrvt\;egm V;;Se%e?]%t: Amg;)z;pﬁirteton:gr?otcr?r Oeégfg'rmvfgst
film thickness is measured by X-ray reflectivity (XR) measure- ’

) . . used in the reflected beam path, in front of the detector to filter the
ment. To be able to access the film of two different thicknesses, ¢, k, lines of the source. A scintillation counter detector was used

the investigation of lateral structures was carried out by scanningto record the reflectivity data. The automatic beam absorber was
microfocus grazing incident small-angle X-ray scattering used to reduce the beam intensity to avoid saturation of the detector.
(GISAXS). The grazing incidence geometry enhances the The sample was placed on the sample stage and fixed by vacuum
surface sensitivity and overcomes the limitations of conventional chuck. The position of the sample, beam direction, and footprint
small-angle X-ray scattering studies regarding extremely small of the beam were adjusted with care so that the reflectivity data
sample volumes in the thin film geome®y. does not show any average information on the different parts (thin,
ultrathin, or rim) of the film. A typicald—26 scan was performed
where 2 was varied from 0to 6°.

GISAXS. The roughness correlation of such kind of film, having
Sample Preparation. The investigated sample was prepared two regions of different thicknesses, was examined with the surface

Experimental Section

from a symmetric diblock copolymer polystyreb&ck polyiso- sensitive X-ray scattering technique grazing incident small-angle
prene, denoted as P{8l), with a molecular weighM,, = 24 500 X-ray scattering (GISAXS). The basic setup of the GISAXS
g/mol having a volume fraction of Pls = NpgdN = 0.56. This scattering geometry is shown schematically in Figure 2. Scanning

polymer has a lamellar morphology in the bulk. Maghemite microfocus GISAXS measurements were carried out at the beamline
nanoparticles (F©s) with a mean hydrodynamic diameter of 11  BW4 of the DORIS Il storage ring at HASYLAB (DESY,
nm (in toluene solution) and a solid core with a mean diameter of Hamburg). The selected wavelength was 0.138 nm. The beam
8 nm, with 20% size distribution (fwhm), coated with polystyrene divergence in and out of the plane of reflection was set by two
chains were used as filler in the polymer matrix. A polymer solution entrance cross-slits. The beam was focused to the siz¢ af )
(polymer concentration is 10 mg/mL in toluene) containing 25% 60 x 30um? by using an assembly of refractive beryllium lenges.
(wt) nanoparticles as a dispersion was used for the film preparation. The sample was placed horizontally on a goniometer. A beam stop
Two different thicknesses in the same film were installed in one was used to block the direct beam in front of the detector. In
single step of processing. addition, a second, point-like moveable beam stop was also used
At first, we cleaned the substrate by using an acidic bath (160 to block the specular peak intensities on detector. The incident angle
mL of 96% sulfuric acid, 70 mL of 30% hydrogen per oxide and was o; = 0.72, which is well above the critical angles of the
110 mL of deionized water) at 80C followed by strong rinsing diblock polymer and the nanoparticles. In this geometry the beam
with deionized water immediately before coating. Next, the substrate penetrated the full film and thus the scattering data gave access to
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Figure 2. Experimental setup in GISAXS geometry is shown
schematically: The sample surface is placed horizontally. The incident &
angle is denoted as, the exit angle asy, and the out-of-plane angle =
asiy. The two-dimensional detector resemblesdhdependence along
the horizontal axis and the,cdependence (neglecting smaik
dependence) along the vertical axis. The scattering intensity distribution
on the detector (low intensity as dark and high intensity as bright) is

protects the detector from a very high intensity of the reflected beam).

fe—— 270 pm——»}e-30,um—»| «———700 pm ——)
[
IIl \\

Lo | \\ ~68nm

il |
substrate
He———— T T » 13
measuring position

Figure 3. Scheme of the scanning GISAXS measurement with a
figuratively shown thickness profile of the measured area as probed Figure 4. Surface topography at different length scale showing the
with AFM. The position of the rim is considered as 0. The ultrathin  thin part, the rim and the ultrathin part of the film and the cover plate.
part of the film is on the left side of the rim having the measuring (a) Optical microscopic top view (50zoom) of the film showing the
position—6 to —1. The thin part is on the right side of the rim and the  ytrathin part and thin part of the film separated by thickness gradient
measured positions are assigned as positive from 1 to 13. The totalfim (in the middle of the image color changes with thickness in

measured length of ultrathin partie270um, rim is~30um and thin . gradient). Spot containing big dust particles are selected to show that
partis~700um. The rim height is~700 nm, the thickness of ultrathin  the focus of the microscope was on the film. (b) 3d view of the thickness
part is~8 nm, and the thin part is 68 nm. gradient rim (50um x 50 um) having ultrathin part on the left side

and thin part on the right side obtained by AFM—{t) AFM height

the information from inside the film and not only from the polymer images of ultrathin, thin part of the film and cover plate of different
scan sizes (&m x 8 um for c, e, and g; km x 1 um for d, f, and

films surface, which is essential to probe correlations between theh Showing the local surface structures at different lenath seales. The
.substr_ate surface and the polymer f!lm surface. The SCatteredg)ray sc\?glegs cover a ragge from 3 t(;J15 nm f(l)r cand e,gf]rom Oto 9 nm
Intensity was record(_ad ona t\_/v_o-dlmen3|0nal (2D) detectc_)r (MARC- for d, from 2 to 7 nm for f, from 0 to 3 nm for g and from 0 to 1 nm
CD; 2048 x 2048 pixel) positioned absp = 1.97 m behind the  or . The bright structures in images of the ultrathin part (c and d) are
sample. nanoparticle clusters and in image f are mostly polymeric structures.
Both parts of the film, the thin and the ultrathin one, were . )

investigated with scanning the sample with respect to the X-ray Results and Discussion

beam in GISAXS geometry. Starting from the ultrathin part the 1. Surface Topography_ The surface topography of the
measurement continued to the thin part of the film through the sample was investigated by optical microscopy in reflection
thickness gradient rim. In total a region of 1 mm length was mode and by atomic force microscopy in noncontact mode.

scanned. It was measured in 20 steps withuBOscan-step size. . : . . '
The total measurement scheme is explained schematically in FigureOpt'c"."g.m'C{r?SCIOpy y'EIde the tovetrall tOPF.V'EW arf tI;e f'lmth
3. In Figure 3, the distances are given as relative distances measure§€SCribing the large surface structures. Figure 4 shows the
from the rim position. Therefore, the rim is positioned at 0. The Surface topography at different length scales. The gradual

scanning started at position6 and ended at position 13. Ap- ~ changes in color in the middle of the optical image (Figure 4a)
proximately 270um of the ultrathin part, 3gm of the rim, and represent the thickness gradient rim which separates the ultrathin
700 um of the thin part were probed in this investigation. and the thin part of the film. Two different colors of these two
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Table 1. Parameters Used to Fit the X-ray Reflectivity Data Shown

in Figure 6

é" composition (vol %)
w
5 partof  layer thickness roughness
E the film  abbrev (nm) (nm) P(Sb-l) FeOs; air
B ultrathin h1 3.7+0.2 1+0.1 0 36,5 635
= h2 42+0.3 0.3+0.02 63.5 36.5 0
E Si 0.1
5 thin h3 51.0+ 1.0 0.7+0.05 97.3 2.7 0
z h4 17.0+£ 2.0 0.3+0.02 64.3 35.7 0

Si 0.8

: (b) Thin Part. On the uncovered part of the substrate a
0570 15 20 25 30 35 40" homogeneous copolymer fllm with embeddgd nanopartlcles is
0 present. Exactly the same film forms on a simple Si substrate

_ . q [nm’] o (without the applied shielding technique) and its thickness is
Figure 5. X-ray reflectivity data measured on the ultrathin (triangle) controlled by the polymer concentration used for the spin-

and thin (circle) part of the film. The solid lines are the fits used to coating. The thin part of the film has similar kind of surface
calculate the thickness, interfacial roughness and perpendicular struc-t ' h ding the struct f d by th |
tures of the film. The intensities are normalized to their highest intensity. [0P0grapny regarding the structures rormed by the copolymer

The data of ultrathin part is shifted by 1 order of magnitude downward (see Figure 4, parts e and f). However, the holes in the
for better visualization. copolymer film surface are only due to islands because the

arts are distinct and represent two different homo eneousmaterial was insufficient to form a complete uniform layer. The
P P 9 holes do not have the depth of the total film, i.e., do not show

thicknesses of the film. To ensure focusing on the film surface . "C bvoionderneath but polymer film. Because no mi-

an area with dust particles was selected for presentation. The
e . o . crophase separated structures were found, the hole-depth does
optical image cannot give the detail information about the . s
. not give any characteristics length such as the bulk lamellar
surface structures present on the surface, which have the

dimensions of a few nanometers only. AFM in noncontact mode spacing. The copolymer film is a disordered state. Only a very

was used to observe the local structures on the surface.few nanoparticles clusters were found on top of the surface by

' o7 AFM. Thus, most particles are embedded in the film. It was
Noncontact mode was used to avoid the tip induced damage/ . . .
nough polymer material to cover the nanoparticles and their

creation of the syrfage structures. As a result,.np phgse contras ormed clusters. Before starting the spin-coating, sedimentation
image was obtained in noncontact mode. To distinguish the hard o !
. starts the migration of the nanoparticles toward the substrate
nanoparticles from the soft polymer a few number of measure- - . . o .
. . . - ) surface. During spin-coating the migration is stopped by
ments were also carried out in tapping mode with special care. . . 7 .
But these imaqes are not presented in this article. Fiqure 4bcentrlfugal force and the increase of viscosity of the polymer
9 ‘P . icle. Hg solution because of solvent evaporation. This leads to a
shows the 3d view of the rim part of the film obtained by AFM - L . o .
. . . nonuniform distribution of particles inside the film. Near the
with 50 um x 50 um scan size. The thickness of the left part . X -
; ; . - substrate the concentration of the particles is expected to be
is ~8 nm and that of right part is-68 nm. These thicknesses | . . T .
were measured by making a scratch on the film and measurin higher than that of particles near the-giilm interface. In this
: . Y 9 ) Yease the presence of nanoparticles and enough polymer materials
the height difference between the scratch and the film. From . : 4
retarded dewetting. Therefore, a continuous film was produced.

the scratch techniques, we obtain only a preliminary estimation . .
. J ) ’ .~ The structures on the surface might be produced during the
of the thickness. The left part of the rim is denoted with ultrathin evaporation of the solvent.

and the right part with thin. )
(c) The Cover Plate.The surface topography of the ultrathin

(a) Ultrathin Part. The ultrathin part of the film is not a ’ ! jicl-
continuous regular film. The dark areas on the AFM images Part of the film might be affected by sticking of polymer on

(Figure 4, parts ¢ and d) are picturing the solid substrate and the cover plate. Therefore, the topography of the cover plate
the brighter white structures represent nanoparticles and their@S Peen investigated after removal. No special features that
clusters. All other structures visible in Figure 4, parts c and d, ¢a" mflgence the surface structure of thg ultraj[hln part are found
are formed by the diblock copolymer. Thus, the polymeric supporting that no fracture occurred while I|ft|r}g-0ff the cover

structures are worm-like and support the nanoparticles andP!ate- The rms roughness of the cover plate is determined by
nanoparticle clusters (see Figure 4, parts ¢ and d). The structurdN€ AFM image analysis software IP1.3 to be 0.1 nm. Therefore,

is formed during the spin-coating process in the narrow opening the surface is quite smooth, and no polymer is sticking on it.

between the two Si wafers, one acting as the substrate and thd "€ Possible explanation might be that the evaporation of the

other acting as the shield. Because no further annealing wasS0/Vent, taking place in between both plates, prevents sticking

applied, the observed structures are non-equilibrium structures Of the materials on top plate but forming the structures on the
frozen-in during the solvent evaporation during the spin-coating POttom substrate only.

process. The opening is installing a confinement. Itis so small The statistical height information on the surface in the
that it is filled by only a very small amount of copolymer- ultrathin and the thin film part can be explained by the rms
nanoparticle solution. Thus, not enough material is present to roughness’ The rms roughnesses of both parts are calculated
form a uniform film and to prevent the onset of dewetting. from 8um x 8 um size images with the AFM image analysis
Although nanoparticles are well-known to prevent deweﬁ?ng% software IP1.3. The values of rms roughnesses are 1.04 and
in the ultrathin film case nanoparticles retard dewetfing. 1.06 nm for the thin and ultrathin part of the film respectively
Recently, a similar kind of structure was reported in the case excluding the big clusters present on top of the surface.

of an ultrathin film using similar materiafsin addition, the 2. Film Depth Profile. Film thickness plays a very important
structures show no sign of fracture introduced features due torole in the case of interface correlation. With increasing film
the lift-off of the cover plate. thickness the correlation decreases and only the long wave length
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maghemite particles

Figure 6. Rough sketch of the model used to fit the X-ray reflectivity data neglecting the roughnesses, particle clusters, and holes and island on
top of surface. (a) ultrathin film and (b) thin film. h1, h2, h3, and h4 denote the heights of the assumed layers in the two layer model used to fit
the reflectivity data. For clarity of the presentation the interface boundaries inside the film are shown by distinct lines, although they &are not rea
separated layers but just regions of different electron density.

fluctuations are replicated to the surface. Therefore, the film which lead absence of lamellae perpendicular to the substrate
thicknesses of both parts of the film are determined by X-ray for large film thicknesses.

reflectivity measurement in addition to the measurement with  To obtain the density profile, the reflected intensity is
AFM. X-ray reflectivity measurement delivers only information calculated as a function of the scattering vector

perpendicular to the sample surf&€é849A model assumption

of the in-plane structures and composition of the film is _4mxsing

necessary to fit the experimental data, because the average -2 @)
density profile of the film influences the reflectivity data. The

reflectivity data and the fitted curves are shown in Figure 5. ysing the Parratt fitting softwafwhere® is the incident angle
The fringes present in the data represent the thickness of thein 9—20 geometry and. is the wavelength of X-rays.

whole film and the layer thickness if any present. The measure- Because we do not see any sign of a Bragg-like peak and
ment on the ultrathin part exhibits two fringes before reaching due to the presence of nanopartic|es it was assumed for the
the background noise at higher values of the scattering vectormodeling that there was no more than one real (but heteroge-
g. In contrast, the measurement on the thin part shows severaheous) layer of composite materials present in the thin and
well pronounced fringes representing the total film thickness. yitrathin part of the film. However, since the material is a
These fringes are smeared-out by the roughness of the interfacegomposite of a polymer and nanoparticles, it is obvious that
and the background at highervalues. The absence of any the local density of the material can differ with the depth and
Bragg-like peak in the X-ray reflectivity data indicates the lack with the position (ultrathin and thin part of the film). Because
of a well established internal order. In the ordered state the of gravity acting on the solution of polymer and nanoparticles
polymer films would consist of a lamellar stack which is oriented in toluene, deposited on the solid support before starting the
parallel to the substrate surfatn general, such kind of order  spin-coating process, and during the whole spin-coating process
is installed by annealing processes. In the present investigationas well as the preferential enrichment of polystyrene chains
we did not anneal our samples and thus no lamellar structuresattached to the nanoparticles it is assumed that the particles
are expected to form. Moreover, due to the selected size of themigrate toward the substrate. As a result, our model of the
nanoparticles as compared to the bulk lamellar spacing of the composite film is taking difference in density with respect to
diblock copolymer, the addition of nanoparticles will prevent height from the substrate into consideration to fit the X-ray
the installation of the common lamellar stack. The nanoparticles reflectivity data. The schematic representation of the used model
simply do not fit into the polystyrene part of the lamellae, and for the ultrathin and thin part of the film is shown in Figure 6.

a very high entropy penalty prevents the installation of the well- The corresponding parameters of the best fit in this simple two
known ordered structure. Thus, the composite films are highly layer model are listed in Table 1. The volume composition and
disordered. As a result, no microphase separation structures aré¢he mean position of the particles are extracted from the average
observed in X-ray reflectivity and GISAXS measurement. Such electron density of individual layers obtained from the fitting.
disorder is necessary for establishing the roughness correlation, (a) Ultrathin Part. The ultrathin part of the film has a total
because the ordered lamellar structure parallel to the substrateaverage thickness of 7.9 nm. It consists of two layers (denoted
would resist the roughness transfer. Higher energy is needed tohl and h2) of different electron density, i.e., two different
bend lamellar structures than disordered structures to replicatecompositions. From the average electron density of each layer
the roughness spectrum of the substrate to the polymer film (h1 andh2) we calculated the composition of both layers (see
surface? Due to preferential surface enrichment of one Figure 6a). The bottom layein2 = 4.2 nm, consists of polymer
component of the diblock copolymer the polystyrene phase staysand nanoparticles. The volume fraction of nanoparticles in this
at the substrate surface and polyisoprene at the air interface bottom layer is 0.365 and that of P{&h is 0.635 calculated
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from the average electron density. The chemically attached PSment is performed at an incident anglecgf= 0.72, which is
chains are automatically included in the volume fraction of above the critical angle of the polymer and nanopatrticles used
polymer. The height of this upper layertid = 3.7 nm. From in the system. As a result, the beam penetrates the whole sample
its fitted electron density the volume fraction of the nanoparticles depth and gives rise to the typical scattering features like Yoneda
is still 0.365 but no more polymer is present in this layer. Thus, peak, specular peak and modulation due to resonant diffuse
the remaining upper parts of the nanoparticles, which are not scattering (in the case of interface correlatiéi?? The scattered
embedded in the copolymer, form this upper layer. In the upper intensities of the individual position of measurement of the X-ray
layer the chains grafted to the nanoparticles are collapsedbeam from the sample are recorded on a 2d detector. The
because air is a bad solvent for PS (not shown in Figure 6a) measured scattering patterns are shown for the different positions
and their minor contribution is neglected in the simple model. as a composite image in Figure 7 (left). To focus on the
Because the nanoparticles are bigger than the polymer layer inmodulation of the intensities along the vertical directioncat

the ultrathin part, the nanoparticles are only partially embedded = 0), starting near the Yoneda region, in Figure 7(left) a zoom-
in the copolymer. Of course, although two different average in part of the 2d intensity is selected. As we can see, that the
electron densities, i.e., two different layers are drawn in Figure ultrathin part (position—6 to —1) of the film shows no

6a, in reality there is only one layer containing nanoparticles modulation in intensities in the selected region. Position 0
partially covered by polymer and partially by air describing the corresponding to the rim shows the first intensity modulation
ultrathin film part. A higher number of layers in the model could along the vertical direction. With further scanning toward the
fit the data better than the presented case but it will not changethin part of the film this modulation continues to appear until
the overall distribution of the composite film in the ultrathin the end of the scan (position 1 to 13). If the film is uncorrelated
film part as shown in Figure 6a. Therefore, we restricted to the all interfaces scatter independently and the diffuse intensities
presented two layer model to fit the data and to extract the of all individual interfaces superpose. In the case of a fully or
average depth profile of the film. The model does not include partially correlated film roughness, a partial coherence of the
directly the big clusters present in the film because they do not diffusely scattered intensity causes resonant diffuse scattering.
contribute to the X-ray reflectivity signal. The partial phase coherence of the waves diffusely scattered

(b) Thin Part. The thin part of the film has also been fited ~rom different interfaces concentrates the intensity in narrow

by assuming two layers of different electron densities (see Figure Sh€€ts. As a result, modulations of intensity are generated. Such
6b). The total thickness of the film is 68 nm. The bottom layer Modulations in the intensity are observed in the thin part of the
h4 has a thickness of 17 nm and top lap@has a thickness of ~ flm. As a consequence, the investigated 7@dlong thin film

51 nm. Both layers differ in the electron density and thus part of. the .sample shows long range mterfaqe correlation.
resemble different amounts of nanoparticles. The volume ASSuming simple roughness correlation of the interfaces, the
fractions of nanoparticles are 0.357 and 0.027 in bottdrand spacing of the fringes in such modulatlpn gives an estimation
upperh3layer respectively. The shallow holes in the copolymer ©Of the distance between the correlated interfat€s3 by the

film surface are just taken into account by an increase in following one-dimensional Bragg conditidf:
roughness. Figure 6b shows a sketch to picture the distribution o

of the nanoparticles as a function of depth. Of course, the Ag,= o

splitting of the film in two layers is artificial and a three layers d
model might slightly improve the fit quality. However, these . .
layers are not really separated layers but one layer of different . In addition o the simple case of correlated _roughness,
densities because of different concentration of nanoparticles.mterfe“:"nce fringes can also originate from dynamical features

As expected, the nanoparticles are enriched at the substratéf tE? scatteriEg pagged by the refra<|:tion of the inﬁident Veave.
surface and the thickness of this enrichment layer is slightly I this case, the incident wave is reflected from the top surface

larger than the diameter of the nanoparticles (hydrodynamic inside the film. Because the incident and exit waves fulfill the
diameter in a good solvertll nm) to account the presence of Qn‘fractl_on con(_j|t|on the wave 1s gwded through the film ju_st
particles in a second row (as indicated in Figure 6b). The like as in a typical waveguide. This means coherent reflection

increased Si substrate roughness accounts in the simplified®! diffusely scattered waves occurs. As a result, Bragg-like

model for the fact that the particles have a spherical shape. Sincd€S0nant lines are observed in the scattering pattern. The most
this simplified model can describe our film composition and c0MmMonN and pronounced dynamical features is the Yoneda

the X-ray reflectivity data, we did not use any more complicated peak. The waveguide behavior can easily be distinguished from
model. the roughness correlation because they differ in their wavelength.

. ) ) _ The distance in the waveguide cai#" can be calculated by
By comparing the amount of nanoparticles in the ultrathin 4 o4 Bragg equation as following:

and the thin film it is obvious that particles have enriched in

)

the ultrathin region. Of course mass conservation is valid but m

difficult to relate with the concentration used for the spin- qu_W] ®3)
coating, because of the unknown losses of nanoparticles during

the spin-coating process itself. To determine long ranged correlations, such as correlated

3. Long-Range Correlations.In reflectivity measurements,  roughness or a waveguide behavior of the film, it is necessary
only averaged information on the density profile are detected. to analyze the 2d scattering pattern by performing cuts along
To probe interface correlations a non-specular intensity needsthe vertical direction, i.e., thg, component of the scattering
to be recorded. We have selected grazing incidence small-anglevector.

X-ray scattering (GISAXS) in combination with a moderate Therefore, a vertical slice &= 0 integrating over a small
microfocused X-ray beam and scanning of the sample with Aqg, from each of the 2d scattering pattern is made and plotted
respect to the beam. The basic working principle of the GISAXS in Figure 7(right) to determine the correlated thicknei$8"(or
setup is shown in Figure 2 and the details of the scanning d¥"). These vertical cuts are frequently called detector scans.
scheme are described in the experimental section. The measureAt the specular position the intensity drops due to shielding by
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Figure 7. (Left) Composite image comprising the 2d scattering patterns from 20 positions of measurement starting from ultrathBhtpartl)
through the thickness gradient rim (0) to the thin part of the film (1 to 13). To focus on the modulation a zoom-in part of the whole scattering
pattern on the detector is selected. The color scale is selected as in logarithmic for showing better contrast of the present features. The numbers
present in each image are the measurement position on the film. Modulation fringes are presdirettign in all scattering patterns of rim and
thin part of the film (position 0 to 13). Ultrathin part has no modulation fringes. (Right) Detector cuts of all scattering patigris @t The
scattering intensities are plotted against the detector adgle, ai + or whereq; is the incident angle and; is the exit angle. The curves are
shifted along vertical direction neglecting the intensity change for clear understanding. The intensity drop at the specular peak positidghas due to
presence of beam stop shown by two vertical solid lines. The numbers on the right vertical axis correspond to the position of measurements. This
means the ultrathin part is on top of the plot and the thin part is at the bottom separating by the rim at 0.
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the second beam stop. The cuts show that there is a well-defined , - , -

modulation in the intensity between the Yoneda and the specular 180 2 gum 1180
peak (shielded) representing a roughness replication in thin part 140: oIl biq :140
and rim of the film. Consequently, the roughness of the substrate ¥ T ! T Y rrTi]
is reproduced by the composite film surface. Thus, although £ 00k t oo E
nanoparticles are embedded in the diblock copolymer film, a g L 1 =
long-ranged interface correlation is present. Both interfaces, the oo 15+ I 60 S
substrate and composite surface, are correlated starting from F 68nm .
large lateral lengths down to a critical cutoff length even in 201 120

presence of nanoparticles. The ultrathin part of the film is
independent to roughness correlation and shows no modulation
fringes in detector cuts (positior-6 to —1). The clear Y [wm]
explanation for this behavior is that the ultrathin part is not a Fligtlir% 8. lftﬁtfagtetd COfrfilatedtLhiCKneSS Oftﬁhe tginf_pag of Erh? film
continuous film but dewetted polymeric structures containing Eaﬁcjlat(\elé byeeq '2 Zﬂadeyn {)C;/"Eg). ?Ort'g? filcl)rgstlr:iocrl](n(esesl?rf thg})'shé?/v N
nanoparticles and their clusters of sizes larger than that of hOSt-region of the film is 68 nm which is equal to th&" values.
As a result, on top of the surface the roughness spectrum has
waves of amplitude larger than that present in the roughnessdistance from the rim position (0) in Figure 8. Within the
spectrum of the substrate. This phenomenon prevents stronglyexperimental error, the data are almost constant at all position
the roughness replication to the surface as it was alreadyof measurement in thin part of the film. The averatje" is
observed in the case of simple homopolymer films without ~136 nm andd®" is ~68 nm. Thed®™ and d®" vales are
added nanoparticle3. calculated according to the Bragg equation (eq 2) and the
The correlated thicknesd®™ or d", of the film is the length modified Bragg equation for waveguide (eq 3), respectively.
of propagation of correlations in the vertical direction. This Since the thin part of the film has a total thickness of 68 nm, it
length can be given by the thickness of the whole film or by a is obvious that the correlated thickness cannot be 136 nm, and
few layers in multilayered films. Moreover, roughness correla- we can exclude the presence of simple roughness correlation.
tion or waveguide like behavior can both occur. To distinguish Instead,d®" values are in very good agreement with the total
between both, we have used eqgs 2 and 3 to calculate the londilm thickness. Therefore, we can conclude that the whole thin
range correlation length for each measurement position. Thepart of the film has a roughness correlation in a waveguide
ultrathin part has no modulation fringes giving rise to no manner or in other words the whole thin part is acting as a
correlated thicknessi™ and d" values were measured for waveguide. This means the nanocomposite thin film containing
thin part and rim of the film from the average distance between maghemite nanoparticles can guide the incident wave through
two successive peak positions of the modulation fringes presentthe film constrained by the substrate and the top surface toward
in detector cuts. The values are plotted against correspondingthe detector. So far our knowledge, this is the first observation

0 100 200 300 400 500 600 700
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Figure 9. Example ofR; determination. The vertical cuts from the 2d W'.th film thickness? AIthough. the .thm part has."?‘ constant
intensity at differenty, positions are plotted against the angle= o thickness thdR; values are not identical for all positions of the
+ os whereaq; is the incident angle and; is exit angle. For a better ~ measurement. This might be because of a variation of the
presentation the curves are shifted along vertical axis without maintain- nanoparticle concentration inside the film near the rim. Since
ing the scale. At largegy, the modulation decreases. No modulation is  the film has been produced by spin-coating only and no further
seen aty = Qeor. The value ofAdeor gives directly the in-plane cutoff l t . ved th ticl trati
length scale®R. via eq 4. The propagation of modulation is shown by ~@1N€aling Steps are nvolved the nanoparticie concentration
two arrows. gradient produced during spin-coating by the strong centrifugal
force acting on the nanoparticles is frozen-in. During spin-

of such kind of behavior in the case of polymer nanocomposite coating a very high centrifugal force field parallel to the substrate
film. The nanoparticles, which are enriched close to the substrateis created and the nanoparticles are forced to pass through the
and which are supposed to change the roughness spectrum, didovered area (ultrathin part). But, because of thickness con-
not disturb this type of long range correlation. The possible straints all particles cannot pass at the same time. They form
reason might be the presence of PS chains, which did not changeclusters nearby the rim. These clusters inhibit the transformation
the roughness spectrum but acted like an ultrathin layer on theof the small waves from the substrate to the surface. As a result,
substrate. In a previous study, it was observed that the sameonly larger waves are replicated, i.e., highvalues are detected.
copolymer film without any nanopatrticles, having different film )
thicknesses, showed correlated roughness but not the waveguidé&onclusion
behavior* Therefore, this kind of waveguide effect is due to We report on the controlled preparation of films with two
the presence of high-density nanoparticles in the present systemgifferent film thicknesses separated by one high rim-shaped wall

4. Lateral Cutoff Length, R.. Because of the conformation  with one single preparation step. The films are based on
of the polymer chains, not all lateral structure sizes of the maghemite nanoparticles embedded in a diblock copolymer. We
roughness spectrum of the substrate can be replicated by aselected the thickness regime of a thin and an ultrathin
polymer film. The quality of roughness replication for different  (inhomogeneous) film which might be most interesting to
polymeric film can be compared by the critical lateral cutoff applications because it includes the possibility to have a
lengthRe. Re is defined as the smallest lateral structure length homogeneous film (in thin film part) together with an inhomo-
that is replicated on top of the surface of the film, i.e., the geneous one (in ultrathin film part). In the ultrathin part, the
substrate morphology is replicated by the thin polymer film for nanoparticles are freely accessible whereas in the thin film part
in-plane length scaleé’ > Re. The in-plane cutoff length scale,  they are buried inside the polymer film. In the thin film part
R: is determined from the decay of the intensity modulations the nanoparticles enriched close to the substrate surface and
as a function ofy,. Thus, vertical cuts parallel to detector cut thus the concentration of the nanoparticles is not constant
are selected from the 2d intensity at differeptcomponents  through the copolymer film. Moreover, the copolymer is not
(see Figure 9). As is visible in Figure 9 the amplitude of the ordered into a typical microphase separated structure, which is

modulations decreases with increastpgfrom bottom to top).  a necessary prerequisite for roughness correlation. The thin part
The critical cutoff length is calculated by eq 4 as follo¥s: of the film and the thickness gradient rim showed a long ranged
correlation between the substrate and the composite film surface.
R = 2 4) The lateral critical cutoff lengtiR: for this part is~98 nm.
AQgorr The interface correlation follows a waveguide behavior. The

whole thin part of the nanocomposite film can act as waveguide
where theAqeor is the lateral (alongjy) propagation length of  due to the presence of nanoparticles. Thus, in the thin part of
the modulation arisen due to roughness replication or waveguidethe film a locally constant thickness is established instead of
effect in reciprocal space in GISAXS data. only a mean constant film thickness. On lateral lengths larger
Thus, R; values at all positions of measurement except the than 98 nm the mean and the local thicknesses are constant.
ultrathin part are determined and plotted against their relative Only for lateral lengths smaller than 98 nm, the mean and the
position from the rim shown in Figure 10. At the rim position, local thickness deviate (as it is commonly the case in thin films
theR: is very high (345 nm). Thi&: decreases immediately as  which exhibit no long ranged correlation). With respect to the
we move away from the rim in the thin film region. Then it application of thin nanocomposite films this is a key to the
becomes almost constant (98 nm). The rim height is 700 nm possibility of a reduced amount of necessary material. In
which is the clear explanation for its highls since it increases  contrast, in the ultrathin part no roughness replication is present.
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