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We experimentally establish a phase diagram of thin films of concentrated solutions of a cylinder
forming polystyrene-block-polybutadiene-block-polystyrene triblock copolymer in chloroform.
During annealing the film forms islands and holes with energetically favored values of film
thickness. The thin film structure depends on the local thickness of the film and the polymer
concentration. Typically, at a thickness close to a favored film thickness parallel orientation of
cylinders is observed, while perpendicular orientation is formed at an intermediate film thickness. At
high polymer concentration the cylindrical microdomains reconstruct to a perforated lamella
structure. Deviations from the bulk structure, such as the perforated lamella and a wetting layer are
stabilized in films thinner than'1.5 domain spacings. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1627324#

I. INTRODUCTION

Supramolecular self-assembly is widely used in nature to
build highly regular and complex structures with dimensions
much larger than the dimensions of the molecules. Block
copolymers are an interesting model system to study this
phenomenon because one is able to precisely control the ar-
chitecture of the molecules. Furthermore these systems self-
assemble into patterns with length scales of 5–100 nm,
which might be interesting for a variety of applications, for
instance, lithographic masks1–6 and templates for nanostruc-
tured inorganic materials.7–9 For a popular review on these
topics, see Ref. 10.

A block copolymer is built from two or more polymeric
chains ~blocks!, which are chemically different and co-
valently attached to each other. Their phase behavior is con-
trolled by the interaction between the blocks and the relative
lengths of the blocks. If the incompatibility is large enough
the polymer microphase separates and forms ordered struc-
tures depending on the relative volume fraction of the
blocks, e.g., lamellae, gyroid, cylinders, or spheres. The size
of the nanostructures can be adjusted within a certain range
by the overall molecular weight of the block copolymer~for
recent reviews, see Refs. 10–12! and by addition of
homopolymer.13,14 An interesting application of these fea-
tures is the use of block copolymer films for lithographic
purposes2–6 and/or templating of inorganic structures.7–9 The
patterns may be aligned by the use of external electric
fields,15 topographic templating,16 and surface patterning.17

All these processes rely on the control of pattern formation
of the block copolymer in thin films and therefore on a good
understanding of the underlying physics.

The presence of a surface or interface is known to influ-
ence the microdomain structure in the vicinity of the surface,
even if the bulk is not ordered.18 Generally, the block with
the lower surface energy tends to accumulate at the surface.
This preferential attraction to the surface~the surface field!
typically leads to an alignment of the structure~lamellae,
layers of cylinders, layers of spheres! parallel to the inter-
face. In some cases this alignment extends over a large dis-
tance into the bulk of the material.19 In addition to alignment,
the presence of a surface can also modify the microdomain
structure close to the surface, similar to surface reconstruc-
tions known from classical solid state physics. This has first
been observed for cylinder forming systems. If the minority
component has a sufficiently lower surface energy than the
majority component, a wetting layer is formed at the surface
allowing the low surface energy phase to completely cover
the surface.20 In the opposite case, when the majority com-
ponent is favored at the surface, it was predicted that the
cylinders next to the surface may transform to one layer of a
perforated lamella21,22 or a lamella.23 In lamella forming
ABC triblock copolymers a complex surface reconstruction
was observed for the case that the middle block has the low-
est surface energy.24,25

In a thin film the copolymer material is confined to a
certain film thickness, which gives rise to additional effects:
If the film thickness deviates from an integer multiple of the
characteristic spacing, the microdomains need to thicken or
compress, which leads to an increase of the free energy by
entropic contributions. Therefore supported as well as free
standing films form regions of different film thickness~ter-
races!, which correspond to an integer multiple of the natural
microdomain layer spacing. This has been observed for
lamella,26 cylinder,27 and sphere19 forming systems.

If the film is not free to adjust its local film thickness,
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i.e., in the case of two solid interfaces, the difference in the
interfacial tension of the blocks controls the thin film behav-
ior. For lamella forming systems a large surface field forces
the lamellae to stretch and adapt a new, commensurable layer
spacing.28 In the case of a weak surface field, lamellae ori-
ented perpendicular to the substrate.29,30 In cases where the
two interfaces favor different orientations, both can coexist
and a mixed~hybrid! microdomain structure is stabilized.31,32

Cylinder forming block copolymers show a more com-
plex phase behavior in thin films. In the case of a weak
surface field, the bulk microdomain structure is not signifi-
cantly altered and the orientation behavior of cylinders is
analogous to lamella forming systems. When the surfaces
preferentially attract the majority block, the cylinders align
parallel to the substrate.27,33–35Otherwise, half cylinders may
form.36 A perpendicular orientation of cylinders, however,
has been stabilized only with the help of an electric field8 or
by fast drying in solvent cast films.34,35,37

In the case of strong surface fields, a variety of devia-
tions from the bulk structures has been observed. If the mi-
nority block has the lower surface energy a transformation to
a wetting layer~a half lamella!20 and a lamella38 have been
observed in very thin films. If the majority block is accumu-
lated at the surface, a perforated lamellar phase has been
reported in free standing films.38 Also mixed ~or hybrid!
structures, such as cylinders with necks39 and spheres on top
of a perforated lamella layer40 as well as an ‘‘inverted
phase’’41 have been observed. Furthermore, in films thinner
than a natural microdomain spacing, a disordered phase was
observed.42 Various models have been developed21–23,43–48to
describe different aspects of this complex phase behavior.
However, it remained unclear which of the reported phenom-
ena are specific to the particular system and/or route of film
preparation and which are general behavior.

In a previous letter we presented a unifying description
of the phase behavior in thin films of cylinder forming block
copolymers.49 With experiments and computer simulations
based on dynamic density functional theory we showed that
the phase behavior in thin films of cylinder forming block
copolymers can be understood by the interplay between sur-
face reconstructions and confinement effects. In this paper
we give a full account on the experimental part of our work.
A full account on the corresponding simulation results is
given in a separate article.50

The outline of the paper is as follows: We first show that
chloroform is a nonselective solvent for our system, which
does not alter the bulk microdomain structure of our polymer
in the considered range of dilution. Therefore it merely in-
troduces mobility to our system. We show how the thin film
forms regions of preferred thickness to minimize its free en-
ergy. In situ measurements prove the existence of mi-
crophase separation inside the thin films during annealing,
i.e., in the swollen state. They also show that the micro-
domain structure is preserved during the drying process of
the swollen films. We then systematically analyze and iden-
tify the microdomain structure as a function of film thickness
and polymer concentration and establish a phase diagram for
our system.

II. EXPERIMENT

A. Materials

We have studied thin films of a polystyrene-block-
polybutadiene-block-polystyrene~SBS! triblock copolymer
swollen in chloroform vapor. SBS was obtained from Poly-
mer Source Inc. with molecular weightsMw,PS514 kg/mol,
Mw,PB573 kg/mol, andMw,PS515 kg/mol ~PS is polysty-
rene, PB is polybutadiene!. Taking into account the densities
of the homopolymers~1.05 g/cm3 for PS and 0.93 g/cm3 for
PB!51 the volume fraction of PS isFPS50.26. PS and PB
homo-polymers used for ellipsometry were obtained from
Polymer Standard Service~Mainz, Germany! with molecular
weights ofMw,PS5520 kg/mol andMw,PB547 kg/mol.

For scanning force microscopy~SFM! and ellipsometry
experiments, polished silicon substrates were cut from wa-
fers, cleaned in fresh 1:1 H2SO4(conc.!/H2O2 (30%) solu-
tion, thoroughly rinsed in boiling and cold Millipore water,
and finally cleaned with a Snowjet®.

B. Small angle x-ray scattering

The bulk microdomain structure of concentrated SBS so-
lutions in chloroform was investigated using small angle
x-ray scattering~SAXS!. All measurements were performed
at the ID2A beamline at the European Synchrotron Radiation
Facility ~ESRF, Grenoble, France!. The energy of the beam
was set at 12.5 keV. SAXS spectra were measured of SBS
solutions in chloroform at different polymer weight fractions.
Solutions of 30, 40, and 50 wt % SBS and a bulk sample
were prepared. Dilute solutions were either injected into a
chamber with microscope slides as windows~30 wt %! or
directly prepared in capillaries with 2 mm diameter~30 and
40 wt %!. At high concentrations~40 and 50 wt %! injection
was not possible due to the high viscosity of the solution. For
these concentrations a droplet of the solution was put directly
into the beam and immediately measured. The bulk sample
was prepared by slowly drying a SBS solution inside a cap-
illary. Due to the high scattering cross section of the chlorine
atoms and the long pathway for the beam through the cham-
ber of 5 mm, imaging times of 3–5 s had to be chosen for the
samples not prepared in capillaries.

C. Thin film preparation

For ellipsometry measurements, polymer films of PS,
PB, and SBS were spin-cast from toluene solutions~2 wt %!
yielding an initial film thickness of about 125 nm.

To study the thin film phase behavior of SBS, films were
spun cast from toluene solution onto polished silicon sub-
strates. Solutions with 0.25, 0.5, 0.75, 1, 1.5, and 2 wt % SBS
and a spinning speed of 2000 rpm were used. This procedure
resulted in films with a thickness of about 12, 25, 35, 50, 80,
and 125 nm, respectively, and with a surface roughness of
less than 1 nm as measured by SFM. In order to equilibrate
~anneal! the microdomain structure, the films were exposed
for several hours to a controlled partial pressurep of chloro-
form vapor. The experimental setup is shown in Fig. 1. Two
flows of nitrogen gas, one saturated with chloroform vapor in
a washing bottle, are mixed just before entering the sample
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chamber. The volume flow for each line was regulated via
flow-meters and ranged from 20 to 50 cm3/min. The whole
setup was made from glass using Teflon™ connectors. It was
inserted into a water bath kept atT0525.060.1 °C. An over-
pressure of 0.360.1 bar was applied to the system to detect
possible leakage. The samples were placed onto a glass slide
welded to a flange, which could be quickly removed from the
chamber after equilibration to extract the solvent and quench
the microdomain structure.

D. Spectroscopic ellipsometry

We used ellipsometry to determine the amount of chlo-
roform within the polymer films at a given chloroform vapor
pressure. All measurements were done on a SENTECH SE
850 spectroscopic ellipsometer. A homemade setup52 was
used to establish an atmosphere with a controlled solvent
vapor pressure. The temperature of the sample and the tem-
perature of a solvent reservoir were controlled to within 0.1
K. All measurements were performed at 65° incidence angle
within a spectral range from 400 to 800 nm. The thicknessd
at a certain vapor pressurep was obtained from least-squares
fits to the spectral data of the ellipsometer. Hereby the block
copolymer film is modeled as a homogeneous material with
an effective refractive indexn(l)5n01n1 100/(l/nm)
1n2 107/(l/nm)2 where l is the wavelength andn0 , n1 ,
andn2 are fitting parameters~Cauchy model!; the absorption
in the film was assumed to be negligible. The thickness of all
films was measured upon swelling and deswelling of the
sample to rule out possible hysteresis effects. Before and
after measuring in solvent vapor, the thicknessd0 of the dry
samples was measured. The polymer concentrationFp in the
film is given by

Fp5
d0

d
,

assuming that the partial volumes of polymer and solvent in
the film are additive.

To measure the polymer volume fractionFp as a func-
tion of vapor pressurep under the conditions used for thin

film preparation, the above-described flow setup was con-
nected to the ellipsometer cell and the same overpressure and
temperature were applied~not shown here!. Fp was mea-
sured for all combinations of gas flows applied during
sample preparation.53

E. Scanning force microscopy

The microdomain structures at the surface of the dry
films were imaged with a Dimension 3100 Metrology SFM
from Digital Instruments, Veeco Metrology Group and a
Nanoscope IIIm controller. Some data were taken using a
Dimension 3100. The metrology system uses a hardware lin-
earized piezo scanner, which allows very accurate measure-
ments of distances and heights from the images. Both instru-
ments were operated in tapping mode. Olympus and
Nanosensors tapping mode cantilevers were used~spring
constant'40 N/m, resonance frequency ranging from 200 to
300 kHz!. All measurements were performed at free ampli-
tudes of about 30–50 nm and a relative setpoint of about
0.95. Some experiments were performed in the presence of
chloroform vapor~see Sec. III D for details!.

III. RESULTS

A. Domain spacing in bulk SBS solutions

To measure the microdomain spacing of the copolymer
solutions in bulk samples, we have performed synchrotron
SAXS measurements at copolymer concentrations of 30, 40,
and 50 wt % and for a bulk sample. The corresponding poly-
mer volume fractions of the solutions amount toFp50.40,
0.51, and 0.61, respectively. The two-dimensional-SAXS im-
ages were averaged azimuthally. The results obtained for the
solutions prepared in the capillaries are shown in Fig. 2.
From the first-order scattering peak atq0 , the spacing be-
tween layers of cylinders can be extracted asc052p/q0 .
While the curve measured forFp50.40 shows a rather
broad first order peak and no higher order peaks, the spec-
trum measured atFp50.51 shows a narrow first-order peak
and three higher order peaks atA3 q0 , A7 q0 , and A9 q0

FIG. 1. Sketch of the experimental setup for swelling in chloroform vapor.
Two flows of air or N2 are mixed, one of them is saturated by CHCl3 vapor
by passing it through a washing-bottle. The flow ratio of the two gas streams
determines the vapor pressure in the sample chamber. The sample can be
viewed with an optical microscope to follow terrace formation. After anneal-
ing, the sample is quickly removed from the vapor in order to quench the
microdomain structure.

FIG. 2. SAXS spectra from bulk SBS and SBS/CHCl3 solutions with poly-
mer volume fractionsFp540.4% and 51.4%. The scattering peaks typical
for a microdomain structure of hexagonally ordered cylinders are marked.
The inset shows the spacinga0 between next-nearest cylinders as a function
of Fp .

1107J. Chem. Phys., Vol. 120, No. 2, 8 January 2004 Thin films of cylinder-forming ABA block copolymers: Experiments

Downloaded 22 May 2008 to 134.109.13.53. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



characteristic for hexagonally packed cylinders. Since the
bulk sample still shows one higher order peak atA3 q0 , we
consider a bulk microdomain structure of hexagonally or-
dered cylinders throughout the concentration regime used in
this study for the thin film.

The inset to Fig. 2 shows the next nearest neighbor spac-
ing between cylindersa052/A3 c0 as a function ofFp for
all samples prepared. The spacing increases with increasing
polymer concentration. Within the concentration regime
studied here,a0 increases from 38.060.3 to 41.560.4 nm.
The large error bar atFp50.51 results from a highly dis-
torted, elliptic scattering image due to difficult sample prep-
aration at highFp .

B. Swelling behavior and molecular interactions
in thin SBS films

In order to quantify the polymer volume fraction within
the thin films at a given solvent vapor pressure, we have
measured the film thickness in the swollen state for films of
PS and PB homopolymers, and SBS block copolymer. The
solvent pressure was controlled by keeping the sample at
25 °C and adjusting the temperature of a solvent reservoir
inside the chamber to a lower temperature. With increasing
solvent vapor pressurep the film takes up more solvent, i.e.,
Fp decreases~Fig. 3!. PB films swell by only about 3% more
than PS films at a given chloroform vapor pressure. This
shows that chloroform is a good solvent for both polymers,
exhibiting only a small selectivity to PB. SBS takes up
slightly more solvent than the respective homopolymers pos-
sibly due to an enrichment of solvent at the polymer–
polymer interfaces, which thereby screens repulsive interac-
tions between the S and B monomers.54

The swelling behavior of PS and PB homopolymers can
be modeled with Flory–Huggins theory.55 If we denote the
vapor pressure at saturation asp0 , the chemical potential in
the vapor phase is given bymv5 ln(p/p0). A comparison to
the chemical potential in the thin filmms , given by Flory–

Huggins theory,55 yields the following relation between the
normalized vapor pressurep/p0 and the polymer volume
fraction Fp :

ln~p/p0!5
mv

RT
5

ms

RT
5xP,SFp

21 ln~12Fp!1~121/N!Fp .

N is the total degree of polymerization andxP,S is the Flory–
Huggins interaction parameter between polymer and solvent.
Assuming thatxP,S does not depend onFp , the ellipsomet-
ric data can be fitted with a single parameterxP,S . The re-
sults of least-squares fits are shown in Fig. 3~solid lines!
together with the data. The agreement between the fit and the
data is very good. The resulting interaction parametersxP,S

of 0.2960.01 for PS/CHCl3 and 0.2160.1 for PB/CHCl3
agree with the published values51 in the respective concen-
tration regime.

C. 5453Coarse grain structure of the SBS films:
Terrace formation

During annealing the swollen SBS films form islands
and holes. Figure 4~a! shows a series of optical micrographs
taken at different times of annealing. Within a time scale of
about 1 h the initially flat film develops areas of uniform
thickness characterized by uniform interference colors in the
optical image@Fig. 4~b!#. This behavior is known from ex-
periments of thin films of block copolymer melts.26 It sug-
gests that the local thickness adjusts to local minima of the
free energy of the system, which are related to energetically
preferred microdomain structures of the films. The initial
film thickness was chosen such that islands and holes had
similar area fractions at the applied solvent vapor pressure.
Note that microphase separation inside the thin film is nec-
essary to provide a driving force for terrace formation. Ter-

FIG. 3. Polymer volume fractionFp as a function of the relative CHCl3

vapor pressure of swollen films of polystyrene, polybutadiene, and the tri-
block copolymer SBS. The lines show fits of the measured data with a
simple model~see Sec. III B!.

FIG. 4. ~a! Optical micrographs of swollen films as a function of annealing
time, visualizing the terrace formation. Terraces with different film thickness
are visible because of interference of light scattered by the surface of the
film and the substrate. The time scale of terrace formation depends on the
vapor pressure and on the initial thickness of the film.~b! Image of the
quenched film after 7 h of annealing. It shows that terraces extend over large
areas of the sample.
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race formation has been observed for all samples withFp

,0.7 during solvent annealing, indicating that the material
inside the film is always well phase separated. Islands and
holes formed in a very similar way in all samples irrespective
of the film thickness except for the thickest films and the
highest polymer volume fractions. In particular, at a film
thickness of more than three layers of cylinders and at poly-
mer volume fractionsFp.0.65 no well defined terraces
were formed within the time scale of the experiment.

Typically the terrace formation was faster at higher va-
por pressures and for thinner films, but no systematic study
on the kinetics of terrace formation has been performed. The
films prepared by spin casting are somewhat thicker near the
edges of the samples. In these regions a stepped surface
structure with a larger number of different film thicknesses
could be observed. During vapor treatment the films started
to dewet. The annealing procedure was stopped either after
roughly half of the film surface was dewetted or after 7 h of
annealing.

D. Thin film microdomain structure

We performedin situ SFM measurements during sample
preparation. Details of this experiment will be published
elsewhere.56 Figure 5 shows three consecutive SFM phase
images taken at approximatelyFP'0.7 and during the dry-
ing process of the thin film. Although the phase contrast is
rather small in the presence of chloroform, it clearly reveals
the microdomain structure of the thin film. In this case the
quench of the microdomain structure is done by switching to
a pure N2 gas flow. White arrows in Fig. 5~b! mark the po-
sition of the tip, when the gas flow has been switched. The
strong increase in phase contrast renders the quick drying of
the polymer film visible. Figure 5~c! was captured after dry-
ing of the film and readjustment of the tapping parameters.
Comparison of the phase images demonstrates that the dry-
ing process does not alter the intrinsic structure of the micro-
domain pattern.

Figure 6 shows two SFM measurements of two samples

FIG. 5. In situ tapping mode SFM phase images~232 mm2!. The capture direction, the time relative to the start of thein situ experiment, and the range of
the phase scale are denoted below the images.~a! Image taken during swelling atp/p050.65 (Fp50.7). In the upper part of~b! ~dark arrow! the drying
process was started by switching to pure N2 gas flow.~c! Image of the dry film. Note the change in the phase scale from 3° in the wet state to 30° in the dry
state.

FIG. 6. Three-dimensional rendered SFM images~535 mm2! using the height image as heightfield and the phase image as texture. The images show the
formation of terraces in the film and the systematic change of microdomain structures along the changes in film thickness.~a! A film with 11- and 40-nm-thick
terraces;~b! A film with 32 and 57-nm-thick terraces.
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with different film thickness. The three-dimensional images
were rendered with Pov-Ray™.57 From the SFM height im-
age the shape of the surface is calculated~‘‘heightfield’’ !,
while the color information corresponds to the tapping mode
phase image~‘‘texture’’ !. The images visualize simulta-
neously the existence of the terraces and the local micro-
domain structure in the film. The microdomain structure
changes at distinct values of film thickness. In particular,
different microdomain structures are found within the holes,
at the steps, and on top of the islands.

Figure 7 shows nine SFM tapping mode phase images of
annealed films with different polymer concentration and dif-
ferent film thickness: The film thickness increases from bot-
tom to top and the polymer volume fractionFp increases
from left to right. Samples with different initial film thick-
ness around 0.5c0 ~bottom row!, 1.5c0 ~middle row!, and
2.5c0 ~top tow! are shown. On exposure to chloroform va-

por, the films form terraces of well-defined thickness, which
we will refer to as T0, T1, T2, and T3, respectively. See the
sketch to the left of Fig. 7 for the variation of the film thick-
ness and the numbering of the different terraces. The images
in Fig. 7 are oriented such that the lower terrace always lies
to the bottom of the image. Thereby, corresponding terraces
Tn formed as holes from initially thicker films and as islands
from initially thinner films are located next to each other in
Fig. 7. Although their thickness is equal to within the experi-
mental error, we observe different behavior depending on
whether a given terrace was formed as a hole or as an island.
Therefore we distinguish between Tnh and Tni , respectively.
The reason for the different behavior of the two terraces is
most likely a tiny difference in film thickness and not the
different route of formation. We will come back to this issue
in more detail below. All images have a size of 232 mm2 and
were recorded at an arbitrarily chosen edge of islands and

FIG. 7. SFM phase images at the edges of terraces as a function of film thicknessh and polymer concentrationFp . Images are oriented such that the lower
terrace is at the bottom in each image.Fp increases from left to right from 0.49, 0.58 to 0.62. From bottom to top the absolute height of the film increases.
White lines correspond to contour lines, calculated from the corresponding height images, at which the microdomain structures change. Black lines indicate
where the cross sections shown in Fig. 8 originate.
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holes. Height images are not shown, for they are very similar
to the ones used in Fig. 6. White contour lines calculated
from the height images are superimposed onto the phase im-
ages. They clearly demonstrate that the boundaries between
different structures always appear at a well-defined film
thickness. Cross sections of the height image taken along the
black lines shown in Figs. 7~b!, 7~e!, and 7~h! are shown in
Fig. 8. The images show systematic changes in the micro-
domain patterns. Four characteristic patterns can be distin-
guished at the film surfaces: A stripe pattern, which we iden-
tify as PS cylinders aligned parallel to the plane of the film
(Ci), a pattern of hexagonally ordered bright dots originating
from perpendicularly oriented PS cylinders (C'), a pattern
of hexagonally ordered dark dots corresponding to a perfo-
rated PS lamella~PL!, and a rather featureless pattern, which
we identify with a disordered phase~dis!. The assignment of
the surface patterns to three-dimensional microdomain struc-
tures is based on results of computer simulations,49,50 on
Nanotomography experiments,39,58 and on True Surface
measurements.59 They will be discussed in more detail in the
following. The terraces of larger thickness usually exhibit
Ci , which extends over larger areas and has a better long
range order at a low polymer concentration. In all images C'

appears in the regions between holes and islands. At high
Fp , PL appears at the rim of the lower terrace T1h , extend-
ing over the entire terrace at very highFp . The lowest ter-
race shows a disordered pattern~dis!. This pattern shows
more pronounced lateral features at lowFp .

The contour lines mark the border between different pat-
terns quite accurately. This is particularly the case at low
thickness, at the border from Ci to C' . Figure 8 shows three
cross sections of the height image corresponding to the black
lines displayed in Fig. 7. The local maximum in the step
profile of the C' phase at high thickness is attributed to the
fact that C' has an almost continuous phase of styrene
throughout the entire thickness of the film. During drying of
the film the PS-rich regions become glassy first, which
causes this microdomain structure to shrink less than the
other phases. Therefore, height lines do not fit to the border
of the pattern in these cases@for example, in Figs. 7~a! and
7~b!#.

With increasing polymer concentrationFp the perf-
orated lamella morphology~PL! appears in thin films within

the terraces formed as holes (T1h ,T2h). Interestingly on is-
lands, which exhibit the same thickness within experimental
accuracy (T1i ,T2i), this structure is only rarely observed
and merely appears as a characteristic defect in the Ci phase
@marked with white arrows in Fig. 7~i!#. At intermediateFp ,
the perforated lamellar phase exists only near the edge of the
hole. The thickness of these regions is a few nanometers
larger than the thickness in the center of the respective ter-
race. The area fraction of the PL phase increases withFp ,
until the entire terrace T1h is filled. The finding that PL
appears predominantly in holes and at somewhat larger film
thickness indicates that the favored thickness of the PL is a
few nanometers larger than the one for Ci . This is consistent
with theoretical results, which predict a few percent increase
of the characteristic domain spacing as one moves from cy-
lindrical microdomains through the perforated lamella to the
lamella at a given molecular weight.60

E. Identification of the microdomain structure

To unambiguously assign the observed patterns found on
the film surfaces to distinct microdomain structures, we have
identified the origin of the contrast observed in the SFM
height and phase images and have measured the position of
the true surface.59 A laterally resolved array of 64364 am-
plitude and phase versus distance~APD! curves was re-
corded. From each APD curve thez location of initial contact
between tip and surface can be determined. This procedure
allows one to determine the true shape of the surface irre-
spective of the tip indentation into the soft polymeric mate-
rial. Moreover, indentation maps and phase images can be
calculated from the APD data for any given setpointA/A0 .
Figure 9 shows a true surface image, an indentation image,
and a phase image at a setpointA/A050.7. The indentation

FIG. 8. Cross sections across terrace steps of the height images correspond-
ing to the dark lines shown in Figs. 7~b!, 7~e!, and 7~h! ~solid, dashed, and
dotted curve, respectively!. The thickest film shows a local maximum along
the step profile. This is attributed to the fact that the C' phase shrinks less
than the Ci phase during the drying process.

FIG. 9. True Surface SFM of a thin SBS film.~a! Reconstructed True
Surface image of a terrace edge. The surface is locally flat with no sign of a
lateral structure corresponding to the underlying microdomain structure.~b!
Indentation image and~c! phase image at a relative set-point of 0.7. The
comparison of both images shows that harder regions~less indentation!
appear bright in the phase image.~d! Averaged amplitude-phase-distance
~APD! curves of selected regions in the image. At least three curves were
averaged. For comparison an APD curve for a hard polymeric surface is
shown.
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curves in Fig. 9~d! show the indentation as a function of the
amplitude setpoint. At the free amplitude of about 30 nm
used in the experiments and at lower setpoints (A/A0

,0.95) repulsive interactions dominate over attractive forces
and the indentation is higher on softer materials. Therefore,
larger ~smaller! indentations are related to soft, PB rich
~glassy, PS rich! areas. When we compare the indentation
and the phase images, we can clearly show that the brighter
regions in the phase image correspond to the harder material,
i.e., to PS-rich areas. The True Surface image is virtually flat
on top of the terraces and does not reflect the microdomain
structure. Together with the relatively large indentations at
the given parameters this finding suggests that there is a PB-
rich layer of about 10 nm thickness covering the entire
sample surface~see Ref. 59 for details!. This result is in
agreement with the fact that PB has the lower surface energy
of the two components (gPB530 mN/m, Ref. 61; gPS

541 mN/m, Ref. 62! and a PB-rich surface layer is thermo-
dynamically stable.

In summary, we can unambiguously identify the micro-
domain phases: From the SAXS and the Nanotomography
experiments58 we know that SBS forms hexagonally ordered
cylinders in bulk and in thick films, respectively. The True
Surface measurements allow us to identify the PS micro-
domains as bright structures in the phase images. They show
further that the sample surface is covered by a PB layer of
about 10 nm thickness. Additionally we can compare these
results with recent calculations based on dynamic density
functional theory~DDFT! using theMESODYN code, parts of
which were published in Ref. 49 and which are discussed in
more detail in Ref. 50. The excellent agreement between
simulation and experimental results strongly corroborates the
following identification of the microdomain structure: Ci

corresponds to PS-rich cylinders~bright! in a PB-rich matrix
oriented parallel to the surface, C' corresponds to cylinders
oriented perpendicular to the surface~bright dots!, and PL
corresponds to a perforated PS lamella oriented parallel to
the surface~bright continuous structure perforated by dark
dots!. The featureless pattern ‘‘dis’’ could either be attributed
to a wetting layer~half lamella! or to a disordered phase,
where microphase separation is suppressed by confinement
of the material.42

An interesting detail of the microdomain structure is
seen between the first layer of cylinders and the C' phase.
Here the cylinders show undulations, which makes it difficult
to define unambiguously the border between lines and dots in
the phase images. We identify this structure as ‘‘cylinders
with necks,’’ which have been found before in the same
system39 and can also be found in the DDFT simulations.50

F. Phase diagram

We construct a phase diagram by plotting the observed
phases as a function of the film thickness and the polymer
concentration in the films. To localize the boundaries be-
tween phases occurring at different film thickness, we deter-
mine the absolute values of the film thickness at the contour
lines in the SFM images, where the lateral phase boundaries
are located. To measure the absolute thickness of any given
terrace a scratch was applied to the film with either a needle

or a scalpel. Then a smooth edge of the scratch was chosen
using an optical microscope and the step height was mea-
sured with SFM. Scan sizes between 535 and 20320 mm2

were chosen. Background subtraction was done by fitting a
plane to the area in the image, where the bare silicon sub-
strate is exposed. Close to the scratch, images with smaller
scan sizes~between 333 and 535 mm2! were taken at steps
of the terraces to measure the existing microdomain phase
patterns and their height relative to the terraces. Height his-
tograms were calculated from the height images and back-
ground subtraction was optimized by maximizing the peaks
in the height histogram. The lower peak was then taken as a
reference and the relative heights were added to the absolute
height of the corresponding lower terrace. By this procedure
we determined the absolute heightshdry of the different re-
gions of the films after solvent extraction.

In order to account for the fact that the observed micro-
domain structures are formed in the swollen films, we calcu-
late the thickness in the swollen state,hwet5hdry /Fp , from
hdry as determined earlier and the polymer volume fraction
Fp as determined with ellipsometry. The results are pre-
sented in Fig. 10 showing both the heights at which terraces
form and the heights at which microdomain structures
change. The heights of the terraces scale approximately with
Fp

0.6, which is indicated by the dashed lines in the diagram.
This scaling is stronger inFp than what is found for the
scaling of lattice parameters of bulk solutions.63–65 At very
small film thicknesses we observe a disordered surface struc-
ture. We note that the height difference measured between
the substrate and the first layer of cylinders~T1! amounts to
about 60 nm, which appears very large for a single layer of
cylinders with lateral spacing of about 40 nm. This finding
indicates that the polymer layer found in the regions of
smallest film thickness may extend over the entire substrate
surface with the layers observed in thicker films being placed
on top. Figure 11 shows the film thicknesseshT of terraces
formed on the rim of the sample forFP50.62.hT increases
approximately linearly with the number of terraces as shown

FIG. 10. Phase diagram of observed surface structures. Dashed lines corre-
spond to functionsh5AFp

0.6, with A520, 82, 140 and 187 nm, represent-
ing the thickness of the terraces. Data are given for equilibrium film thick-
nesses of Ci ~d! and ‘‘dis’’ ~.! and for upper and lower bounds~open and
closed symbols, respectively! of C' ~h,j! and PL~n,m! phases. The latter
correspond to the height at contour lines such as those shown in Fig. 7. All
lines and areas are drawn to guide the eye.

1112 J. Chem. Phys., Vol. 120, No. 2, 8 January 2004 Knoll, Magerle, and Krausch

Downloaded 22 May 2008 to 134.109.13.53. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



by the linear fit of the data with terrace number.0 ~solid
line!. The data point given at terrace number 0 represents the
thickness of the wetting layer. From the linear fit we deter-
mine a mean thickness of a cylinder layerc0 to be 3562 nm,
which fits well to the measured distance of in plane cylinders
of about 39 nm. The linear fit suggests also an additional
layer of material underneath the film of thicknessh0527
65 nm, which corroborates the existence of a wetting layer
everywhere at the film–substrate interface. This value is
somewhat larger than the thickness of the ‘‘dis’’ phase of
1865 nm but also considerably smaller thanc0 .

IV. DISCUSSION

Sample preparation in a controlled environment of sol-
vent vapor gives additional insight into the phase behavior of
thin block copolymer films. The volatile solvent chloroform
is nonselective and merely enhances the mobility of polymer
molecules in the system. Its high volatility enables us to
quench the microdomain structure, which has developed dur-
ing annealing. The control of the polymer concentrationFp

allows us to vary the effective interactions between the two
components and between the two components and the
boundary surfaces. The polymer concentrationFp was cho-
sen high enough that the block copolymer solutions were
microphase separated in all experiments. The SAXS results,
the formation of terraces even in the most diluted films, and
the in situ observation of the microdomain structure corrobo-
rate this assumption. Note that this is very different from
experiments done by Kimet al.,34,35 who used the dynamics
of solvent evaporation to control the resulting microdomain
structure in their thin film. The key difference is that Kim
et al. started solvent extraction from the one-phase region.
Therefore structure formation took place during the drying
process only and is largely influenced by the evaporation
rate. Our system, in contrast, is well phase separated before
drying and the dynamics of the polymers is too slow to fol-
low the sudden quench of the system.

Furthermore, our system had sufficient time to equili-
brate so that we can safely speak of equilibrium structures

and call Fig. 10 a phase diagram. To clarify this, it is impor-
tant to discriminate the different time and length scales. On
long time scales~hours! and large length scales~several mi-
crometers and more! the pattern of terraces~Fig. 4! is still
coarsening and the film is not in equilibrium. This process is
driven by the effective line tension between neighboring ter-
races of different film thickness. However, on much smaller
length scales~;100 nm, corresponding to a few micro-
domains!, the film thickness can be considered constant and
several hours of annealing sufficient for such a small patch of
the film to adopt the equilibrium structure corresponding to
its local film thickness. This separation of time and length
scales is very important and we used the observation of ter-
race formation on large length scales to conclude that the
film had sufficient time to adopt locally its equilibrium struc-
ture. Since for high polymer concentrationsFp.0.75 and
thick films no terraces form, we have not plotted the surface
structures of these specimens in Fig. 10.

On longer time scales, during the coarsening of the ter-
race pattern, the film thickness can change, however, with
changing film thickness, the microdomain structure will ad-
just to the local film thickness at this particular spot of the
specimen. This is confirmed by imaging with scanning force
microscopy~similar as in Sec. III D! the microdomain dy-
namics during terrace formation. These experiments will be
reported elsewhere.56 To this end they confirm that in our
experiments the film had sufficient time to adopt its equilib-
rium structure corresponding to its local film thickness.
Therefore, the mapping of surface structure to the local film
thickness, as shown in Fig. 10, represents the phase diagram
of surface structures as function of film thickness and poly-
mer concentration.

In all but the thinnest regions of the films, cylinders
oriented parallel to the plane of the film (Ci) dominate the
SFM images. The parallel alignment of the cylinders is fa-
vored over the perpendicular orientation because of the pref-
erential attraction of PB to the surface and a penalty for the
additional unfavorable interfaces occurring at the ends of the
upright cylinders. As a result, terraces with a thickness cor-
responding to an integer multiple of the cylinder layer spac-
ing form spontaneously. This behavior is well known from
lamella forming systems where the lamellae tend to orient
parallel to the plane of the film and the local film thickness
adjusts to a well-defined multiple of the lamellar spacing.26

In between neighboring terraces exhibiting parallel ori-
ented cylinders we find regions where the cylinders are ori-
ented perpendicular to the plane of the film. We anticipate
that the formation of upright cylinders is energetically favor-
able over a compression or stretching of the parallel struc-
tures to a thickness significantly deviating from an integer
multiple of the natural layer thickness. This notion is cor-
roborated by the DDFT simulation results,49,50 which also
predict the formation of upright cylinders as a stable thin
film structure at intermediate film thickness. We note that the
slope across the edges between neighboring terraces appears
highly exaggerated in the SFM height images~Fig. 5!. This
slope is determined by an interplay of the surface tension and
the energetic penalty of creating a film with an unfavorable
film thickness. While this penalty should decrease with in-

FIG. 11. Terrace heighthT and relative thickness of a cylinder layer (hT

2h0)/c0 as a function of terrace number, wherec0 denotes the natural layer
thickness. The heights increase approximately linearly with the number of
cylinder layers in the film. The offseth0 of the plot at terrace number 0
corroborates the existence of a wetting layer with thicknessh0 underneath
all films. The inset shows a sketch of this situation.
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creasing dilution of the polymer, the surface tension should
be only moderately affected, since this value is similar for
the solvent and the polymer. The use of solvent in this way
reduces the slope across the edges and stabilizes the nonfa-
vorable microdomain structure C' . In fact, the maximum
slope amounts to only some 5° in the thinnest films between
T0 and T1 and 3° between terrace T1 and T2. Over a lateral
distance of a single cylinder diameter the film thickness var-
ies therefore at most about 3 nm. Therefore, we may safely
exclude the gradient in film thickness as an important driving
force for the formation of upright cylinders.

A perforated lamella~PL! is found at high polymer con-
centrations and at a film thickness close to one or two layers
of cylinders. The natural thickness of the PL phase seems to
be somewhat larger than the one of the Ci phase, since it
appears at the rim of holes at intermediate polymer concen-
trations. We emphasize that the perforated lamella is not a
stable bulk structure of the SBS material, but is induced by
the presence of the two boundary surfaces. Both the planar
symmetry of the boundary surfaces and their preference to
the majority~PB! phase lead to the stabilization of a ‘‘non-
bulk structure,’’ also referred to as a ‘‘surface recon-
struction.’’24 Simulation results show that the surface field
favors accumulation of PB at the homogeneous surfaces of
the film, thereby depleting the center of the film of the ma-
jority phase.50 As a consequence, the PS density increases in
this portion of the film, leading to the formation of a con-
tinuous PS structure perforated by isolated PB channels.
DDFT simulation results predict49,50 that an even stronger
surface field eventually should lead to the formation of a
complete PS lamella in the center of the film. In our experi-
ments, however, this effect was not observed. This is prob-
ably due to the fact that the experimentally accessible surface
fields are limited in our system and cannot exceed the surface
field of SBS without solvent. We find that for thicker films
(T2h) the PL phase appears only at the highest polymer con-
centrationsFp ~see also Fig. 10!. This resembles the DDFT
simulation results of Horvatet al.50 and can be interpreted in
the following way. The solvent is expected to screen the
interactions both between the two polymeric components and
at the interfaces, higher polymer concentrations correspond
to a stronger surface field. Therefore, the effective surface
field acting on the topmost layer of the film is stronger in
thinner films. This finding indicates that the two surface
fields of both confining surfaces exhibit a characteristic de-
cay length of the order of a microdomain spacing.21 In thin
enough films the effects of both surfaces can add and thereby
stabilize the PL structure already at lower polymer concen-
trations.

We note that the PL phase was observed before in the
bulk66,67 as well as in thin films.38 While in bulk the PL is
considered to be metastable,68 both our experiments and the
DDFT simulations,49,50 indicate that the existence of one or
two planar interfaces preferentially attracting the majority
phase stabilizes this structure.

At a film thickness below about one-fourth of the
cylinder–cylinder distance, we observe in terrace T0 a
grainy, disordered surface structure. Such a structure was
also observed by Henkeeet al.,42 who reasoned that mi-

crophase separation is suppressed by the confinement. An
alternative explanation is that terrace T0 consists of strongly
adsorbed polymers, in which molecules are pinned to the
substrate and their mobility is too low to rearrange during
solvent vapor annealing.69 The third possibility is the pres-
ence of a wetting layer or a half lamella as reported by Karim
et al.,20 which would imply that the SiOx surface preferen-
tially attracts PS. The existence of an absorbed layer or a
wetting layer has implications regarding the surface field act-
ing on the remaining copolymer film. Given the copolymer
composition of f PB50.74, any adsorbed layer will exhibit
preferential attraction to PB. Similarly a wetting layer will
form such that PS is located close to the substrate exposing
PB to the inside of the film. Such a layer would also exhibit
preferential attraction to PB for the rest of the film. Since the
free surface of the film preferentially attracts PB, corre-
sponding to the lower surface energy of PB~see above!,
qualitatively symmetric boundary conditions are established.
The excellent agreement between the experimental results
and the DDFT simulations performed with symmetric
boundary surfaces49,50 corroborates this conclusion. How-
ever, the strength of the surface field cannot be expected to
be equal at the free surface and at the film–substrate inter-
face.

The DDFT simulations49,50 predict a disordered phase
for the thinnest films. For a strong preference of the minority
block to the surfaces, a wetting layer is predicted. As chain
adsorption onto the boundary surfaces is not captured by the
simulations, a direct comparison between experiment and
simulations seems questionable in this thickness regime.
Also taking into account two dissimilar interfaces is prob-
ably essential to model such very thin films. For an in-depth
discussion of the microdomain structure of the thinnest films,
we refer to Refs. 50 and 70.

V. CONCLUSION

We have studied the phase behavior in thin films of a
SBS block copolymers swollen in chloroform vapor. Both,
the film thicknesshwet and the polymer volume fractionFp

were varied and a phase diagram of surface structures was
established.

~1! The variation ofFp can be interpreted as a variation of
the molecular interactions between the two polymer
components and between the components and the bound-
ary surfaces.

~2! The surface field causes cylinders to align parallel to the
plane of the film, whenever the thickness fits an integer
multiple of cylinder layers. At intermediate thickness the
cylinders align perpendicular to the film plane. At higher
polymer concentration, i.e., at stronger surface fields, a
perforated lamella~PL! of PS forms. The surface field
needed for PL formation increases with increasing film
thickness. This corroborates simulation results that indi-
cate a decay length of the surface field of about one
microdomain spacing.21,22,49,50

~3! A wetting layer exists underneath all films, which either
consists of pinned molecules or of a half lamella.
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~4! The experimental results are in excellent agreement with
computer simulations based on dynamic density func-
tional theory.49,50

Both the experimental findings and the computer simu-
lations indicate that the phase behavior of thin block copoly-
mer films is governed by an interplay between surface fields
and confinement effects. The preferential attraction of one of
the two blocks to the surface~the surface field! can induce
alignment as well as structural changes in the near-surface
regions, socalledsurface reconstructions. Confinement to a
particular film thickness may imply compression/stretching
of the respective structures, which involves additional en-
tropic contributions to the free energy of the system. The
interplay between both effects defines the stability range of
the different surface structures.
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