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ABSTRACT: The topography and surface composition of thin films (ca. 100 nm) of a polystyrene-b-poly-
(ethylene oxide) (PS-PEO) block copolymer are investigated using a suite of complementary techniques,
namely tapping mode atomic force microscopy (AFM), optical microscopy, X-ray photoelectron spectro-
scopy (XPS), neutron reflectometry, and wettability measurements. The copolymer films separate into
lamellar structures oriented parallel to the silicon substrate, and bicontinuous and island/hole morphologies
characteristic of this arrangement appear. Even though the crystalline topography of the film’s surface and its
wettability properties suggest the presence of PEO on the top surface, XPS and neutron reflectometry data
point undoubtedly to the presence of a top layer of PS at the air/film interface. Tapping mode AFM images
unequivocally demonstrate that in air only one block is present at the air/film interface. Neutron
reflectometry data identify the nature of each phase-separated layer within the film. This finding differs
from a model of domain arrangement proposed in a classic and much-cited paper on these systems
(Macromolecules 1979, 12, 323). After exposure to water, PEO blocks rearrange and access the top surface
of the film. After many hours of thermal annealing, both PS and PEO blocks can be made to appear at the
film/air interface, within isolated droplets formed upon film dewetting.

Introduction

Pattern formation in thin films of diblock copolymers has been
the subject of much research during the past two decades.1-4

In particular, thin films of diblock copolymers have received
great attention for their potential of producing templates for large
area patterned surfaces for various nanofabrication applications,
such as templates for inorganic composites, suboptical litho-
graphic masks,5 photonic materials, and high-density magnetic
recording devices.6-8 The study of surface properties of poly-
meric materials is of great research interest because of their
importance in applications such as biomaterials and coatings.
In particular, block copolymers containing polyethylene oxide
(PEO) are often proposed as ideal biomaterials, as PEO is very
effective in the prevention of protein adsorption and platelet
adhesion.9,10 The combination of patterning ability and biologi-
cal compatibility has made block copolymers of PEO among the
most interesting and promising materials for the design of
biointerfaces. Therefore, a fundamental understanding of the
behavior of such copolymers at interfaces is essential.

A wide range of structures is observed in thin films of block
copolymers when the blocks spontaneously microphase separate
in nanodomains, such as lamellar, spherical, and cylindrical
structures, depending on copolymer composition, film thickness,
and sample preparation.2,11-24 In copolymers that form lamellae
parallel to the substrate, amultilayered structure is formed,where
the film thickness is quantized in terms of the bulk lamellar
period, L. When one block segregates to both the substrate and
the air interfaces (symmetric wetting), the film is smooth if its

thickness is h=n 3L, where n is an integer. Conversely, if one block
segregates to the substrate and the other to the air interface
(asymmetric wetting), smooth films are attained if the film
thickness is h=(n þ 1/2) 3L. This arrangement is depicted in the
cartoon in Figure 8a. If the thickness of the prepared film is not
commensurate with L, holes or islands with a step height of
L form on the top surface, as indicated in Figure 8b.25,26

Here, we are particularly interested in resolving the question of
the composition and topography of the top surface of thin poly-
styrene-poly(ethylene oxide) (PS-PEO) films supported on sili-
con substrates. This question is important from a fundamental
scientific point of view, but it is also significant for applications,
because copolymers containing PEO are often being used as bio-
compatible coatings, and the ability of its films to repel proteins
depends crucially on the composition of the top surface.27,28

Fewpublications have investigated specifically this aspect.12,29-31

It is well-known that a PEO layer is in contact with the supporting
silicon substrate, given its higher polarity respect to PS. However,
the situation is not as clear for the film/air interface. The over-
whelming majority of studies show that the component with
the lowest surface energy preferentially segregates to the free sur-
face.14,17,21,32,33 However, in the case of PS-PEO the values
of surface tension are close for the two blocks (γPS=36 mN/m,
γPEO=44 mN/m), so other factors may affect the arrangement of
the lamellae. For example, factors such as the crystallization of one
block, the nature of the solvent, the evaporation rate, and the
composition of the copolymer could drive the self-assembly process,
and control the final morphology of the thin film.

The seminal paper in this field was published by Thomas and
O’Malley in 1979.12 This is a classic citation in the literature,
because it was one of the first studies in which angular-dependent
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X-ray photoelectron spectroscopy (XPS) was used to study
the composition of thin copolymer films. The authors studied
PS-PEO films cast from chloroform, a nonselective solvent for
the two blocks, without any thermal annealing. Based on amodel
used to interpret the data, the authors concluded that, although
the block with the lowest surface energy (PS) enriched the top
surface of the film, both the PSandPEOblockwere present at the
surface. The model contained blocks microphase separated into
vertical domains perpendicular to the substrate, in a region of the
surface at least 5 nm thick, with the PS block protruding higher
from the top surface than the PEO block. Attempts to rationalize
these findings are based on the belief that the PEO crystallization
kinetics controls the surface composition, by prohibiting the
amorphous PS block from migrating to the surface in sufficient
quantities to completely cover the surface.21 There are indeed
several instances in which crystallization of one block has been
shown to drive the self-assembly process.34-37 However, the
Thomas and O’Malley experiments have not been repeated,
and these films were never imaged in real space. Therefore, the
exact topography and composition of the top surface of the
PEO-PS films spun from chloroform remains to be established.

Here, we address this problem and investigate the topography
and the composition of the surface of annealed PS-PEO thin films
by employing a suite of complementary techniques, namely atomic
force microscopy (AFM), optical microscopy, X-ray photoelec-
tron spectroscopy (XPS), neutron reflectometry, and wettability
tests. Our results point to the need to use complementary surface
techniques when studying systems as complex as these.

Experimental Section

Apolystyrene-b-polyethyleneoxide block copolymer (PS-PEO)
with weight-average molecular weight of Mw

PS=12 kg/mol
andMw

PEO=24 kg/mol was studied. The composition is ca. 35%
vol. PS and the polydispersity is approximately Mw/Mn=1.05
(Polysciences Inc. Warrington, PA). PS-PEO films were pre-
pared by spin coating dilute (5-16mg/mL) chloroform solutions
(99þ %, Sigma Aldrich) of the copolymer on polished silicon
substrates (MEMC Electronic Materials Inc., St. Peters). The
silicon wafers (Si) are covered with a native layer of amorphous
silicon oxide (SiO2) and are very smooth. The rms roughness of
the silicon substrates, determined byAFM imaging, is lower than
0.3 nm over an area of 5000 nm � 5000 nm.

Prior to spin coating, the Si wafers were thoroughly cleaned in
order to reduce organic and particulate contaminants. Debris
particles were eliminated using a CO2-snow jet.38 Subsequently,
the wafers were exposed to sonication for a few minutes in
redistilled ethanol and acetone (99.5þ%, Sigma-Aldrich), and
treated using a radio frequency, low-temperature plasma for 30 s
at 40 W (plasma reactor designed and built in-house). Cleaning
and spin coating were performed inside a class-100 laminar flow
cabinet. A lamellar orientation is expected for this PEO-PS
copolymer, which has a sufficiently high χN and a volume
fraction of PS fPS=0.35. The phase diagram for monodisperse
block copolymers presents at this composition a border between
the lamellar domain, the gyroid domain, and the cylindrical
domain morphology.2,39 The prepared samples are similar in
molecular weight, volume fraction, and casting solvent to sample
B used in the study by Thomas and O’Malley, but no mention of
overall film thickness was made there.12

The thickness of films prepared by spin coating can be
controlled by varying the concentration of the copolymer
solution and the spin rate. However, we note that a thickness
variation of 5-10% is to be expected in each sample prepared by
spin-coating, as observed previously.40 The thickness of the
studied layers was determined prior to annealing by ellipsometry
(Beaglehole Instruments, New Zealand), and by atomic force
microscopy (AFM, Dimension 3100, Digital Instruments, Santa
Barbara, CA). The presented measurements of film thickness are

affected byan error of ca. 3%.PS-PEOfilms of thickness between
about 50 and 250 nm were prepared. The as-prepared spin-cast
films are flat and featureless, with a rms roughness=1.5 nm
measured by AFM over 10�10 μm2. The absence of surface
features is to be expected since the blocks are spin-cast in a
disordered state, and are not in an equilibrium state.2,25 Thin
films were annealed at ca. 80 �C for different periods of time in a
lab oven, and then rapidly cooled to room temperature.

A Zeiss Axioplan optical microscope equipped with a camera
Axiocam MR was used for the optical micrographs. AFM was
used in tapping mode to obtain high resolution images of the
annealed samples. Tapping mode AFM imaging is the ideal
technique to study phase separation in block copolymers,
because its topographical images reveal the height profile and
the morphology of the surface, and its phase images highlight
variations in local properties of the surface, such as stiffness,
viscoelasticity, and chemical composition, and therefore reveal
the presence of different blocks at the top surface.41-46 The
phase image provides a map of the phase lag of the cantilever
vibration relative to the piezo drive during scanning, which
depends on the energy dissipation during tip-sample interac-
tion. Low tapping forces and relatively low scan rates were
employed in this study in order to probe the true surface of the
film and avoid surface indentation.47

X-ray photoelectron spectroscopy data were obtained with an
Escalab 220i-XL spectrometer (VG, UK) using monochromated
Al KR exciting radiation. Typical operating conditions were:
energy 1486.6 eV, power 120W (10 kV, 12 mA), spot size 1 mm2.
By analyzing the photoemitted electrons normal to the sample’s
surface, the instrument analyses approximately the top 5-10 nm
of the surface of the film. This instrument also allows the depth
profilingof the sample, as the film is slowly removedby sputtering
with a 5 kV Argon ion beam. The average sputtering rate was
calibrated on a metal surface to be ca. 0.2 nm per second.

Neutron reflectivity data were measured using the Platypus
time-of-flight neutron reflectometer,48 and a cold neutron
spectrum (3.0 Å e λ e 18.0 Å) at the OPAL 20 MW research
reactor (Australian Nuclear Science and Technology Organi-
sation, Sydney). Twenty-three Hz neutron pulses were gener-
ated using a disk chopper system (EADS Astrium GmbH) in
the medium resolution mode (Δλ/λ=4%), and recorded on a
2-dimensional helium-3 neutron detector (Denex GmbH).
Reflected beam spectra were collected at 0.5� for 2 h (0.3 mm
slits) and 2.0� for 6 h (1.2 mm slits) respectively. Direct beam
measurements were collected under the same collimation con-
ditions for 1 h each.

Structural parameters associated with layers within the PS-
PEO film were refined using the MOTOFIT package49 using
neutron reflectivity data as a function of momentum transfer
normal to the surface Qz= (4π(sinθ)/λ). An initial structural
model was prepared using estimated values of neutron scattering
length density (SLD) (Table S1), based on a mass density for the
PS component of the film of 1.05 g/cm3 and 1.13 g/cm3 for PEO.
A thin native silicon oxide layer was included in each structural
model that was tested. The Levenberg-Marquardt method was
used to minimize χ2 values.

The wetting properties of the employed materials were
investigated by measuring the advancing and receding contact
angles of 5-10 μL droplets of MILLI-Q water with a KSV
CAM200 Contact Angle System (KSV Instruments Ltd.,
Helsinki, Finland), and by performing condensation experi-
ments under a reflection optical microscope. The equilibrium,
advancing, and receding contact angle of water on the films
were measured at three different locations on three different
samples, and the average and standard deviation of these
values were calculated. Condensation experiments were per-
formed by cooling the copolymer films on an ice surface, while
blowing some moist air on the copolymer film place under an
optical microscope. These experiments were performed on
three different copolymer film samples.
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Results

1. Differential Scanning Calorimetry and Thermal Gravi-
metric Analysis. Differential scanning calorimetry (DSC)
measurements performed with a Modulated DSC 2920 TA
Instruments revealed that for the PS blocks in this copolymer
the glass transition temperature is Tg=58 �C and for the
crystalline PEOblocks themelting temperature isTm=67 �C
(see Supporting Information, Figure S1(a)). At the annealing
temperature of 80 �C the blocks in the melt rearrange in a
lamellar arrangement, determined by the balance between
the enthalpic gain of demixing of the two blocks and the
entropic cost of chain confinement within domains, and by
the presence of the two interfaces. Since the Tg of the PS
blocks is lower than the Tm of PEO crystals, as the film cools
down, the PEO blocks crystallize within a relatively fluid
matrix of the amorphous PS phase.

Thermal gravimetric analysis (TGA) was performed with
a TA Instruments Hi-Res TGA2950. The sample was heated
from room temperature to 80 �C at a rate of 20 �C/min, and
then the temperature was held at 80 �C for 50 min. The trace
shown in Figure S1(b) reveals a very small weight loss, ca.
0.4% upon heating, and there are no signs of degradation of
the copolymer in this temperature range. If the heating
procedure is repeated, no additional weight loss can be
measured, which indicates that the small loss of weight is
due to the loss of water.

2. Optical and AFM Imaging. Thermal annealing of the
PS-PEO films induced the appearance of the lamellar micro-
phase separation, with the characteristic island/hole mor-
phologies on the surface of the film. The main large image in
Figure 1 is an optical micrograph taken on the edge of an
annealed film. The different colors in the micrographs
correspond to regions of different film thicknesses, from a
value of 130 nm in the bottom left-hand corner to a value of
ca. 10 nm in the top right-hand corner. The terracing effect is

due to the fact that the film thins down close to the edge of the
substrate because of the spin coating process.50 The letters in
the optical micrograph in Figure 1 mark different types of
observed morphologies in the film, and the tapping mode
AFM images in Figure 1 are corresponding magnifications
of each morphology.

The morphologies observed in Figure 1 depend on the
thickness of the film, and can be explained with commen-
surability effects, as discussed in the introduction. When the
film thickness is not an exact multiple of the lamellar thick-
ness L, incomplete lamellae form on the top surface of the
film. The transition between adjacent lamellae occurs
through holes, islands, and bicontinuous structures.
Figure 1A corresponds to a morphology of holes in the top
lamella, with surface area of the holes of ca. 20%. In
Figure 1B the film is thinner and the surface coverage of
holes has increased (ca. 70%). Figure 1C shows a morpho-
logy of small islands emerging on the top lamella (surface
coverage of the islands ca. 20%). Figure 1D corresponds to a
smooth region, where the film thickness is an exact multiple
of the lamellar thickness. Finally, Figure 1E illustrates a
maze-like bicontinuous pattern, and the islands occupy ca.
35% of the surface. The correlation length of such bicontin-
uous patterns has been studied in other copolymer films
before, and depends on factors such as lamellar thickness
and molecular weight of the copolymer.51

The depth of the holes (Figure 1A) and the height of the
islands and bicontinuous patterns (Figure 1B, C, and E) are
the same and correspond to one lamellar period, L=28 (
2 nm. This is illustrated in the cross section in Figure 1F,
which corresponds to a line section taken on the black arrow
in Figure 1E.

Both AFM and optical images show clear evidence of
crystalline orientation on the surface of the films, as shown in
Figures 1 and 2. In the optical micrograph in Figure 2a, a

Figure 1. Summary of the morphologies observed in thin films of a PS-PEO copolymer (PS12k-PEO24k) after annealing. Main image: optical
micrograph of a PS-PEO filmwith a gradient in thickness from the bottom left-hand corner (130 nm) to the top right-hand corner. The different colors
indicate regions of different film thickness (fromA 130 nm, to B 102 nm, to D 74 nm). The sample was prepared by spin coating a chloroform solution
onto a silicon wafer, and the gradient in thickness is produced at the edge of the substrate. The microphase separation of the copolymer is clear in this
terracing effect. (A-E)TappingmodeAFMimages taken on films that have similarmorphologies as the regionsmarkedwith letters in themicrograph.
The scale bar is 5 μm in all theAFM images. (F) Cross section taken on theAFMscan in partE at the position of the arrow, showing that the islands are
all of the same thickness, L = 28 nm ( 2 nm.
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crystallization center is visible just above the center of the
image, and the crystal shows long-range concentric order all
around this center. Elongated gray patches are present on the
top surface, all aligned with the same orientation. By obser-
ving different areas of the samples, we concluded that these
patches are holes in the top surface, and the orientation of
these holes with respect to the substrate is determined by the
spin coating process. Indeed, the holes are oriented radially
from the center of the film where the copolymer solution
drop is initially deposited for spin coating. This is an intrinsic
characteristic of the spin coating process that produces slight
variations in the film thickness.

The morphology of the surface of the annealed PS-PEO
films displays prominent crystalline ordering, in the form of
densely packed ridges all oriented roughly radially out from
the nucleus of the crystal (Figure 2, parts a and c), as
observed previously in PEO thin films.52 The crystalline
orientation is consistently the same on the two contiguous
top lamellae, i.e. both on the top surface and inside the holes,
as illustrated in Figure 2(b) and in Figure S2 (Supporting
Information). The crystallization of one PEO layer induces
the crystallization of adjacent PEO layers, separated by
intervening layers of the amorphous block. This can be
explained assuming that there is a crystallographic connec-
tion between the PEO crystallites in adjacent layers, in the
form of screw or edge dislocations.53,54

Tapping-mode AFM allows, using phase contrast, to
map the lateral distribution of each block near the film
surface, due to the different mechanical properties of the two

blocks.42,43,47 PS-PEO copolymers have been used in the
past as ideal candidates for studies of the phase contrast
behavior in a AFM experiments, because of the large stiff-
ness difference between the blocks.46 In our films, no phase
contrast was registered on the microphase separated films
(Figure S3). This is an unequivocal indication that only one
block is present at the top surface of the film, compatibly
with a microphase separation into lamellae parallel to the
substrate. The AFM and optical images do not allow deter-
miningwhich of the twoblocks is present at the top surface of
the film. Since atactic PS does not crystallize, and crystalline
order is clearly visible in the optical and AFM images, it
would be tempting to conclude that the top crystalline layer
of these films ismade of the PEOblock.However, the surface
of the PEO crystals could also be covered by a thin overlayer
of PS invisible to AFM, as for example in the case of
crystalline isotactic PS.55 AFM imaging alone did not allow
distinguishing between these two possible scenarios, there-
fore we employed other complementary techniques which
are sensitive to the chemical nature of the top surface: XPS,
neutron reflectometry, and wettability measurements.

3. XPS Analysis. In order to ascertain the chemical
composition of the top surface of the film, we performed
XPS analysis on two identical annealed PS-PEO thin films.
The measured C1s and O1s core level spectra for both
samples were identical, so Figure 3 and insets illustrate the
results on one of the samples. These spectra are similar to
data previously measured on similar films.12,29 The C 1s
region at a binding energy of ca. 285 eV can be deconvoluted
into two separate peaks. The main peak is attributed to the
carbon in the styrene unit (and some possible hydrocarbon
contaminant), while the left shoulder at 288 eV is attributed
to the C-O ethylene unit. The smaller peak at 292 eV clearly
presents shakeup features which indicate aromatic species,
i.e. polystyrene. A lower concentration of oxygen can also be
seen at the surface, as shown by the peak at 533 eV. Themain
information that these spectra provide is that both PS and
PEO are present within the top ca. 10 nmof the film’s surface
being probed.

We also performed XPS depth profiles for two samples
of PS-PEO thin films of thickness 95 nm, by sputtering
away the films at a rate of 0.2 nm/second with a 5 kV argon
ion beam. Both data sets are shown in Figure 4, where a
map of the concentration of oxygen, carbon, and silicon is
shown. Figure 4a is an enlargement of the full spectrum at
short sputtering times. In both samples, both carbon signal
and an oxygen signal (ca. 5.7% of the total composition)

Figure 2. Crystalline orientation of the surface of a PS-PEO film
(100 nm thickness) after 14 h thermal annealing. (a) Optical micrograph
of the top surface of the PS-PEO film. (b) TappingmodeAFM image of
the edge of a hole on the surface of the same film as in part a. The crystal
orientation is the same on the bottom of the hole (left side of the image)
and on the top lamella (right side of the image). The vertical scale is
70nm. (c) TappingmodeAFMimage of the top surface of the same film
as in part a (top lamella). The vertical scale is 60 nm.

Figure 3. X-ray photoelectron spectroscopy (XPS) analysis of the sur-
face composition of a PS-PEO thin film. The two insets are enlarge-
ments of the twomain peaks in the spectrum, corresponding toO1s and
C 1s signals. This spectrum reveals that both the PS and the PEOblocks
are near the top surface of the film, i.e. within the top 10 nm of the film.
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are observed on the top surface, as already shown in
Figure 3. After the first two seconds of sputtering, the
signal of the oxygen jumped up to ca. 17% of the total
composition in both samples. At the same time, the shake-
up features, indicative of aromatic compounds, disap-
peared (not shown), and the peak corresponding to the C
1s decreased sharply to ca. 82%. It is clear from the
similarity of the spectra of the two different samples at
short sputtering times that this feature is not an artifact of
the measurement.

In the initial two seconds, a layer a few nanometers thick
can be removed by the argon beam, corresponding approxi-
mately to the thickness of a molecular layer. The uncertainty
in the exact amount of material removed derived from the
fact that the sputtering ratewas calibrated on ametal sample,
rather than a PS-PEO polymer. This data shows that a thin
layer of aromatic compounds coats the film, and just below
this layer there is a significantly higher amount of oxygen-
containing compound. The simplest interpretation is that the
top layer of the film ismade of PS, which lies on top of a PEO
layer, which makes up the top lamella. A PS layer is present
at the top surface, but its thickness cannot be determined
exactly with XPS.

As illustrated in the complete depth profiles in Figure 4b,
the data relative to the two samples is slightly different at
longer sputtering times, but presents substantially the same
information. First of all, XPS is not sufficiently sensitive to
reveal the lamellar structure in the depth profile. Second, as
the ion beam sputtering continues, the contribution from the
oxygen within the film decreases very rapidly with time,
much more rapidly than that from the carbon signal. Third,
the signal from the silicon substrate gradually increases, and
gradually dominates after approximately 700-1000 s of
sputtering. The comparison between the two sets of data
reveals that the XPS technique is not optimal in revealing
information on the depth profile of polymer layers whose
main distinguishing feature is the presence of oxygen. In
particular, in XPS depth studies the oxygen is preferentially
sputtered by the beamwith respect to the other elements, and
this causes a much faster removal of the oxygen.56 The one
conclusion that we can draw form the XPS spectra is that

oxygen is hardly present in the first few nanometers of the
film, but is present strongly under this top layer.

4. Neutron Reflectometry. Figure 5 shows measured and
calculated neutron reflectivity data for an annealed PS-PEO
film, with the solid line being the calculated reflectivity based
upon a refined structural model. Preliminary Fourier trans-
forms of the reflectivity data prior to detailed modeling
suggested an overall film thickness of 47 nm, which was used
to constrain initial refinement attempts with complex multi-
layer models.

Various models were used to initially refine the structure
of the PS-PEO film using the neutron reflectivity data. A
single-layer model of constant composition (based on an
estimated SLD for the copolymer) led to a very poor fit to the
observed data (χ2= 0.054). Three- and four-layer models
consisting of alternating PEO and PS layers, with a PEO
layers adjacent to the Si substrate were also modeled and led
to reasonable fits to the observed data (χ2=0.0059 and χ2=
0.0028, respectively). By far the best fit (χ2=0.0018) to the
observed neutron data was obtained by a five-layer polymer
model, illustrated Figure 8c.

Table 1 summarizes the results of the fitting of the neutron
reflectivity data, namely the refined values of the layer
thickness, interfacial roughness between the polymer layers,
and the refined neutron SLD values. Because the overall film
thickness was smaller than 3/2L, the film presented a hole/
island morphology, which made the analysis of the neutron
data more challenging.

A film similar to that studied by neutron reflectometrywas
imaged by AFM and showed a film thickness of 45 ( 5 nm,
with a proportion of islands occupying about 45% of the
area of the film (Figure S4). The knowledge of the morpho-
logy and general structure of the film derived from AFM
enabled us to derive a suitable structural model to be used in
the analysis of the neutron reflectivity data. These data (in
conjunction with the structure derived from AFM and XPS)
gave a very clear 5-layer model of the phase-separated
polymer, and indicated clearly that a PS layer is on the top
surface of the film. The film’s structure is made up of a
continuous PEO/PS half-lamella adjacent to the Si substrate
(layers 4 and 5, thickness 15.7(1) nm), and an incomplete
lamella above this, made of a bottom 6.5(1) nm PS layer, a
middle 18.5(1) nm PEO layer, and an top 6.1(1) nm PS layer
(layers 1-3, thickness 31.1(1) nm). The blocks in the incom-
plete top lamella have a reduced scattering length density,
due to the presence of the holes/islands morphology in the
top part of the film. The lamellar thickness derived from the

Figure 4. X-ray photoelectron spectroscopic (XPS) analysis of the
depth profile composition of two PS-PEO thin films. Two sets of data
relative to two different samples are presented in both graphs, with one
sample corresponding to full symbols and the other sample correspond-
ing to smaller empty symbols. Part a shows an enlargement of the region
in part b at short sputtering times.

Figure 5. Neutron reflectivity data for an annealed PS-PEO film of
thickness 46.8 nm. The experimental data (points) and calculatedmodel
based upon the refined structural model (solid line) are presented
together.
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neutron data is in agreement with the values obtained by
AFM. The relatively low thickness of the PS layer in the
bottom half-lamella (layer 4) and the relatively large SLD
value for the PEO layer (layer 5) suggest that some degree of
intermixing between PS and PEO might be present in the
bottom half-lamella.

5. Wettability Experiments. Contact angle measurements
gave indication that the composition of the surface of the
film changes upon exposure to water, as previously ob-
served.57 The film is initially not wetted by water: the
equilibrium contact angle measured upon first placing a
droplet of water on the film (of thickness 95 nm) is θeq=
105� ( 5�, and the value of the advancing contact angle
is also the same within experimental error. These values
are very close to those measured on a PS spin coated film
(ca. θadv=99� ( 3�).58 However, the measurement of the
receding contact angle showed a surface almost completely
wetted bywater, with aθrec=15�( 5�. This confirms previous
studies that found that the surface of a PS-PEO film is
hydrophobic when exposed to air, but upon exposure to
water, the surface of turns rapidly hydrophilic.27,57 This
behavior indicates that the PS block is present at the air/film
interface, but upon exposure to water the chains of PS block
move away from the water/film interface and are replaced by
the more hydrophilic chains of the PEO block.

Parts a and b of Figure 6 show the effect of immersing
PS-PEO films in MILLI-Q water for 5 min and 24 h,
respectively, and then drying them with a jet of nitrogen.
In both cases the crystalline ordering observed on the
untreated films is maintained, but the crystal fibrils are
affected by the contact with water. In Figure 6a, the ridges
appear more rigid, straight, and distinct from each other
than before exposure to water (compare with parts b and c of
Figure 2). In Figure 6b, the crystal orientation appears more
orderly, the arrangement of the ridges more regular, and the
ridges appear to have a defined average thickness of 120 (
30 nm. Thesemodifications are compatible with the presence
of the water-soluble PEO block very near the top surface,
and with the fact that its crystalline fibrils swell upon

exposure to water and then recrystallize in a more orderly
fashion while the film dries.

Condensation experiments were also performed on the
films to reveal the possible presence ofwettability contrast on
the top surface.59Water vapor droplets condensed uniformly
over the surface of the film, and showed no signs of the
presence of boundaries between hydrophilic and hydropho-
bic regions at the film surface. These measurements are
qualitative in nature, but nonetheless reinforce the view that
only one block is present at the film surface (Figure S5).

6. Dewetting at Long Annealing Times. After being ex-
posed to thermal annealing formany hours, the thin PS-PEO
films eventually dewet from the substrate. The duration of
annealing before the onset of dewetting depends on film
thickness; for films of thickness ca. 100 nm dewetting occurs
for annealing times longer than 24 h; for films of ca. 50 nm,
dewetting starts after ca. 10 h. Dewetting is the process by
which liquid films that do not wet their substrate break up in
holes and eventually are transformed into a series of isolated
droplets on the substrate.60,61 Metastable thin liquid films
rupture by nucleation of holes around debris particles or
impurities in the film.61-64 Dewetting in PS-PEO films is due
to autophobic behavior, whereby the liquid melt does not
wet a thin layer of itself, as observed in experiments on
thin PEO films.65,66 The basic physical picture that explains
this scenario is that of pseudopartial wetting:67 PEO adsorbs
on the hydroxyl groups on the surface of the Si wafer,
forminga copolymerbrush.The conformationof the adsorbed
molecules is different compared to that of molecules which are
free in the overlying melt. It is believed that the origin of the
autophobic behavior of PS-PEO copolymers is related to the
difference in entropy between the different chain conforma-
tions of adsorbed and free copolymers.31 The film dewets,
leaving behind a thin film of adsorbed copolymer and macro-
scopic drops.

After long annealing times, only droplets of the copolymer
could be seen by optical microscopy on the substrate, as
illustrated in Figure 7a. The copolymer microphase sepa-
rates within the dewetted droplets, and both blocks are

Table 1. Refined Structural Parameters from Neutron Reflectivity Data on a PS-PEO Film of Thickness 46.8 nm

component structure
layer thickness

(nm)
scattering length density

(�106 Å-2)
interfacial roughness

(nm)

1. PS top layer g incomplete lamella with hole/island morphology

6.1(1) 1.03(1) 1.4(1)
2. PEO middle layer 18.5(1) 0.68(1) 1.5(1)
3. PS bottom layer 6.5(1) 1.24(1) 1.4(1)
4. PS layer g half-lamella

2.6(1) 1.51(1) 1.7(1)
5. PEO layer 13.1(1) 0.82(1) 2.1(1)
SiO2 1.1(1) 3.47 0.5(1)
Si 2.07 0.5(1)

Figure 6. Tapping mode AFM images of annealed PS-PEO films
exposed to MILLI-Q water for 5 min (a) and 24 h (b). The film in part
a is 100 nm thick, and the film in part b is 90 nm thick. The vertical scale
is 40 nm in part a and 65 nm in part b.

Figure 7. Droplets developed upon dewetting of a PS-PEO film of
thickness 75 nm on a silicon substrate after a long annealing (41 h).
(a) Optical micrograph of a dewetted PS-PEO film. The gray dots are
PS-PEOdroplets on the substrate. (b) TappingmodeAFMphase image
of part of a PS-PEO dewetted droplet on the substrate. The phase
contrast within the droplet (ca. 5 deg) is due to the difference in the
mechanical properties of PS and PEO.
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present at the droplet’s surface, as revealed by the phase
contrast in the tappingmodeAFMphase image in Figure 7b.
Rounded domains of diameter 200( 50 nm are visible inside
the droplets. By comparison, the contrast between the
rounded domains and the rest of the droplet is quite faint
in the corresponding AFM height image (Figure S6), which
means that the phase contrast is not due to topography but
truly to differences in mechanical properties. Although
assignment of bright and dark regions in phase images is
not straightforward,46 the volume fraction of PS in the
copolymer and the surface coverage of these rounded fea-
tures suggests the formation of spherical or cylindrical
domains of the minority block PS in a matrix of the majority
block PEO.

The onset of dewetting in these PS-PEO thin films is
delayed with respect to the dewetting observed in metastable
homopolymer films of the same film thickness.68 It is likely
that both the presence of the lamellar structure within the
film and the crystallinity of the PEO block contribute to
kinetically stabilize the film, so that the nucleation of the first
holes occurs only on prolonged annealing. Studies are being
conducted in our lab in order to characterize the intermediate
stages between the initial microphase separation and the
final dewetting.

Discussion

Tapping-mode AFM imaging revealed in an unmistakable
way that only one block of the copolymer is present at the
PS-PEO film’s surface. The clear crystalline structure visible both
in the AFM and optical micrographs suggested that the PEO
block is very close to the surface and dominates the overall
topography of the films. Condensation figures also showed no
clear contrast in the wettability properties of different areas of the
surface, confirming the presence of a single type of surface
chemistry at the top surface of the film.

XPS analysis revealed that both the PS and the PEOblocks are
present within the top∼10 nm of the surface. The abrupt change
of the XPS depth profile after 2 s of etching time suggests that the
PS is at the top, that this PS-rich layer is a fewnmthick, and that it
is placed on top of a PEO layer (Figure 8). Contact angle
measurements and AFM images of wetted films revealed that
the PEOblock is very close to the surface and canmove rapidly to
the very top of the film upon exposure to water.

The neutron reflectivity data provided the most conclusive
evidence of the exact composition of the surface, indicating that
thePSblock is on the top surface of the film. In this study selective
deuteration of one of the blocks was not necessary, because there
is sufficient difference in the neutron scattering length densities of

the PS and PEO blocks (respectively, ∼1.4 � 10-6 Å-2, and
∼0.7 � 10-6 Å-2, Table S1) to provide adequate scattering
contrast between the individual phase-separated layers. This
clearly enables us to assign either PS or PEO to distinct phase-
separated layers within the lamellar structure of the block
copolymer film.

On the basis of the evidence from all the employed techniques,
we conclude that the top surface of PS-PEO films spun from
chloroform is made of only one PS block, which completes the
PS-PEO lamellar stack. The presence of the PS layer does not
mask the appearance of long-range crystalline structures due to
PEO, and also does not substantially alter the wettability proper-
ties of the PEO block. This arrangement effectively decreases the
surface energy of the film by exposing to air the PS block, but
maintaining the overallmorphology of the crystalline PEOblock.
The crystallization kinetics of the PEO block controls the overall
kinetics of microphase separation and the morphology of the
final state, as in other systems.34-37

Our experiments compare well with the few existing studies
performed on PS-PEO copolymers spun from chloroform, which
found evidence of an enrichment of the PS block at the top
surface in air.6,12,29,30However, our experiments disagreewith the
interpretation of the data presented by Thomas and O’Malley,12

as we do not observe both blocks at the air/film interface.
Reference 12 did consider the possibility for the presence of a
thin PS overlayer, but the model was not consistent with their
interpretation of the angular-dependent XPS data. There are a
few possible explanations for this discrepancy. The first is the fact
that in the previous study films were prepared on aluminum
substrates, and were not annealed and therefore had not reached
equilibrium.21 Therefore, the systems studied in ref 12 and here
could be genuinely different. However, we need to point out that
we did not observe any evidence of the presence of both blocks at
the surface when imaging the as-spun films by tapping mode
AFM. The second is that ref 12 used dip coating for film
preparation, and so it is possible that the films were thicker than
those studied here (nomention is made in the paper of the overall
thickness). As the film thickness increases, it is possible that the
parallel lamellar alignment is lost, and more random structures
appear. It shouldbe noted that the humiditywas not controlled in
either set of experiments, and it is not known whether this factor
could affect microphase separation in thermally annealed films.
Conversely, it is possible that the interpretation of the employed
angular-dependent XPS data might change if the presence of
island/hole features on the surface of the films or film thickness
variations are taken into account.

Clear evidence of both PS and PEOblocks being present at the
air/copolymer interface was observed by tapping mode AFM
only in a second stage of the experiments, when the films were
annealed for several hours and dewetted due to autophobic
behavior into isolated droplets. At this final stage, rounded
domains (either cylindrical or spherical) of the PS blocks could
be observed within the PEO dewetted droplets.

Conclusions

A fundamental investigation on the nature of the surface of
thin PS-PEO copolymer films spun from chloroform was per-
formed, using several surface techniques, and the interpretation
of results previously published was challenged. The use of multi-
ple and complementary techniques allowed to shed some light on
the elusive composition and topography of the top PS-PEO
surface. Spontaneous dewetting processes in thin polymer films
can be gainfully used to achieve micropatterned substrates to be
used in biological applications.58 By exploiting the biocompat-
ibility of PEO and the interplay between microphase separation
and autophobic behavior in PS-PEO thin films, these systems

Figure 8. Schematic cross section of diblock copolymer thin film
morphologies: lamellae parallel to the surface, typical of films of
thickness (a) h= (2Lþ 1/2L) and (b) h just smaller than (2Lþ 1/2L).
The gray color represents the PEO block, and the white color the PS
block. (c) Model for the arrangement of PS and PEO blocks at the top
surface of a PS-PEO thin film.
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could be employed to design surfaces with patterned biocompati-
bility for applications in biology and biotechnology.
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