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The phase separation in polymer blend thin films has
extensively been studied due to its importance in
polymer coatings and adhesives. The morphology, mis-
cibility, and Kinetics of the phase separation in these
thin films have been reported to be significantly differ-
ent from those in bulk due to their confined nature
between the air and the substrate.!~® The constituent
polymers in a polymer blend thin film tend to segregate
asymmetrically or symmetrically to polymer/air and
polymer/substrate interfaces according to the interplay
between their surface tensions and their affinity to the
substrates.»? In the case where blend components
segregate asymmetrically to each interface, the blend
film eventually stratifies into a bilayer when phase
separation occurs. In contrast, when a blend component
is preferred at both interfaces, the blend film in equi-
librium state shows the symmetric segregation of the
component toward both interfaces with the other com-
ponent sandwiched between them.23

Polymer blend thin films can be easily prepared by
spin-casting using a common solvent. Since polymers
in blends are generally quite immiscible owing to the
entropic nature of long chains, the phase separation
often occurs during the spin-coating procedure. The
phase-separated domain morphology formed during the
solvent evaporation has commonly been observed on the
surface of as-cast polymer blend thin films.*> Poly(2-
vinylpyridine) (PVP) and polystyrene (PS) are one of the
most immiscible pairs,® and the phase separation im-
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mediately starts as soon as a PVP/PS blend thin film is
spin-coated on a silicon wafer with a native silicon oxide
on top.* When the film is annealed above the glass
transition temperatures of both PS and PVP, asym-
metric segregation occurs leading to the bilayer of PS
and PVP since PVP has a strong enthalpic affinity for
the silicon oxide while PS preferentially wets the air/
polymer interface due to its lower surface energy.
However, studies of the phase separation in PVP/PS
blend thin films have been quite limited due to the
phase-separated structures of as-cast films.

In this study, the PVP/PS bilayer films with a PS
layer on the silicon wafer and a PVP layer on top of the
PS layer were prepared by a sequential spin-coating
procedure using different solvents for both PS and PVP
to prevent the initial phase separation of PVP/PS blend
thin films. These films will be denoted hereafter as
inverted PVP/PS bilayer films because they have an
inverted structure against a thermodynamically pre-
ferred sequence with a PS layer on the surface and a
PVP layer on the silicon wafer. When the inverted
bilayer films were annealed above the glass transition
temperatures of both components, dewetting occurred
at the polymer/polymer interface (liquid/liquid dewet-
ting), and finally the partial layer inversion was achieved.
Optical (OM) and atomic force microscopies (AFM) were
employed to investigate the surface and interface mor-
phologies of the inverted PVP/PS bilayer films as a
function of annealing temperature and time.

Monodisperse PS and PVP were synthesized by
anionic polymerization in high vacuum using a glass-
blowing technique. The polymerizations of PS and PVP
were initiated in benzene by n-BuLi and in THF by sec-
BulLi, respectively, and terminated by methanol. The
molecular weights (Mp, M,,) and polydispersity indexes
(Mw/Mp,) of the polymers synthesized were determined
by GPC using PS standards. The glass transition
temperatures (Tg) of PS and PVP were measured by a
differential scanning calorimeter (DSC2010, TA Instru-
ments). RMS 800 (Rheometric Scientific Inc.) in parallel
plate geometry with 25 mm diameter and 1.5 mm gap
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Figure 1. Optical micrographs for (a) an as-cast PVP/PS
bilayer film and PVP/PS bilayer films annealed at 130 °C for
(b) 3, (c) 5, and (d) 10 min.

Table 1. Characteristics of Polymers Used in the Present

Study
Mn (9/ Mw (9/ Tg  no(Pas) mo(Pas)
polymer  mol) mol) Mw/M, (°C) at130°C at190°C
PS 11700 12300 1.05 96 10000 8

PVP 7900 8100 1.03 95 32 000 32

was employed to measure the zero shear viscosities of
PS and PVP. Table 1 summarizes the characteristics of
polymers used in present study.

The inverted PVP/PS bilayer film was prepared by
sequential spin-coating. A thin PS film was first spun-
cast from 1 wt % solution in toluene at 2000 rpm onto
a silicon wafer with a native oxide layer (~30 A), which
was pretreated with piranha solution. A 1 wt % PVP
solution in methanol was then spun-coated at 2000 rpm
on top of the as-cast PS film. We note that the spin-
casting of the upper PVP layer with methanol does not
affect the homogeneity of the bottom PS film since
methanol is a nonsolvent for PS. It was confirmed that
the interface of the as-cast PVP/PS bilayer film was flat
and smooth. The thickness of each layer was measured
to be about 40 nm using a Gaertner ellipsometer with
a He—Ne laser with 1 = 632.8 nm. The bilayer films
were annealed under vacuum at 130 or 190 °C, which
is well above the glass transition temperatures of both
PS and PVP.

The surface morphology and dewetting process of the
inverted PVP/PS bilayer films were investigated as a
function of annealing time and temperature by using
OM and AFM. OM measurements were carried out
using a Nikon OPTIPHOT2-POL in reflection mode.
AFM measurements were performed using a Digital
Instruments Nanoscope Illa with a SizNg4 tip in contact
mode.

Figure 1 shows the optical micrographs for the de-
wetting morphology of an inverted PVP/PS bilayer film
on a silicon wafer substrate while annealing at 130 °C.
The surface morphology of the as-cast PVP/PS bilayer
film is featureless as expected (Figure la). Annealing
at 130 °C, however, induces the dewetting of the upper
PVP layer from its lower PS layer. The dewetted PVP
holes with rims are clearly observed in Figure 1b after
3 min of annealing. These dewetted holes grow with
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Figure 2. AFM height images and cross-sectional height
profiles for the surface of PVP/PS bilayer films annealed at
130 °C for (a) 3, (b) 5, (c) 6, and (d) 13 min. A cross-sectional
height profile locating the interface of PVP/PS bilayer films
obtained after the upper PVP layer was washed off by PVP
selective methanol is also shown as a dashed line in each
profile. The substrate is also indicated in each profile for
clarity.

time, and the hole rims merge with one another when
annealed at 130 °C for 5 min (Figure 1c). After 10 min
of annealing, a polygonal network pattern is observed
(Figure 1d), which is the characteristic dewetting mor-
phology in the late stage.

To investigate the dewetting mechanism of inverted
PVP/PS bilayer films, we examined both surface and
interface morphologies of the films during the early
stage of annealing using AFM. Figure 2 shows the AFM
height images and cross-sectional height profiles for the
surface (solid lines) of PVP/PS bilayer films annealed
at 130 °C for (a) 3, (b) 5, (¢) 6, and (d) 13 min. The
interface morphologies of the same regions were also
checked by AFM after washing off the upper PVP layer
by methanol, which is solely selective to PVP, thus
enabling us to monitor the lower PS layer. The respec-
tive cross-sectional height profiles obtained for the
interface of PVP/PS bilayer films are also shown as
dashed lines in the figures. The silicon substrate is also
indicated in each profile for clarity. As annealing
proceeds through 3 min, the upper PVP layer dewets
from the lower PS layer, and the dewetted holes are
simultaneously created at the surface of PVP/PS bilayer
film (Figure 2a). In Figure 2a, the interfacial morphol-
ogy resembles the dewetted pattern of the upper PVP
layer, and two profiles exactly match with each other
in the hole region, implying that the upper PVP layer
dewets the lower PS layer. It should be noted here that
the dewetting of PVP on PS induces fluctuation in film
thickness at the PVP/PS interface since PS has a lower
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viscosity than PVP. Although the molecular weight of
PVP is slightly smaller than that of PS, its zero shear
viscosity is about 3.2 times larger than that of PS at
130 °C, as shown in Table 1.

According to several reports on the liquid/liquid
interface dewetting, for a solidlike (highly viscous) lower
layer, a dewetted upper layer does not affect the lower
layer while, for a liquidlike (less viscous) lower layer,
the dewetting causes a lift-up of the lower layer at the
initial stage.”~1° Qu et al .8 investigated the liquid/liquid
dewetting dynamics of a PS layer on top of a poly(methyl
methacrylate) (PMMA) layer and observed the fluctua-
tion and the thinning in the lower layer of the dewetted
region similar to our profile shown in Figure 2a when
the lower PMMA layer has much lower molecular
weight than the upper PS layer. They further reported
that, for high PMMA molecular weights, the PS de-
wetting velocity scales inversely with the PS viscosity
while, for low PMMA molecular weights, the dewetting
velocity is almost independent of the PS viscosity.
Segalman and Green® also reported similar fluctuation
and thinning in the lower layer during the dewetting
of a high molecular weight PS on a low molecular weight
poly(styrene-co-acrylonitrile) (SAN). All the previous
results along with current results imply that the de-
wetting Kinetics and the surface morphology in liquid/
liquid dewetting system mainly depends on the viscosity
difference of constituent polymers as well as individual
layer thickness.8~10

After the dewetted holes are created, the dewetting
of inverted PVP/PS bilayer films further progresses with
the growth of the holes and the merging of the rims due
to the collision of adjacent holes, resulting in a connected
hole structure (Figure 2b). The film finally builds up a
polygonal network over the whole surface area (Figure
2c,d). With regard to the surface morphology, the PVP
dewetting in the inverted PVP/PS bilayer film (liquid/
liquid dewetting) is quite similar to the dewetting of a
single polymer thin film on a nonwettable substrate
(liquid/solid dewetting). The dewetting process of a
polymer thin film on a nonwettable substrate is known
to proceed in three characteristic steps:1112 first, the
polymer film ruptures and the dewetted holes with
elevated rims are simultaneously created. Second, these
holes grow with time until the rims merge and build
up a polygonal network over the whole surface of a
substrate. Finally, this network system of the dewetted
polymer film transforms into droplets due to the capil-
lary instability. The droplet formation, however, was not
observed to occur in our case due to the fact that the
layer inversion starts in our system through the migra-
tion of the dewetted PVP in the merged rims down to
the silicon substrate. This will be discussed in detail
below.

It is interesting to note in Figure 2b that the interface
profile at 5 min reveals both the ridge and the central
mound, which is composed of PS, in the merged rims.
This intriguing interfacial shape is due to the merging
of two rims. In Figure 2c, as the merging of two rims
proceeds further, the height of the central mound in the
interface profile as well as the total height of the merged
rims increases, and both ridges move down to the silicon
substrate with one ridge finally contacting the substrate
due to the higher affinity of PVP toward the substrate.
After the PVP layer touches the substrate in the merged
rim, more PVP chains are allowed to easily spread into
the contact area on the substrate, and this process
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Figure 3. AFM height images for the scratched region of an
inverted PVP/PS bilayer film annealed at 190 °C for 156 h (a)
before and (b) after the film was treated with PS selective
cyclohexane. (c) Cross-sectional height profiles for line 1 in (a)
(solid line) and line 1’ in (b) (dashed line). (d) Another cross-
sectional height profiles for line 2 in (a) (solid line) and line 2
in (b) (dashed line). The substrate is also indicated in each
cross-sectional profile for clarity.

expels the PS chains in the central mound toward the
walls of the rim. Finally, at 13 min, the central mound
in the PS layer vanishes, and PS is concentrated at both
walls of the rims as shown in Figure 2d. The distribution
of PS along both walls of the rim is highly asymmetric
as shown in Figure 2d, which supports the above
argument.

Prolonged annealing over 13 min at 130 °C did not
change the dewetted morphology of the PVP/PS bilayer
films further probably due to the low chain mobilities
since the annealing temperature is not far from the
glass transition temperatures of both polymers. To
investigate the equilibrium structure of inverted PVP/
PS bilayer films after the dewetting process, the as-cast
specimen was annealed at a higher temperature of 190
°C for a long time.

Figure 3a shows the AFM height image for a PVP/
PS bilayer film annealed at 190 °C for 156 h. A scratch
with a clean knife was performed on the film as shown
in lower right region of Figure 3a in order to obtain
information on the film thickness. The morphology of
the fully annealed bilayer film remained the same after
treating with PVP selective methanol, implying that the
whole surface is covered by PS. X-ray photoelectron
spectroscopy (XPS) for this sample (data not shown
here) also indicated that the surface is composed of PS
only. As a result, we treated the fully annealed bilayer
films with PS selective cyclohexane to dissolve the upper
PS layer for the study of the interface profile. AFM was
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Figure 4. A schematic depicting the dewetting and the layer
inversion of enthalpically inverted PVP/PS bilayer films while
annealing above the glass transition temperatures of PS and
PVP. Each figure explains (a) inverted PVP/PS bilayer film
on SiO, substrate, (b) creation of dewetted PVP holes with
exposure of lower PS layer, (c) mergence of dewetted PVP rims,
(d) migration of PVP domains to SiO; substrate, (e) PVP
domains partly coated with PS on surface, and (f) bilayered
film with PS layer on top and PVP layer in contact with SiO,
substrate.

carefully performed on the same region shown in Figure
3a after washing off the upper PS layer, and the
resulting height image is given in Figure 3b. The cross-
sectional height profiles for line 1 in Figure 3a and line
1" in Figure 3b are shown in Figure 3c as solid and
dashed lines, respectively. The cross-sectional height
profiles for lines 2 and 2' are also shown in Figure 3d.
The silicon substrates are again indicated in Figure 3c,d
for clarity. It can be clearly seen in Figure 3c,d that a
thin PS layer covers the PVP domains over the entire
area examined, implying that the layer inversion was
achieved. In Figure 3c, the maximum height of the
annealed PVP/PS bilayer film is 226 nm and that of
washed PVP/PS bilayer film is 183 nm, showing the 40
nm difference in thickness. It should be mentioned here
that the layer inversion observed in our system did not
occur in the works of Qu et al.8 and Segalman and
Green?® since the interfacial energy between the lower
layer and the silicon oxide is smaller than the interfacial
energy between the upper layer and the silicon oxide
in their systems.

On the basis of above experimental observations, we
propose a schematic, shown in Figure 4, on the dewet-
ting process and the layer inversion of an inverted PVP/
PS bilayer film on a silicon wafer if the lower PS layer
is less viscous than the upper PVP layer. When the
inverted bilayer film in Figure 4a is annealed above
their glass transition temperatures, the upper PVP
layer first dewets from the lower PS layer (liquid/liquid
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dewetting) at the initial stage of annealing. Since PVP
is more viscous than PS in our system, the dewetting
of the upper PVP layer perturbs the lower PS layer to
a larger extent and then causes the thinning of the PS
layer in dewetted hole region due to the hydrodynamic
flow of PVP layer (Figure 4b). As the dewetted PVP
holes grow, the hole rims merge with one another, and
this process physically confines the lower PS layer to
form a mound in the middle and a ridge along the
circumference of the rim at the interface (Figure 4c).
As the PVP dewetting further proceeds, a polygonal
network of the PVP rims is formed, and this confines
the PS even further, such that the ridges and the central
mound at the interface are more pronounced. A fraction
of the ridge finally makes a contact between PVP and
the silicon oxide layer on a silicon wafer due to the
strong affinity between PVP and silicon oxide (Figure
4c). The central PS mound in the merged rim disappears
by the PVP displacing toward the substrate through the
contact area and the spreading of PS chains to the rim
through the connected PS channels (Figure 4d). Finally,
the partial layer inversion occurs with prolonged an-
nealing or high-temperature annealing since the PVP
domains in the rims spreads laterally due to their higher
affinity toward the substrate (Figure 4e) while the PS
chains in contact with the silicon substrate spread along
the surface of the PVP domains and finally encapsulate
the PVP domains due to their lower surface energy
(Figure 4f). A thin PS layer covers the entire surface
with a polygonal network of PVP domains in contact
with the silicon substrate at the fully annealed state
(Figure 4f). A smooth PS/PVP bilayer with PS layer on
top and PVP layer at the bottom, which is expected to
be an equilibrium morphology,* was not observed in our
system even after further annealing. Our corrugated
surface morphology at the fully annealed state is
believed to be in quasi-equilibrium since, unlike low
molecular weight molecules, it takes much longer time
than the experimentally accessible time scale for the
PVP microdroplet in Figure 4d, to spread to form a flat
bilayer film.1® The fact that the PS layer remains in
contact with the PVP domains and the substrate,
making three-phase contact angle, also contributes to
the pinning of the corrugated morphology.

The dewetting and layer inversion process of our
inverted PVP/PS bilayer films can be explained quan-
titatively by using the surface tensions of PS (yps) and
PVP (ypvp) as well as the interfacial tensions of PVP/
PS ()/ps_p\/p), PVP/SiOX (VPVP—SiO), and PS/SiOX (VPS—SiO)-
The surface tensions of PS (yps) and PVP (ypyp) are
32.66 and 38.51 mN/m at 130 °C, respectively, from the
extrapolation of the results of Sauer and Dee,'* and the
interfacial tension between PS and PVP (yps-pvp) is 3.46
mN/m at 130 °C.1> The wetting behavior of PVP on PS
is described by the spreading parameter defined as S
= vps — (Ypvp + ¥ps—pvp). S becomes negative when the
values of yps, vpve, @and yps—pyp are put into the above
equation, which implies that PVP should dewet PS
above the glass transition temperatures of constituent
polymers. This is in agreement with the observed
dewetting behavior in our system. Displacement and
spreading of dewetted PVP domains on the silicon oxide
substrate occur since ypyp-sio < Yps-sio While PS
segregates to the air surface since yps < ypyp. This
process finally leads to the partial layer inversion.

Recently, Rafailovich and co-workers'6~18 have inves-
tigated the dewetting in bilayer films of partially
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brominated polystyrene (PBrS) on PS. Although their
studies were lack of the kinetics, their final dewetted
surface morphology is quite reminiscent of ours shown
in Figure 1d. Similar to our study, the upper PBrS layer
first dewets the lower PS layer since S = yps — (ypers +
yps—pBrs) becomes negative. In their system, however,
the symmetric wetting of PS toward both surface and
substrate occurs after PBrS dewetting since yps < vpgrs
and vps—sio < ypers—sio- This symmetric wetting of PS
confines the PBrS domains inside the dewetted rims,
and the layer inversion observed in our system does not
occur.

In summary, we have investigated the kinetics of the
dewetting and the layer inversion in enthalpically
inverted PVP/PS bilayer films on a silicon wafer during
annealing using both OM and AFM. Dissolution of the
upper layer by PVP (or PS) selective solvent allowed us
to study the interface profiles at different annealing
times. It was found that the upper PVP layer first
dewets the lower PS layer (liquid/liquid dewetting) and
that the dewetting follows a mechanism similar to the
liquid/solid dewetting until the dewetted PVP holes
merge with each other to form a polygonal network
structure of the rims although the lower PS layer is
slightly deformed by the hydrodynamic flow of the
dewetting PVP layer since the PS used in the present
study has a lower viscosity than the PVP. After the rims
of dewetted PVP holes are merged together, the layer
inversion process starts by the contact and the subse-
qguent displacement of PVP toward the substrate due
to its higher affinity for the substrate. Partial layer
inversion with a thin PS layer on top of the PVP
domains is finally achieved after a prolonged annealing
(or high-temperature annealing) due to the fact that PS
has a lower surface energy. We expect that the dewet-
ting and the layer inversion in inverted PVP/PS bilayer
films are considerably different depending on the mo-
lecular weights of polymers used and the thickness of
each layer. The detailed studies on these issues, how-
ever, are beyond the scope of this paper and will be
discussed in future publications.
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