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Probing the in-plane composition of thin
polymer films with grazing-incidence
small-angle neutron scattering

and atomic force microscopy

Abstract The surface morphologies
of confined, dewetted polymer films
were investigated with atomic force
microscopy (AFM) and grazing-in-
cidence small-angle neutron scatter-
ing (GISANS). On examining
homopolymer films of deuterated
polystyrene (dPS) both techniques
reveal the resulting droplet structure
which is described by one most
prominent in-plane length. Due to
the contrast resulting from deutera-
tion in the case of polymer blend
films of dPS and poly(p-methyl sty-

rene) GISANS is able to probe the
in-plane composition of the dewet-
ting structure. An additional phase
separation process at different length
scales gives rise to a sub- and
superstructure which is not detect-
able by AFM. In addition, the
influence of the wavelength used in
the GISANS experiments on the
structures observed is discussed.
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Introduction

A number of practical applications such as coatings,
paints, printings or biomaterials are controlled or
limited by the dewetting of an originally homogeneous
thin film on top of a solid. The dewetting of homopoly-
mer films on nonwettable surfaces has been intensively
investigated [1-10]. Many practical applications, how-
ever, do not use homopolymers but use polymer blends.
In polymer blend thin film systems the phase separation
behavior has mainly been investigated [11-17]. Less
attention has been paid to the interplay between phase
separation and dewetting of thin polymer blend films on
top of nonwettable surfaces [18, 19]. All investigations
concerning polymer blend films can be divided into three
regimes with respect to the prepared film thickness. For
thick polymer blend films due to the existence of two
boundary interfaces and generally a preferential segre-
gation of one or the other component of the blend to the
interfaces, the development of composition waves nor-
mal to the surface is induced. This surface-directed

spinodal decomposition can propagate some wave-
lengths into the film before decaying into an isotropic
bicontinuous spinodal bulk pattern. In thin blend films
with film thicknesses below a critical thickness these
composition waves normal to the surface are suppressed
[20]. On reducing the film thickness further to values
below the radius of gyration (R,) of the unperturbed
molecule the third regime is entered. These extremely
thin films represent an additional range of polymeric
material, which is characterized by the special confor-
mation of the polymer chains [21]. The confinement
yields changes in the thermodynamical behavior [22-25]
and, depending on the substrate interaction dewetting
can occur. Due to the thin film thickness these films
can be regarded as two-dimensional. For the molecular
weight of the investigated samples R, is of the order of
10 nm; therefore, confined polymer blend films have
an extremely small scattering volume. In addition, they
have to be prepared on top of solid substrates to
investigate the interplay between dewetting and phase
separation. Both factors make a common transmission
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geometry disadvantageous. Even the use of a sample
stack consisting of several similarly prepared samples
only gives rise to a scattering signal which contains
a small contribution of the polymer film. One way to
overcome this problem is the use of a reflection geometry
as demonstrated previously with X-ray scattering tech-
niques [206]: it extends the largest resolvable length scale
with respect to a transmission set-up [27]. However,
in the case of X-rays, contrast even for significantly
different polymers is not large, whereas with neutrons
strong contrast between two components can be gener-
ated by deuteration. This is extremely useful for
investigations on blends of weakly incompatible poly-
mers and has been successfully applied in specular
neutron scattering. Specular neutron scattering is a well-
established technique for investigating the density profile
perpendicular to the sample surface [28-30]. In contrast
to diffuse X-ray scattering [31-33] the use of off-specular
neutron scattering for probing the lateral morphology of
surfaces and interfaces is only rarely applied [34-36].
Experiments utilizing grazing-incidence small-angle neu-
tron scattering (GISANS) are not reported in the
literature. This may result from the limited intensities
available with neutrons compared to X-rays.

Experimental

Neutron scattering

The GISANS experiments were performed at the D22 beamline at
the ILL (Grenoble). We operated the instrument in the wavelength
regime of the highest available neutron flux with respect to the
necessary resolution as discussed later. Thus we used wavelengths
of 0.7, 1.0 and 1.4 nm (wavelength selector; AL/Z = 10%). Details
concerning the beamline are reported elsewhere [37]. We applied a
reflection geometry with a vertically mounted sample instead of the
commonly used transmission geometry. The beam divergence in
and out of the plane of reflection was limited by two entrance cross
slits. The nonspecular as well as the specular intensity was recorded
with a two-dimensional detector consisting of a 128 x 128 pixel
array. A schematic drawing of the experimental set-up is shown in
Fig. 1. The primary beam is shielded with a beam stop. The

2D detector

Fig. 1 Experimental set-up of the grazing-incidence small-angle
neutron scattering (GISANS) experiments at the D22 beamline. The
angle of incidence of the neutron beam onto the vertically placed
sample surface is denoted by o, the exit angle by of and the out-of-
plane angle by . Specularly as well as diffusely scattered intensity is
recorded with the 2D detector

incident angle is denoted by o;, the exit angle by oy and the out-
of-plane angle by . With a sample—detector distance of 17.66 m
and a wavelength of 1.4 nm we achieve a resolution better than
1.91 x 10* nm~!. This enables the detection of in-plane length
scales, &, of up to 3.3 um, which is a significant increase compared
to the highest resolvable length scale in the transmission geometry
under comparable conditions. Nevertheless with the use of even
longer wavelengths this value could have been increased further but
the decreasing neutron flux would have made the experiments even
more difficult. Using a wavelength of 0.7 nm length scales down to
26 nm are detectable. Thus the roughness properties of the samples
can be investigated between the molecular and a mesoscopic range.

Sample preparation

The confined homogeneous polymer films were prepared on top of
native oxide-covered Si(100) surfaces (MEMC Electronic Materi-
als, Spartanburg) by spin-coating (1950 rpm for 30 s) a toluene
solution. Prior to spin-coating the silicon substrates were cleaned in
a bath of 80% H;SO4 (100 ml), H,O, (35 ml) and deionized water
(15 ml) for 15 min at 80°C, rinsed in deionized water and dried
with compressed nitrogen. Immediately before coating the dry
substrates were flushed with fresh toluene. Deuterated polystyrene
(dPS) with a molecular weight M,, = 157 kg/mol (My /M, = 1.09,
Ry, = 10.6nm) as well as poly(p-methyl styrene) (PpMS) with a
molecular weight My, = 157 kg/mol (M, /My = 1.06, R; = 10.0 nm)
were used in an asymmetric blend composition of PpMS:dPS =
3:2. Additionally homopolymer samples of dPS were prepared for
comparison. The film thickness of the samples was measured by X-
ray reflectivity right after preparation. The value of 3.2 £0.2nm
determined (error bar includes the deviation in the film thickness
between different samples) is only one-third of R, of the unper-
turbed molecule; thus the polymer molecules are strongly confined.
The measured root mean square-surface roughness of
0 =0.3+0.1 nm agrees well with the observation of smooth and
featureless surfaces in atomic force microscopy (AFM) measure-
ments. The samples were examined as prepared and then annealed
under vacuum for 8 h at 161 °C, which is well above the glass-
transition temperature. In addition the as-prepared samples were
stored 7 for h in a toluene atmosphere. To check the reproducibility
of the observed structures several samples were prepared and
examined.

Atomic force microscopy

The real space surface topography of the as-prepared as well as of
the treated samples was investigated with a PARK Autoprobe CP
atomic force microscope in air at room temperature. Several images
were measured for each sample. All measurements were performed
at different scan ranges in noncontact mode in order to minimize
the tip-induced sample degradation. From the surface data of each
sample and the scan range the two-dimensional power spectral
density (PSD) function was calculated and radially averaged.
Combining the data of different scan ranges, with respect to the
individual scan size, yields a master curve [38] and thus enlarges the
range covered by one individual PSD function. The resulting
master curve is comparable with the scattering data.

Results and discussion

After annealing for 8 h at 161 °C, which corresponds to
a temperature within the unstable regime of the dPS/
PpMS phase diagram, the samples exhibit dewetting
structures at the surface [18]. A different type of
dewetting structure was observed after storing the as-
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prepared samples for 7 h in a toluene-vapor atmosphere.
The sample surfaces as measured by AFM are shown in
Fig. 2a, b. Due to the small polymer film thickness the
resulting in-plane structures are small. Dewetting under
a toluene-vapor atmosphere yields droplets of uniform
height and similar but nonmonodisperse diameter
(Fig. 2a), whereas the installed morphology after an-
nealing appears more irregular (Fig. 2b). AFM pictures
of the homopolymer samples look very similar. Conse-
quently the observed surface morphology results from
a dewetting process and not from a phase-separation
process [39]. The observed structures differ significantly
from the common droplet configurations resembling
Voronoi tessellation patterns as observed for thicker
films [2] in the case of dry dewetting and are reminiscent
of the recently reported structures caused by wet
dewetting [40]. In shape they agree well with morpho-
logies observed with ultrathin films [10, 26]. While the

Fig. 2 a, b Atomic force mi- a)
croscopy (AFM) pictures (scan
range 3 x 3um?) exhibiting the
topology of the dewetted, con-
fined poly(p-methyl styrene)
(PpM S):deuterated polystyrene
(dPS) blend films. In a the late
stage the topography resulting
from toluene-vapor treatment
consists of isolated droplets
whereas b after annealing the
surface appears more irregular.
AFM pictures of the homo-
polymer samples look similar.
With GISANS differences be-
tween homopolymer and poly-
mer blend samples are detected.
Data from the samples dewet-
ted under a toluene atmosphere
are shown. The contour plots
(c, d) have a logarithmic con-
tour line spacing with an alter-
nating color scheme. The left
axis corresponds to the ¢,
direction and the bottom axis to
the ¢. direction. The specularly
reflected peak is placed at the
center of both contour plots. In
each contour plot to the left the
Yoneda peak is visible. In case
of the homopolymer sample

(c) it is split into two Yoneda
peaks, whereas in case of the
blend sample (d) a splitting into
three peaks is observed. Each
splitting into an even number of
peaks corresponds to resolvable
prominent in-plane length
scales of the sample, whereas
the absence of splitting or the
presence of a central peak
originate from nonresolvable
lengths. For data evaluation
horizontal slices are taken

dewetting of an initially homogeneous film commonly
results from annealing above the glass-transition tem-
perature, in a solvent-driven glass transition the polymer
film is plasticized by incorporation of solvent molecules
[41]. The original homogeneous polymer film is replaced
by a highly concentrated polymer—toluene solution
layer. Thus the surface tension, viscosity and van der
Waals interaction with the substrate are markedly
changed compared to the polymer melt. A detailed
study of the dewetting is beyond the scope of this short
communication and is given elsewhere [39].

From the AFM topography pictures presented in
Fig. 2 no information about the internal distribution of
the blend components can be obtained. Because both
blend components (dPS and PpMS) differ only by one
methyl group, despite deuteration, their chemical and
mechanical properties are very similar; therefore, surface
characterization methods such as friction and stiffness
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measurements [42] do not yield enough contrast to
distinguish between the components, and a selective
dissolution [43] of one component is not possible.
However, due to the contrast generated by deuteration,
possible superstructures or substructures are detectable
with GISANS. Figure 2c, d shows examples of the two-
dimensional intensity distributions recorded at D22 at
an angle of incidence o; > o, above the critical angle of
the polymer film and of the silicon substrate. In the case
of rotational isotropic samples the scattering data is
symmetric with respect to the ¢, = 0 position (horizontal
center of Fig. 2c, d). We used an alternating color
scheme with a logarithmical contour line spacing to
emphasize typical scattering features. The characteristics
of the scattered intensity are separated: specular peak
(black peak in the center of each plot) and Yoneda peak
(two or three black peaks on the left of each plot).
Comparing the measured intensities of the homopoly-
mer (Fig. 2c¢) and the blend samples (Fig. 2d) significant
differences are visible in the two-dimensional graphs.
The region around the Yoneda peak shows quite
different intensity distributions related to different
chemical compositions as discussed later. The two-
dimensional intensity distribution consists of several
vertical and horizontal slices. The terms horizontally
and vertically are used here with reference to the sample
surface. Vertical slices at a constant out-of plane angle
(Fig. 1) correspond to conventional detector scans and
horizontal slices at a constant detector angle ® = o; + o
correspond to the out-of plane scans [44]. The (xy)-plane
denotes the sample surface and G = (gx,¢y,¢-) is the
scattering vector.

The range of detectable in-plane length scales de-
pends on the individual experimental set-up of the
GISAS experiment, such as sample—detector distance
and collimation [26]. At optimized experimental condi-
tions the resolution of the two-dimensional detector
used determines the smallest resolvable ¢ value and thus
the largest detectable in-plane length scale. An increase
in the wavelength yields a further increase in this large
length scale limit. On the other hand, this includes an
increase in the small length scale limit which is basically
given by the detector size. Of course a wavelength
change is only performable within the limits of the
individual instrument used and is frequently accompa-
nied by a dramatic decrease in the primary intensity. The
influence of a wavelength change on the resolution limit
and on the corresponding detection of a most prominent
in-plane length scale is demonstrated in Fig. 3. Using a
plot with a double logarithmic axis the GISANS data
from the confined homopolymer dPS film, which was
dewetted under a toluene atmosphere, is shown as a
function of the in-plane wave vector g,. The GISANS
experiment was performed at wavelengths of 0.7 nm,
1.0 nm and 1.4 nm. The different intensities mainly
result from the changes in the incident flux after

changing the wavelength. Each out-of plane scan shown
was measured at one fixed ¢, position, which corre-
sponds to an exit angle, o, which is smaller than the
critical angles of Si and dPS. Thus we are extremely
sensitive towards the surface morphologies created by
the dewetting structures. In the case of one most
prominent in-plane length scale, &, the out-of-plane
scan exhibits a peak at the corresponding position
gpeak = 2m/&. As can be seen in Fig. 3 the position of this
maximum intensity shifts with increasing wavelength
towards smaller ¢, values. This shift originated from an
improvement in the experimental resolution. Thus the
correct position of gpeax is only determinable at 1.4 nm
without further data correction. If the measured peak
appears near the resolution limit, the value of gpeax has
to be determined by deconvolution of the data with the
experimental resolution function.

Log-log plots of the intensity distribution of out-of
plane scans measured at g. = 0.114nm~' are shown in
Fig. 4. The cuts were performed at exit angles
o = o (PpMS) < a(Si), which also corresponds to exit
angles below the critical angle of dPS. The intensity has
been integrated in a vertical direction over a slice of
Ag. = +4.78 x 103 nm~! to improve the statistics. Be-
cause the Fresnel transmission functions act in this
geometry only as overall scaling factors, the intensity is
given by the PSD function of an “effective surface” [43].
For comparison the master curve obtained from the
AFM data is shown. Due to the same surface topogra-
phy of dPS and of the blend sample as measured by
AFM the master curves of both are the same and only
one is shown.
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Fig. 3 Influence of the wavelength used on the resolution of the most
prominent in-plane length scale. Horizontal slices from the 2D
intensity distribution of the dewetted dPS sample are plotted on a
double logarithmic axis. Measurements at wavelengths 0.7 nm
(crosses), 1.0 nm (circles) and 1.4 nm (triangles) are compared. The
resolution limit is shown by a dashed line (given number corresponds
to the wavelength used). In addition the low background resulting
from the empty sample holder (dots) is shown
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Fig. 4 a Comparison of the GISANS data from dPS (triangles) and
PpMS:dPS (filled squares) samples dewetted after storage under
toluene vapor. Within the resolvable length scale range one most
prominent in-plane length, &, is detected at the marked position. The
master curve from the AFM data (crosses) exhibits this in-plane length
as well. The dashed line indicates the resolution limit. All curves
are shifted for clarity. b Comparison of the GISANS data from
dPS (triangles) and PpMS:dPS (filled squares) samples dewetted after
annealing above the glass-transition temperature. Within the resolv-
able length scale range two dominant in-plane length scales, & and &,
are marked with arrows. The master curve from the AFM data
(crosses) exhibits only one in-plane length, &;. The dashed line indicates
the resolution limit. All curves are shifted for clarity

The PSD function measured for the samples dewetted
under a toluene-vapor atmosphere are shown in Fig. 4a.
A wavelength of 1.4 nm was used to resolve the peak in
the PSD function without influence due to the resolution
limit. On comparing GISANS measurements from the
dPS sample and AFM measurements both the PSD
function and the master curve exhibit a quite similar
shape which is dominated by a well-pronounced peak
(marked by “I’’). In the master curve on the right-hand
side of the peak a shoulder is visible which is not present
in the scattering data. It might be attributed to a

smeared-out form factor contribution related to the
droplet shape. From the absence of the shoulder in
the scattering spectrum it can be concluded that
AFM always measures local information. The well-
pronounced peak results from the most prominent in-
plane length scale, ¢ = 525 + 5Snm, and is related to the
mean distance of the droplets; thus, each droplet consists
of several polymer molecules [15, 18]. The GISANS data
from the blend sample show a peak at the same positions
containing the topological information. Additionally the
intensity increases towards smaller g, values and we
observe a second peak inside the resolution limit. This
peak is not present in the data from the dPS sample or
in the AFM data. It results from length scales which
are larger than the resolution limit. Therefore in the
dewetted confined blend film in-plane lengths longer
than 3.3 um are present, suggesting the existence of
a superstructure. From the measured data no actual
number for this large length scale can be given. Further
measurements at even longer wavelengths will be
required to resolve the actual value.

Data taken from samples dewetted by annealing
are compared in Fig. 4b. Both measurements, dPS
and PpMS:dPS, exhibit one peak at a ¢, position
corresponding to an in-plane length scale of & =
(293 £ 5) nm (marked “I”’). Additionally the PpMS:dPS
sample shows a second peak resulting from a smaller
length scale of &; = (171 £2)nm (marked “II"’) which
appears to have a smaller full width at half-maximum
due to the logarithmic x-axis. The intensity of the second
peak is weak compared to the peak originating from ¢,
but is well above the noise level. The symbol size gives
an impression of the uncertainty of the data in the
y-range of the second peak. It should be noted that in
the master curve from the AFM data this peak at & is
invisible, whereas the peak at & is even more pro-
nounced; thus &; corresponds to a topographical and &
to a composition length scale. To detect this substruc-
ture with increased statistics both scans were measured
at 0.7 nm which enlarges the resolvable length scale
regime towards smaller in-plane lengths. Due to the
more irregular surface topography (cf Fig. 2a, b) the
peak in the PSD function from GISANS compared to
that in the master curve from AFM is not that well
pronounced. The larger length scales were not measured
by AFM due to the small scan range compared to the
coherently illuminated surface area in GISANS. In the
scattering data they yield an increase in intensity
towards smaller ¢, values. The composition substructure
observed suggests an internal structure with regular
distances. In a thick-film system the minimization of the
surface free energy yields segregation of the polymer
with the lower surface tension at the surface. In a two-
dimensional system the surface is replaced by the
contact line and segregation at the contact line reduces
the free energy. Additionally, the isolation of polymer
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chains in a perpendicular direction forces a local phase-
separation process [45]. Due to the strong confinement
the system investigated can be regarded as two-dimen-
sional. Each irregularly shaped droplet consists of
several dPS and PpMS molecules which internally
arrange to interact differently with the substrate. PpMS
has a smaller surface tension compared to dPS [46].
After annealing in PpMS:dPS blend films with film
thicknesses well above R,, segregation of PpMS at the
surface was observed [18]. Thus it seems reasonable that
phase separation during annealing yields segregation of
PpMS at the contact line of the individual droplets. This
regular structure gives rise to the observed composition
length scale at &;. Additionally, during toluene-vapor
treatment the interaction with the interpenetrated
toluene molecules has to be taken into account. This
might be the origin of the absence of a well-defined
internal composition of the droplets.

Summary

In the case of confined homopolymer as well as polymer
blend films the surface topography of the dewetted
samples exhibits one most prominent in-plane length
scale which corresponds to the mean distance of the
droplets. AFM and GISANS are both able to resolve
this in-plane length, which can therefore be regarded as

representative for the whole sample. The droplets
created by annealing are more irregular in their
contact line compared to the ones which result from
toluene-vapor treatment. The polymer blend samples
additionally have composition inhomogeneities due to
a phase-separation process; this cannot be detected by
AFM. A smaller substructure in the case of the annealed
samples and a larger super structure in case of the
toluene-vapor-treated samples is detected with GISANS.
Thus, in confined blend films of PpMS:dPS there is some
trend to phase separation although the dewetting itself is
not driven by the polymer incompatibility. GISANS
combines the typical advantages of neutron experiments
with advanced scattering techniques commonly used
with X-rays. It is well suited to probe the roughness
spectrum from a molecular to a mesoscopic in-plane
length scale by tuning the wavelength used. Addition-
ally, it provides information about the internal compo-
sition of the samples examined. On the other hand,
GISANS experiments can only be performed at a limited
number of experimental facilities since a high intensity
and an excellent collimation are needed.
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