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Volume Imaging of an Ultrathin SBS Triblock Copolymer Film
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ABSTRACT: We use scanning force microscopy and stepwise erosion in a radio-frequency (rf) plasma to
obtain a three-dimensional volume image of an ultrathin poly(styrene-b-butadiene-b-styrene) triblock
copolymer film. The free surface of the film exhibits domains of two distinctly different structures, i.e.,
hexagonal arrays of isolated dots and parallel stripes. A common forehand interpretation relates these
surface morphologies to a cylindrical microdomain morphology with the cylinders oriented perpendicularly
and parallel to the plane of the film, respectively. In contrast, our experiments show that the “dots”
merge into parallel cylinders at some distance underneath the film surface. These results demonstrate
that care has to be taken when the thin film morphology of block copolymers is inferred from their surface

structure.

Introduction

Block copolymers represent an interesting class of
materials due to their potential to self-assemble into
highly ordered microdomain morphologies with char-
acteristic dimensions on the molecular scale.? While
the bulk of such materials is often characterized by a
multidomain structure resembling the situation in
polycrystalline materials, the microdomain morphology
of thin copolymer films has been found to be strongly
influenced by the boundary surfaces.®~5 It was shown
that small differences in interfacial energy between the
different blocks at both the substrate surface and the
free surface tend to align the resulting microdomains.
In the case of symmetric diblock copolymers, effective
alignment of the lamellae parallel to the plane of the
films was observed.? In addition, geometrical constraints
have been found to play a decisive role in thin films
whenever the film thickness is of the same order of
magnitude as the characteristic equilibrium domain
size 68

While thin films of symmetric diblock copolymers
have been studied quite extensively over the past 10
years,® the more complex situation of asymmetric AB
diblock and ABA triblock copolymer thin films has only
rarely been investigated.8~14 First studies of surfaces
and thin films of block copolymers containing more than
two species have only recently been reported.’>16 In
contrast to the effectively one-dimensional nature of a
perfectly aligned lamellar structure, the more complex
systems tend to form more complex three-dimensional
microdomain morphologies even in thin film geometry.
Moreover, the symmetry of the bulk domain morphol-
ogies will generally be broken at the interfaces confining
the film, e.g., by a wetting layer of one of the polymer
components.8911 The situation becomes even more
involved when defects and nonequilibrium morphologies
have to be taken into account. In all these cases,
experimental tools are needed which provide a three-
dimensional volume image of the thin film morphology
with a spatial resolution in the nanometer regime.

Plane-view transmission electron microscopy (TEM)
can be used for thin film studies provided that the films
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can be prepared on TEM grids® or transferred from the
substrate of interest onto the grid.1>12 However, only
projections along a given axis (typically the surface
normal) are obtained, and composition variations along
this axis are difficult to analyze. Such variations can
be imaged by cross-sectional TEM, however, on cost of
the lateral information within the plane of the film.
Various depth profiling techniques are available to
study the (laterally averaged) material distribution
perpendicular to the plane of the film!” with high spatial
resolution. In principle, a suitable combination of such
techniques does allow to establish the full three-
dimensional morphology of a perfectly ordered block
copolymer film. The same holds when techniques such
as scanning electron microscopy (SEM) and scanning
force microscopy (SFM) are combined with layer by layer
removal of the films, e.g., by plasma etching.182° One
has to realize, though, that details of defects and partly
disordered structures are only accessible when the same
area of the specimen is imaged after successive erosion
steps.

In the present paper, we apply the recently developed
nanotomography technique?! to image the details of the
three-dimensional morphology of a thin film of poly-
(styrene-b-butadiene-b-styrene) (SBS). Nanotomography
is based on a combination of SFM imaging and stepwise
erosion of the sample in a rf plasma. Both the surface
topography and some sort of material contrast are
determined at a given area of the sample after each
erosion step. Therefore, neither large-scale surface
topography features inherent in the sample nor surface
roughness limits the imaging capabilities, and in con-
trast to earlier work,18-20 3 three-dimensional volume
image of the material distribution within a certain
volume of the specimen can be reconstructed.

The bulk equilibrium morphology of the material
under study is a hexagonal array of polystyrene (PS)
cylinders embedded within a polybutadiene (PB) ma-
trix.22 In thin films, two possible morphologies have
been reported in the literature, with the cylinder axes
lying in plane or standing perpendicular to the plane
of the film!1~14 (Figure 1). Because of the large difference
in the glass transition temperature between PS and PB,
the material distribution in the near-surface region of
the films can easily be determined by phase contrast
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Figure 1. Schematic presentation of possible thin film morphologies of block copolymers exhibiting a cylindrical mircodomain
structure. The left-hand side shows the thickness regime studied in the present work, while the right-hand side refers to the
thickness regime studied by van Dijk and van den Berg.® The top part shows the surface morphologies corresponding to different
film thicknesses as they typically appear in SFM TappingMode phase images. The two models show different “bulk” morphologies
of the films which lead to the same surface structure. Model 1 was suggested by van Dijk and van den Berg,*® while model 2 is

based on the experimental results described in the present work.

TappingMode SFM measurements.'* As indicated sche-
matically in Figure 1, regularly spaced, stripelike pat-
terns are typically obtained, if the cylinders lie parallel
to the film surface. In contrast, if the cylinders are
oriented perpendicular to the film surface, the SFM
phase images are characterized by a hexagonal array
of dots (i.e., the cylindrical cores) embedded in a
continuous second phase (i.e., the matrix phase). It is
commonly accepted that the reverse conclusion is valid
as well, and accordingly, surface morphologies obtained
by SFM have been used to establish volume morphol-
ogies.’® As we shall show in the following, this conclu-
sion need not be correct; i.e., the observation of a
hexagonal array of dots at the film surface does not
necessarily imply that the film morphology consists of
cylinders standing perpendicular to the plane of the
film. We shall discuss this finding in view of the
published literature on this system.

Experimental Section

Poly(styrene-b-butadiene-b-styrene) (SBS) was obtained
from Polymer Source Inc. The PS, PB, and PS blocks had
weight-averaged molecular weights of 14K, 73K, and 15K,
respectively, and a polydispersity of 1.02. In bulk the PS blocks
self-organize into cylinders of about 24 nm diameter embedded
within a PB matrix. Viewed along their long axes, the cylinders
form a hexagonal lattice with a mean distance of ~42 nm
between two next-nearest cylinders. An SBS film was prepared
on a polished silicon wafer by spin-casting (2500 rpm) from a
1 wt % toluene solution. For equilibration and long-range
ordering of the SBS microdomain structure the sample was
exposed to saturated chloroform vapor for 30 min.

The lateral distribution of PS and PB near the film surface
was imaged with scanning force microscopy (SFM) operated
in TappingMode. All experiments were performed on a Digital
Instruments Dimension 3100 scanning force microscope using
standard Silicon cantilevers (NANOSENSORS Dr. Olaf Wolter
GmbH). The free amplitude of the cantilever was set to about
35 nm, and a set-point ratio of about 95% was chosen. A phase
image ¢(x,y) was recorded in addition to the surface topogra-

phy z(x,y). Some of the SFM data (Figure 3) were flattened
(third order) and filtered (low pass) to improve the image
quality. The phase images reflect lateral differences in the
mechanics of the tip—sample interaction which differs consid-
erably between PS and PB due to the large difference in their
glass transition temperatures T4.'* At room temperature PS
(Tg =~ 100 °C) is much stiffer than PB (with 1,4-addition Ty ~
—105 °C). Therefore, the phase image can be interpreted as a
high-resolution map of the near-surface distribution of PS and
PB.

For volume imaging thin layers of the block copolymer were
successively removed by plasma etching, and TappingMode
SFM images were taken at the same spot after each etching
step.?! A spot was chosen with characteristic landmarks within
and nearby the imaged area which helped finding the same
spot again after ex-situ plasma etching. For plasma etching
the specimen was placed in a Harrick PDC-32G plasma cleaner
which was then operated with air at 1.5 mbar pressure and
60 W rf power for 25 s. The average etch rate amounted to 6.7
nm per step. The result of this procedure is a stack of
TappingMode phase images ¢n(x,y) reflecting the material
distribution near the surfaces z,(x,y) (n is an integer). From
this stack of images, a three-dimensional volume image of the
PS and PB distribution was reconstructed.

Results

In Figure 2a, we show an SFM topography image
exhibiting the coarse grain morphology of the SBS film
after exposure to chloroform vapor. The film develops
two distinct thicknesses of some 70 nm (bright areas)
and 45 nm (dark areas). Each film thickness is charac-
terized by a distinct surface micromorphology. This can
be seen in Figure 2b, where the phase contrast image
of a 2.5 x 2.5 um? detail of Figure 2a is shown. The
surface of the thicker regions is characterized by an
array of isolated dark dots in a continuous gray back-
ground. The surface of the thinner regions, on the other
hand, is characterized by a stripelike pattern of gray
and dark stripes. The average distance between the
stripes amounts to 39.8 + 0.8 nm (see Table 1). We may
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Figure 2. (a) SFM TappingMode topography image (10 x 10
um?) of a thin SBS triblock copolymer film after treatment in
chloroform vapor. The gray scale ranges from 0 to 50 nm. (b)
SFM TappingMode phase contrast image of the detail of (a)
indicated by the white box (2.5 x 2.5 um?). The gray scale
ranges between 0 and 10°.

identify the dark regions in the phase image as PS
microdomains. This assignment is based on the fact that
PS is the minority component in the block copolymer
and that it is therefore expected to form isolated
microdomains in a continuous PB matrix phase. The
assignment is further corroborated by comparison with
phase images of PS/PB homopolymer blends investi-
gated under identical imaging conditions at light tap-
ping (set point ~ 99—95%), where the PS domains
appear darker than the PB domains. At harder tapping
conditions, i.e., at smaller set points, PS appears
brighter than PB.

So far our experimental findings resemble the results
of van Dijk and van den Berg,'® who studied thin films
of a similar material. They also reported the spontane-
ous formation of different film thicknesses characterized
by stripes and dots, respectively. The authors explained
their results by the assumption that the dotted surface
morphology relates to cylinders oriented perpendicular
to the plane of the film. This orientation should occur
whenever the film thickness does not allow to accom-
modate an integer number of layers of lying cylinders
(see Figure 1, model 1). Following the same reasoning,
the data shown in Figure 2b could also be explained by
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Figure 3. SFM TappingMode topography (A—H) and phase
(a—h) images prior to plasma etching (A, a) and after succesive
etching steps (B—H, b—h). The average etching depth is
indicated in the top left of the topography images. The imaged
area is 0.5 x 1 um?2. The location of this area is indicated by
the white box in Figure 2b.

two different cylinder orientations, i.e., parallel to the
plane of the film (in the thinner regions) and perpen-
dicular to the plane of the film (in the thicker regions).

To check the above hypothesis experimentally, we
have investigated a smaller area of the film (indicated
by the white box in Figure 2b) by nanotomography.?
The investigated area was chosen such that it contained
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Table 1. Film Thickness h, Distance between
Next-Nearest Stripes (astr) and Dots (apoT), and Ratio

apot/astr
h (nm) asTr (nm) apor (nm) aDOT/aSTR
This Work
Figure2 45+2 39.8£0.8 1.09 +0.03
45—-60 435+ 0.9

van Dijk and van den Berg (1995)2
Figure 12 140+22 31.1+0.6® 365+25° 1.174+0.08
Figure 32 42 + 12 35.9+0.6° 1.15+0.03¢
Figure 53 392 38.4+0.8 1.22+0.03
642 31.5+04

a Reference 13. ® Only very few dots are present in Fig. 1 of ref
13. Therefore, the error of this value is larger than that of the
other values. ¢ Value given in ref 13 multiplied by 1.155. 9 Deter-
mined assuming astr = 31.1 + 0.6 nm.

regions of both stripes and dots. For volume imaging,
the sample was removed from the SFM, exposed to the
rf plasma for 25 s, and imaged again. This procedure
was repeated eight times. After the sixth plasma etching
step, the remaining film thickness was determined
relative to the underlying substrate. From this value
an average etching rate of 16 £ 0.7 nm/min and an
etching depth of 6.7 + 0.3 nm/step were calculated. The
average etching rate agrees well with the etching rates
of the respective homopolymers, weighted by the volume
ratio between the two blocks. The etching rates of PS
and PB homopolymers were determined in separate
experiments to 9.8 + 0.4 and 19.7 + 0.5 nm/min,
respectively. The result of the nanotomography experi-
ment is displayed in Figure 3, where topography and
phase images are shown prior to etching (Figure 3A,a)
and after successive etching steps (Figure 3B—H,b—h).

Before we discuss the data in detail, we point to the
major qualitative result of this experiment. Prior to
etching and after the first few etching steps (Figure
3A,a—D,d), the right half of the phase images is
characterized by a “dotted” morphology. After successive
etching, however, the stripelike pattern extends over the
entire area of the images, and hardly any isolated
dotlike structures are visible. This finding clearly
contradicts the above assumption that the dots relate
to cylinders oriented perpendicular to the plane of the
film (Figure 1, model 1). The microdomain morphology
of the film is obviously more complex involving “lying”
cylinders close to the substrate and some characteristic
near-surface morphology leading to the observed dotted
surface structure. A schematic structural model based
on this finding is depicted in Figure 1, model 2. Model
2 is further corrobated by the fact that pure PB is etched
faster than pure PS. Therefore, after etching of SBS the
PS domains form protrusions, and in particular the PS
necks on PS cylinders become clearly visible in the
topography images shown in Figure 3B—D. In particu-
lar, our results demonstrate that measurements of the
surface structure alone do not allow to draw straight-
forward conclusions on the “bulk” morphology of a thin
film.

Despite this unambiguous result, the data displayed
in Figure 3 (the phase images in particular) bear some
peculiarities caused by the TappingMode technique. At
first, we find that details of the microdomain morphol-
ogy are well resolved in the SFM images, and one can
follow these details from image to image through
successive etching steps. Characteristic defects, e.g., in
the stripe pattern visible in the left half of the images,
are seen throughout the entire set of images, clearly
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demonstrating that the same spot has been imaged
throughout the procedure. While this finding demon-
strates the general feasibility of the experimental ap-
proach, the same set of data unravels some character-
istic problems which occur if one tries to image the same
spot of a sample several times using SFM TappingMode
phase imaging. While Figure 3a,b,d is characterized by
isolated dark dots, in Figure 3c,e,f,g the same area
exhibits isolated bright dots in the phase image. This
problem of “phase inversion” is a common phenomenon
in SFM studies of polymer surfaces;42324 however, it
is rarely discussed in detail. In general, the phase signal
on soft surfaces is determined by both parameters
characterizing the oscillating tip (such as sharpness,
guality factor of the cantilever, its absolute amplitude,
and drive frequency) and parameters describing the
surface (stiffness, viscoelasticity, adhesion). In additon,
parameters characterizing the feedback loop and the
scanning speed of the tip also play a role. If all
parameters are kept constant, the sign and magnitude
of the phase signal can be controlled by the cantilever
amplitude set point in a reproducible way.

The nanotomography approach chosen here requires
that the same spot of the samples is imaged many times
with very high quality, despite the fact that the sample
is removed from the SFM and treated in a plasma
between successive imaging steps. In this situation it
appears extremly difficult to keep all parameters con-
stant. We observe that tiny changes of the set point
between successive etching steps can easily lead to the
observed phase inversion. Uncontrolled changes in the
surface chemical composition due to the plasma etching
add to the problem of establishing identical imaging
conditions after each etching step. In addition, the
conditions of the tip (e.g., temporary take-up of some
polymeric material) may change as well in an uncon-
trolled manner.?>

The phenomenon of phase inversion (which is more
likely to occur under light tapping conditons) as well
as the fact that the contrast in the phase images varies
from image to image has to be taken care of before a
three-dimensional image can be reconstructed from the
data displayed in Figure 3. Since we are interested in
the spatial distribution of the PS/PB ratio f (which
varies between 0 and 1), we take a pragmatic approach
and assume the measured phase image ¢n(x,y) to be a
linear function of the PS/PB ratio fn(X,y), i.e., gn(X,y) ~
@a fa(X,y) + @o. The two parameters ga and ¢o depend
on the actual tapping conditions and may change from
image to image (see Figures 2 and 3 and the discussion
above). Since the average etching step (6.7 nm) is
considerably smaller than a typical block copolymer
domain size (24 nm), the maps of the PS/PB ratio are
expected to change continuously from image to image.
Therefore, for further processing, the contrast of the
phase images in Figure 3a,b,d was inverted. By this
means, in all images bright and dark areas correspond
to PS and PB microphases, respectively. Furthermore,
we subtract the average phase value ¢ from each scan
line by fitting a third-order polynomial to it and
subtracting it thereafter. This “flatten” procedure cor-
rects for changes in ¢o and results in an average value
[n(x,y)O= 0 in all images.2® Finally, all phase images
were normalized to a constant standard deviation of the
phase about [gn(x,y)(= 0 in order to establish the same
phase contrast in all images. This corrects for differ-
ences in @a between different images and results in a
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the arrows in Figure 3 after normalization of the phase values
and image registration (see text). The black arrow indicates
the reference points used for image registration. The black
numbers indicate the average etching depth relative to the
original surface of the film.

quite uniform mapping of gray values to the PS/PB-ratio
fa(x,y). For image registration (alignment), reference
points (arrows in Figure 3) have been chosen such that
the correlation coefficient between areas around the
reference points in successive images is maximized.?”
The images were aligned by lateral displacements
according to these reference points. In Figure 4 we show
the resulting set of phase images after normalization
and registration. The black arrows indicate the respec-
tive reference points.

For three-dimensional representation, the phase dis-
tribution ¢(X,y,z) was determined by combination of the
information contained in the normalized phase images
@n(X,y) with the information on the respective topogra-
phy images zn(x,y). From ¢(x,y,z) we calculated the
isosurfaces surrounding the points (x,y,z) with a phase
value ¢(x,y,z) > @+ ¢t is a threshold value, which was
set to zero in the present case. The enclosed volume can
then be interpreted as the PS microdomains. The
resulting three-dimensional image of the sample is
displayed in Figure 5. Wherever the boundary surfaces
of the imaged volume cut through a region with ¢ > ¢,
the color relates to the normalized value of the phase
at the respective surface. As an example, the gray values
at the top surface of the volume displayed in Figure 5
relate to the phase image of the untreated surface of
the film (Figure 4a). Figure 5 nicely demonstrates the
feasibility of the nanotomography approach for three-
dimensional imaging of polymeric microstructures with
a spatial resolution of some nanometers along all three
spatial directions. Although Figure 5 does not add any
new information beyond Figures 3 and 4, we want to
emphasize that the use of image processing software is
of great advantage for the analysis of the data ¢(x,y,z)
obtained from the SFM images. By choosing different
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Figure 5. Three-dimensional representation of the phase
values ¢(x,y,z) reconstructed from the data displayed in Figure
4 and the corresponding topography images. The isosurface
surrounds the regions with ¢(x,y,z) > 0.

viewpoints, color tables, and phase threshold values ¢,
the detailed three-dimensional microdomain structure
can be investigated in a much easier comprehendible
way then just by looking at the series of SFM images
as displayed in Figures 3 and 4. These advantages
become very obvious by interactive visualization of the
data on a suitable computer.

Discussion

We now return to a discussion of the central result of
the data displayed in Figures 3—5. We observe a
complete layer of cylinders oriented parallel to the
substrate which in thicker regions of the film develop
necks extending to the film surface. The resulting thin
film structure is schematically depicted in Figure 1
(model 2). Our experimental finding clearly contradicts
the notion of entire cylinders oriented perpendicular to
the plane of the film as put forward in ref 13 (Figure 1,
model 1). Furthermore, if the dots observed at the
sample surface correspond to necks evolving from lying
cylinders underneath, they have to be organized in rows
with a characteristic inter-row distance equal to the
distance between the stripes astr. This is indeed
observed in our experiments as well as in the experi-
ments by van Dijk and van der Berg.'® Consequently,
since the dots exhibit some hexagonal order, the near-
est-neighbor distance between dots, apor, must differ
from the nearest-neighbor distance between stripes by
a geometrical factor of (apot/astr) = 2/7/3 ~ 1.155. This
is in agreement with a quantitative analysis (see Table
1) of the SFM data shown in Figure 2 as well as the
data of van Dijk and van den Berg (Figures 1, 3, and 5
in ref 13). Although van Dijk and van den Berg stated
that the spacing between dots and stripes was equal,
careful analysis of their SFM images shows that this is
not the case. Evidently, the authors misinterpreted the
2D Fourier transforms of the hexagonal dot structure.
Indeed, the Fourier transforms revealed a characteristic
spacing equal to the spacing observed between stripes
on the surface. It has to be realized, however, that the
characteristic peaks in the 2D Fourier transform of a
hexagonal lattice correspond to the distance between
lines of dots (which is equal to aDOT«/§/2) rather than
to the dot—dot nearest-neighbor distance apot. The ratio
between the two amounts to the factor +/3/2, so the
error canceled and the authors were not led to question
their results.
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We summarize that both our own experiments and
the earlier work on SBS thin films® show that the
nearest-neighbor distance between the dots (apoT) 0b-
served at certain film thicknesses is larger by a factor

of 2/+/3 compared to the distance between the stripes
(astr) in other regions of the film. If one assumed the
bulk hexagonal packing of cylinders to be present in the
thin film in two different orientations, this finding would
imply that for at least one of the cylinder orientations
a deformation with respect to the bulk structure is
present throughout the whole film. Qualitatively, such
a deformation will lead to a higher state of free energy
of the system. It is therefore questionable whether such
a situation is likely to occur at all in ultrathin films. In
contrast, when necks form (model 2), only the topmost
layer with a thickness corresponding to about one-half
of a full cylinder layer deviates from bulk morphology.

It is worth mentioning that the sample preparation
procedure carried out by van Dijk and van den Berg!®
(thermal annealing) differs quite significantly from the
solvent vapor treatment used in the present work. The
fact that the resulting surface structures are quantita-
tively similar to the ones described here indicates that
the formation of “necks” emerging from parallel cylin-
ders may indeed be a general phenomenon in thin SBS
films. Further experiments using the nanotomography
approach on thermally annealed samples of different
film thickness will be needed to clarify this issue. For
the present, we only note that immediate conclusions
from surface morphology to volume structure are not
straightforward and may lead to wrong results even in
the case of “simple systems”.

Conclusion

Using a novel combination of SFM imaging and
plasma etching,?® we were able to establish a three-
dimensional real-space image of a thin SBS triblock
copolymer film. We observe cylindrical microdomains
oriented parallel to the substrate for a film thickness
of about one cylindrical diameter. In thicker regions,
these cylinders develop necks extending to the film
surface. This work clearly demonstrates that care has
to be taken when deducing bulk morphologies from
measurements on the surface of a specimen. The method
of nanotomography extends SFM measurements to real-
space volume imaging. Together with suitable image
processing routines, it can help visualize and under-
stand complex mesophase morphologies in block copoly-
mers, polymer blends, and related systems. This seems
particularly interesting for the study of defects and
nonperiodic structures as well as thin films.
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