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ABSTRACT: Atomic force microscopy (AFM), neutron reflection (NR) and secondary ion mass spectroscopy
(SIMS) are used to examine phase separation in symmetrically segregating thin polymer blend films
(e1000 Å). Phase separation in the film leads to undulations of the liquid-air interface, provided the
film is sufficiently thin to suppress surface-directed spinodal decomposition waves. Flattened droplets
are formed at a very late stage of phase separation, and the aspect ratio of these droplets can be
rationalized by an interfacial free energy minimization argument.

1. Introduction
The study of liquid-liquid phase separation in thin

films confined between two impenetrable plates has
been the focus of much current research.1-3 Recent
studies have also focused on the corresponding phenom-
ena for polymer thin film coatings with a deformable
polymer-air interface,4-9 where surface tension has a
strong influence on the boundary shape. The inherent
flexibility of this interface can cause the film surface to
form unique patterns which track the underlying phase
separation process within the film. As summarized in
the next paragraph, most previous measurements con-
sider the case where the blend components segregate
asymmetrically to the two interfaces (“asymmetric
surface segregation”), which induces the blend to stratify
into a bilayer when phase separation occurs. In con-
trast, the present work emphasizes symmetrically sur-
face segregating thin blend films, where the same blend
component is preferred at both interfaces, and is ap-
plicable only for films thin enough to suppress the
development of surface-directed spinodal decomposition
waves.9,10 Under these circumstances, we observe that
the blend phase separation within the film is ac-
companied by undulations of the free boundary height.
Previously, Kajiyama et al. measured the local visco-

elastic properties of ultrathin phase separated poly-
styrene (PS)/poly(vinyl methyl) ether (PVME) blend
films cast on hydrophilic silicon at ambient temperature
using atomic force microscopy (AFM).6 They reported
that for films thinner than twice the radius of gyration
of the unperturbed chains, dewetted PVME droplets
formed on top of a layered PS phase at the Si surface
(“asymmetric” segregation). Klein et al.7 observed a
transient “roughening” of the air-film boundary in
thicker films [i.e., D/Rg > 20] of asymmetrically segre-

gating polyolefin blend films due to an initial unfavor-
able placement of polymer components at the air and
silicon boundary, but the final state of the film was a
bilayer having a smooth surface. Straub et al.5 briefly
report observing a film thickness dependence of this
“roughening” phenomena.
In contrast to these earlier measurements, here we

focus on symmetrically surface segregating blend films
undergoing phase separation.10,11 The results of the
present paper stimulated our earlier studies reported
in refs 10 and 11. Previously,10 an optical microscopy
study emphasizing the kinetics of phase separation in
thin films was presented for a symmetrically segregat-
ing blend system, polystyrene and polybutadiene on a
hydrophobic silicon substrate. It was found that films
less than ≈2500 Å were thin enough to suppress the
development of surface-directed spinodal decomposition
waves.9,10 The present paper provides strong evidence
that the optical measurements (in films10 as thin as 200
Å) were made possible primarily by optical path length
variations introduced as a result of undulations of the
phase separating film surface rather than refractive
index contrast between coexisting phases inside the
film. AFM images of typical quenched film surface
patterns showing an evolution to an intermediate-late
stage of phase separation are presented. These obser-
vations are consistent with simulations of surface pat-
tern formation in thin film phase separation.11 An
estimate of the late-stage pattern size based on an
interfacial free energy minimization scheme is also
presented.

2. Experimental Section
Measurements are reported here on two symmetrically

segregating blend systems.
The first is dPS (Mw ) 443 000,Mw/Mn) 1.05, Tg ) 105 °C)/

PVME (Mw ) 84 000,Mw/Mn ) 1.40, Tg ) -40 °C) films, which
exhibit a lower critical solution temperature (LCST ≈140 °C)
in the bulk.12 The films were cast on cast on a hydrophobic,
HF-etched silicon substrate.
The second is Poly(ethylenepropylene), PEP (Mw ) 290 000,

Mw/Mn ) 1.02, Tg ) -40 °C)/deuterated polyethylenepropylene,
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dPEP (Mw ) 374 000,Mw/Mn ) 1.02, Tg ) -40 °C), films which
have an upper critical solution temperature (UCST ≈ 241 °C)
in the bulk.13 Films were cast on a hydrophilic silicon oxide
surface.
Films of dPS/PVMEmixtures (5-70 mass % dPS; 200-2500

Å thick), which were carefully dried before dissolving in
toluene, were spin coated onto HF-etched Si substrates.14 Film
thickness could be controlled by solution concentration and
spin speed, e.g., a 2 mass % dPS/PVME polymer solution spun
at 3000 rpm produced a blend film of thickness of ap-
proximately 850 Å. Neutron reflection (NR) measurements
on as-cast blend films indicate that the average film composi-
tion is indistinguishable from the solution composition. Phase
separation was achieved by annealing at elevated tempera-
tures in the two-phase region under high vacuum (≈10-6 Pa)
to prevent oxidative degradation of the polymers and dewetting
due to hydration of the substrate.14 Films of PEP/dPEP
mixtures (50% by mass) were spin coated from toluene
solutions onto Si substrates, which had been cleaned in an
oxidizing mixture of sulfuric acid/hydrogen peroxide (7:3 by
volume) at 80 °C for 120 min to ensure that the Si surface
was hydrophilic. The films were then annealed deep in the
bulk two-phase region at 90 °C.13
The surface topography of both blend systems was charac-

terized by AFM. In addition, simultaneous friction and elastic
compliance measurements using a Topometrix15 atomic force
microscope permitted the evaluation of the areal distribution
of the two polymers in the dPS/PVME case16 since the dPS is
glassy at room temperature, whereas the PVME is liquidlike.
However, no such contrast is available for the PEP/dPEP
system. The samples were scanned at a rate of 1 Hz using a
Si3N4 cantilever tip with a force of 10 nN, modulated at 2 kHz
with a vertical rms amplitude of 200 Å.
NR measurements17a presented here were performed at the

NG7 reflectometer at the National Institute of Standards and
Technology (NIST), Gaithersburg, MD. Briefly, the technique
at NIST consists of reflecting a well-collimated beam of
neutrons of fixed wavelength (4.7 Å) from the sample surface
and varying the neutron momentum by varying the angle of
incidence on the sample surface, typically between 0 and 3°.
The reflected beam is picked up by a neutron detector at a
reflection angle that is same as the angle of incidence, and
the incident, reflected, and film normal are in one plane
(specular reflectivity). NR measurements were conducted in-
situ in a vacuum chamber on-line at elevated temperatures,
while all other instrumental measurements were performed
at room temperature within 8 h of quenching the sample to
room temperature.18 The reflectivity data were fit by using a
standard multilayer fitting routine for scattering length densi-
ties described in ref 17a.
Static and dynamic secondary ions mass spectrometry

(SIMS) measurements of surface and depth profile analysis
were carried out on an Atomika 6000 SIMS instrument15
equipped with a negative Argon ion beam rastering the sample
surface at an operating voltage of 2 kV and a base pressure of
1.3 × 10-6 Pa. A more detailed description of the technique
as applied to polymer depth profiling, surface analysis and
mass assignments can be found in ref 17b.

3. Results and Discussion

Neutron reflectivity (NR) measurements were made
on an 850 Å thick dPS/PVME film of composition φdPS
) 0.30 at several annealing temperatures between 100
and 180 °C, i.e., over a temperature range covering the
single- and two-phase region of the bulk phase diagram
(Note that the bulk binodal at φdPS ) 0.30 is estimated
to be ≈150 °C).12 Parts a and b of Figure 1 show
representative NR data obtained on this sample after
it was heated under vacuum for 120 min each, in the
single-phase region at T ) 110 °C and subsequently in
two-phase region at T ) 170 °C.19 The NR profile at T
) 110 °C stopped evolving after 120 min of annealing,

while it continued to change with time at T ) 170 °C,
consistent with the notion that these two temperatures
correspond to the single- and two-phase region of the
phase diagram, respectively. (An estimate of the bi-
nodal temperature for the thin film and the temperature
dependence of the concentration profile is out of the
scope of the present paper, and this will be reported
separately.) It should be appreciated that the NR
profile at T ) 170 °C was taken while the structure was
slowly changing and is only shown for qualitative
comparative purposes.
The composition profile shown in the insets to Figure

1a,b demonstrates an enrichment of lower scattering
length density PVME (qc2 ≈ 0.18 × 10-4 Å-2) over dPS
(qc2 ≈ 3.14 × 10-4 Å-2), to both the vacuum and HF
etched silicon interfaces at the two temperatures.
Likewise, Figure 2 shows a dynamic SIMS20 depth
profile obtained on an annealed (in the two-phase
region) 1700 Å thick dPEP/PEP blend film with com-

Figure 1. (a) NR spectrum from an 850 Å thick spin-coated
dPS/PVME (φdPS ) 0.30) film annealed for 120 min (profile
does not evolve for longer times) in a vacuum at 110 °C. The
insert shows the volume fraction profile corresponding to the
fit to the reflectivity data. A relative decrease of scattering
length density at the air surface (z ) 0 nm) and at the HF
etched silicon surface (z ) 85 nm) indicates a qualitatively
symmetric surface segregation of excess PVME. (b) NR spec-
trum from the same film after annealing for 120 min. (profile
continues to evolve with time) in a vacuum at 170 °C shown
for qualitative comparative purposes only. The volume fraction
profile insert illustrates that the segregation of PVME to the
two boundaries is heightened due to phase separation. Ad-
ditionally, the apparent film thickness increases due to
undulations of the air-film boundary (see Figure 4b).
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position φdPEP ) 0.5, which confirms the preference of
dPEP over the nondeuterated PEP phase at both
interfaces (similar to observations by Krausch et al.9
for methyl-terminated organic monolayer on Si only).

Thus, both blend systems discussed above are in the
category of symmetrically surface segregating films.
In fact, static SIMS measurements (see Figure 3) on

identically prepared and treated dPS/PVME films
(quenched to ambient temperature and measured within
a few hours18) confirm that a pure layer of PVME is
present for at least the top 5 Å of the outer surface of
the film, regardless of whether it was annealed at 110
or 170 °C. This result is a consequence of the lower
surface tension of PVME and is consistent with meas-
urements in bulk samples of PS/PVME by Dee et al.,21
which show that the surface tension above and below
the binodal approaches that of pure PVME, even when
the PVME composition was only ≈18%. Such a thin
layer of pure PVME is undetectable by NR due to its
very low scattering length density and limits of depth
resolution of NR (≈10 Å under ideal conditions).
The inset profiles of Figure 1 shows that the film

thickness has seemingly increased from 850 Å at 110
°C to above 1000 Å at 170 °C. This apparent paradox
is resolved by AFM measurements of the surface
topography at different temperatures. The AFM image
of an 850 Å thick dPS/PVME blend film (φdPS ) 0.30)
annealed in the one-phase region at 130 °C (a similar
result is obtained at 110 °C) and quenched to room
temperature exhibited a smooth surface with a root-
mean-squared surface roughness of about 6-10 Å

Figure 2. Dynamic SIMS depth profile of an ∼ 1700 Å thick
dPEP/PEP blend film with composition φdPEP ) 0.5, quenched
into the bulk two-phase region at 90 °C for ∼ 2 h (solid circles
) dPEP; open circles ) PEP). The development of surface
topology with phase separation in these thicker films is
significantly suppressed,10 so that the concentration profile
obtained is a semiquantitative indication of the average local
concentration depth profile.

Figure 3. Static SIMS from a dPS (30%)/PVME (70%) blend film (middle spectrum) annealed at 170 °C. The blends spectrum
is almost identical with that of pure PVME (top spectrum) but quite different from that of pure dPS (bottom spectrum). The
x-range is split to accommodate changes in y-scale intensity counts that are individually adjusted in each plot for maximum
counts display.
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(Figure 4a). In contrast, the surface topography of the
film changed dramatically when heated to T ) 170 °C
(bulk two-phase region) for 120 min (see Figure 4b). The
surface is now undulating with features on the surface
protruding approximately 2500 Å above the base level.
While it is not possible to definitely state the origin of
the surface roughening from our NR or AFM data, the
image certainly has the appearance of a pattern ob-
tained from a blend undergoing spinodal decomposition
in the bulk. Our previous optical microscopy study10 of
phase separation kinetics in another symmetrically
segregating blend is in agreement with this interpreta-
tion.
If the topographical features occur as a result of

lateral phase separation within the film at T ) 170 °C,
then the regions rich in dPS should have a very different
mechanical response from the rubbery PVME-rich
areas. These expectations are indeed verified from the
AFM measurements shown in Figure 5. Figure 5a
shows the surface topography of a sample prepared in
a similar manner at T ) 170 °C, while parts b and c of
Figure 5 show the corresponding friction and compliance
images.16 The frictional response of the flat regions is
approximately four times greater than that of the higher

protrusions.22 This is supported by the compliance
measurements which show that the protrusions are
much stiffer than the surrounding shallow sections.
Local, low frequency measurements at 100 Hz show a

Figure 4. Three-dimensional AFM topographical image of an
850 Å thick dPS/PVME (φdPS ) 0.30) film after annealing under
vacuum for 120 min at (a) 130 °C and (b) 170 °C. The samples
were measured after quenching to room temperature. The
undulations of the film surface in part b are apparently caused
by variations of the interfacial tension within the plane of the
film arising from phase separation.

Figure 5. AFMmeasurements of (a) topography, (b) friction,
and (c) compliance, recorded for the same area of a phase-
separated film of dPS/PVME (φdPS ) 0.30) annealed at 170 °C.
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decrease in the storage modulus by a factor of ≈5 on
the flat areas relative to the protruding sections. From
these results we can conclude that the elevated regions
are behaving like a glassy or very viscous polymer liquid
while the flatter and lower regions are less viscous.23
As mentioned before, the static SIMS measurements
(Figure 1c) confirms presence of pure PVME at the top
≈5 Å of the film surface, which supports the conclusion
that the protrusions are the dPS-rich phase encapsu-
lated by a thin layer of PVME, presumably due to its
higher mobility and lower surface tension. Unlike the
work of Marti et al.,16 the cover PVME layer is liquid-
like and much thinner in our case, and consequently
the subsurface nanomechanical contrast between phase-
separated PS- and PVME-rich regions is detectable.
Therefore, the surface roughening is interpreted as
resulting from lateral phase separation of the mixture
within encapsulating PVME layers. This is illustrated
schematically in cross section in Figure 6. Continuity
of the phases within the layer no doubt depends on the
degree to which the spinodal decomposition process has
developed.10
To indicate the generality of the phenomena, we

briefly describe the phase separation-induced pattern
formation for yet another symmetrically segregating
blend film, PEP/dPEP. This system has a UCST, rather
than LCST, type phase separation so that the bulk
phase diagram is “inverted” in temperature as compared
to dPS/PVME. The film thickness is kept very similar
to the dPS/PVME case to minimize complications aris-
ing from finite size effects. Figure 7 is an AFM image
of an 800 Å thick PEP/dPEP film (50% composition by
volume), annealed at 90 °C for 48 h. The AFM image
shows isolated droplets that are ≈250 Å in height and

2-3 µm in diameter, arranged in an arraylike fashion.
This image is very similar to what was observed through
optical microscopy in another symmetrically segregating
UCST blend system in the very late stages of phase
separation.10 This result is expected to be due to the
large quench depth (∆T ≈ 151 °C) in the present
measurements, which results in faster kinetics. Ad-
ditionally, the annealing time was longer in comparison
to the dPS/PVMEmeasurements. Thus, we believe that
the phenomena of phase-separation-induced surface
pattern formation is generic to symmetrically surface
segregating thin blend films.
The spreading coefficient, Sb,a provides a criterion24

for the encapsulation of one coexisting phase (b) by
another (a). Specifically, Sb,a ) (γb,s - γa,s) - γp, must
satisfy the inequality, Sb,a > 0 at both the air and the
substrate surfaces (s). Here, γb,s and γa,s are the surface
tensions of the two phases and γp is the polymer-
polymer interfacial tension arising from phase separa-
tion. This inequality is apparently satisfied for the
dPS[∼phase(b)]/PVME[∼phase(a)] case based on our
estimates of the surface and interfacial tensions,25 but
this could not be verified for the PEP/dPEP case.
The morphology of the films at late-stage evolve to a

dropletlike form (see Figure 7 and ref 10), where the b
phase (see Figure 6) has pinched off from the bicon-
tinuous structure formed at an earlier stage of phase
separation. These droplets evidently have an anisotro-
pic “pancake-like” form so that the aspect ratio, R, the
ratio of the height H to diameter L of the droplets, is
small (R ) H/L , 1). We can obtain a theoretical
estimate of R by minimizing the free energy for a
flattened pancake droplet. For simplicity, we take the
droplet to be rectangular in cross section which yields
a simple scaling relation between R and the polymer-
polymer interfacial and polymer-air surface energies, R
≈ γp/γb,s . Utilizing γp ≈ 1 mN/m for dPS/PVME
mixtures at T ) 170 °C and γp ≈ 0.2 mN/m for the
dPEP/PEP blend at T ) 90 °C25 gives an order of
magnitude difference in value of the aspect ratio, R ≈
1/30 and 1/100, respectively. The experimental value
of R corresponding to the dPEP/PEP case can be
estimated from Figure 7 where H ≈ 0.03 µm and L ≈ 3
µm, so that R ≈ 1/100, consistent with our theoretical
order of magnitude estimate. Although this type of
argument is not strictly applicable to the dPS/PVME
structures shown in Figure 4b where the pancake
droplets have not fully formed,10 we can nonetheless
estimate the flattening of the surface features at an
order of magnitude level. From the extremal height (H
≈ 0.2 µm) and the average cross section width of the
surface features (L ≈ 3 µm) we estimate that R ≈ 1/15.
The argumentation is rough in this case, but again the
right order of magnitude is found.
In summary, we have observed a distinct surface

patterning in thin films of phase separating binary
polymer blends in which surface directed spinodal waves
are suppressed. This phenomenon, which apparently
reflects local variations of surface tension within the
plane of the film, was observed in systems where the
same component segregated to the vacuum and the
substrate interfaces. A transition from asymmetric
(most previous studies) to symmetric segregation can
often be induced by simply tuning the polymer/substrate
interaction through chemical modification of the sub-
strate. The present work shows that this strategy not
only alters the morphology of the film but also affects
the character of phase separation in thin blend films

Figure 6. Schematic cross section of the phase-separated
layer where a and b depict the coexisting dPS- and PVME-
rich phases, respectively. The degree of connectivity within
the plane depends on the stage of phase separation. At late
stage, these form pinched-off “pancake-shaped” droplets with
average dimensions L and height H (h/H , 1).

Figure 7. AFM image of an 800 Å thick dPEP/PEP film (φdPEP
) 0.5). The sample was quenched into the two-phase region
at 90 °C for ∼48 h. These images are similar to optical
micrographs of late-stage phase separation for another sym-
metrically segregating blend in ref 10, where the size of the
“pancake-shaped” droplets increased with film thickness.
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due to a coupling between the boundary segregation and
finite size effects. The magnitude of the interfacial
tension relative to the surface tension is shown to set
the aspect ratio of the surface features in the limit of
long times.
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