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Thin polymer films on solid substrates have been widely
applied in industrial processing and manufacturing. The film
instability is an important factor in its technological applications.
The unstable process is called the dewetting process. Recently,
there have been many studies reported on the dewetting process
by experiments, simulations, and theories.1-14 Dewetting is
mainly induced by two different mechanisms: (1) spinodal
dewetting and (2) nucleation and growth. The rupture of films
by nucleation strongly depends on the initial conditions. The
air bubbles, other defects, and the occurrence of strain in the
films can lead to the formation of holes by heterogeneous
nucleation. The breakup of films by spinodal dewetting is
limited. Recently, a lot of papers have reported spinodal
dewetting in experiments, simulations, and theories.15-21 Be-
sides, Bischof et al.22 have observed two coexisting mechanisms
of nucleation and surface undulation in the dewetting process
of the thin metallic film. Thiele et al.23 also reported a
combination of nucleation growth and spinodal dewetting in
the dewetting process of evaporating collagen solutions. Xie et
al.24 showed both holes and surface undulation form over a large
part of the surface in the 12.5 nm thick polystyrene (PS) film.

Thin polymer blend films are of special interest for techno-
logical applications as well as for fundamental investigations.
This has motivated many fundamental studies about the phase
separation and dewetting of the polymer blend film.25-31 The
macromolecular architecture can influence the wetting property
of the polymer film. Krishnan et al.32 have shown that the
addition of PS nanoparticles to thin linear PS film inhibits and
in some cases eliminates dewetting because an enriched layer
of PS nanoparticles is present on the substrate surface. The
different macromolecular architecture can lead their blend film
to divide into two-enriched layers. The bilayer film shows a
richer dynamics than a one-layer system.33-39 The instability
phenomenon is driven by the effective molecular interactions
acting between all the interfaces which separate the four
media: substrate, bottom layer, top layer, and surrounding gas
(air). In this communication, avoiding all difficulties related with
the sample preparation via flotation, we present a bilayer
formation via phase separation. We add a four-arm poly(4-
vinylbenzyl chloride) (pVBC) into the linear PS film to study
the dewetting process of their blend film on the silanized Si
wafer. It is found that the addition of four-arm pVBC leads to
the formation of a bilayer structure during the spin-coating
process. Although the breakup of film is driven by heteroge-

neous nucleation in pure linear PS film and pure four-arm pVBC
film, both heterogeneous nucleation and surface undulation are
found in the dewetting process of their blend film on the
silanized Si wafer.

The linear PS (Mw ) 23 600 g/mol, Mw/Mn ) 1.06, the bulk
glass transition temperatureTg ) 95 °C, supplier TCI) and the
four-arm pVBC (Mw ) 30 000 g/mol, Mw/Mn ) 1.1, the bulk
glass transition temperatureTg ) 101 °C), which was synthe-
sized by RAFT polymerization, were dissolved in chloroform.
Thin polymer films were prepared by spin-coating the chloro-
form solution onto the Si wafers, which have been silanized
(trimethylchlorosilane) prior to use following standard proce-
dures.40,41The thickness of film was measured by ellipsometry
(JOBIN YVON S.A.S., France). The residual solvent was
removed by putting the films in a vacuum oven for 24 h at
room temperature, and the surface roughness of the films (below
0.9 nm) was measured by atomic force microscopy (AFM)
operating in the tapping mode using a SPA300HV instrument
with a SPI3800N controller (Seiko Instruments Inc., Japan).
Then, the samples were heated at 120 and 170°C. The surface
morphology was observed by optical microscopy (OM, Leica
Microsystems, Germany) in the reflection mode with a CCD
camera attachment and atomic force microscopy (AFM) at room
temperature. Surface chemical composition of the films was
determined on a Thermo ESCALAB 250 X-ray photoelectron
spectrometer (XPS) at room temperature and at 10-10 Torr. A
nonmonochromatized Al KR excitation source was used. The
takeoff angle (between the sample surface and the detector
optics) was 90°. We obtained the contact angles of two different
liquids on solid surface by drop shape analysis (KRUSS,
Germany) at room temperature and used the results to calculate
the surface energy of the solid substrate and polymer film by
the method of harmonic mean.
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Figure 1. The OM images of (a) the linear PS film treated at 170°C
for 35 s and (b) the four-arm pVBC film treated at 170°C for
15 min, and the dynamics of their hole growth (c). The bar scale is
100 µm.
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Figure 1a,b shows the OM images of pure linear PS film
and pure four-arm pVBC film (h ) 28(3) nm, whereh is the
film thickness) treated at 170°C. It can be seen that the rupture
of the pure linear PS film and the pure four-arm pVBC film is
by heterogeneous nucleation. Figure 1c shows that the radius
of the holes grows with time at 170°C. A theoretical description
of the dynamics of hole growth has been reported in previous
studies.4,11,42 The hole radius grows with time asR ∼ t2/3 if
polymer can slip on the substrate, whereas the hole radius grows
with time asR ∼ t if the slippage condition is not valid. As
shown in Figure 1c, the fact thatR∼ t1.07 for the linear PS film
indicates that the slipping effect is not valid and thatR ∼ t0.71

for the four-arm pVBC film implies that the polymer can slip
on the substrate. In addition, the dewetting velocity of the linear
PS film is faster than that of the four-arm pVBC film on the
silanized substrate.

Figure 2 shows a series of AFM images of their blend films
(h ) 28(3) nm, whereh is the film thickness), which are
annealed at 170°C. The morphologies of the blend films with
the low (10 wt %) and high (90 wt %) weight contents of the

four-arm pVBC are shown in panels a and e of Figure 1. It is
observed that the rupture of the films is induced by heteroge-
neous nucleation. However, both heterogeneous nucleation and
surface undulation are found for the polymer blend films with
30, 50, and 70 wt % of the four-arm pVBC (see Figure 1b,c,d).

Figure 3 shows the C 1s and Cl 2p region of the XPS spectra.
The binding energy peak of C 1s is at 284.6 eV, and the binding
energy peak of Cl 2p is at 200 eV. The XPS analysis of the
pure four-arm pVBC film before annealing shows that the ratio
of the element content of chlorine and the element content of
carbon is 1/9.6 on the film surface, but the XPS analysis of the
blend film with 50 wt % four-arm pVBC before annealing show
that it is 1/13 300 on the film surface (see Figure 3). This
indicates that linear PS enriches on the surface of the blend
film with 50 wt % four-arm pVBC. The fact implies that the
blend film with 50 wt % four-arm pVBC may undergo phase
separation and form a bilayer structure during the spin-coating
process. In addition, we investigated the receding contact angles
of PS on the substrate and four-arm pVBC on the substrate with

Figure 2. A series of AFM images of the blend films (h ) 28(3) nm,
in height mode): (a) 10 wt % four-arm pVBC in the blend film
at 170°C for 35 s; (b) 30 wt % four-arm pVBC in the blend film at
170 °C for 2 min; (c) 50 wt % four-arm pVBC in the blend film
at 170°C for 3 min; (d) 70 wt % four-arm pVBC in the blend film at
170 °C for 3 min; (e) 90 wt % four-arm pVBC in the blend film
at 170°C for 3 min.

Figure 3. XPS data for: (a) the pure four-arm pVBC film and (b) the
blend film containing 50 wt % of four-arm pVBC.

Figure 4. AFM profile images of the rims.
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the help of the AFM images in order to understand
which polymer has more favorable interaction with the
substrate. It is obvious that the receding contact angle,θ, of
linear PS on the substrate is larger than that of four-arm
pVBC on the substrate in the dewetting process (see
Figure 4). This indicates that the substrate may have
stronger affinity with the four-arm pVBC than with the
linear PS. This is consistent with the XPS data. Thus, we
predict that a bilayer structure, in which the linear PS
enriched layer is located on the four-arm pVBC enriched
layer, is formed during the spin-coating process. When the
temperature reaches 170°C, first the spinodal dewetting
of the upper linear PS layer occurs on the lower four-arm
pVBC layer and then the lower four-arm pVBC layer
forms holes on the silanized Si wafer. Due to the slip
effect, the moving velocity of the thin region is faster than
that of the thick region. Thus, the growth of the holes is
irregular. The phenomena in the blend films with 30 and
70 wt % of the four-arm pVBC are similar to that in the blend
film with 50 wt %. Therefore, they may have the same de-
wetting process at 170°C. The above dewetting process
has not been observed for the blend films with 10 and 90 wt %
of the four-arm pVBC because the content of the four-arm
pVBC or linear PS, respectively, is too low to form a enriched
layer.

We explore the dewetting process of the blend film with 50
wt % of the four-arm pVBC at a lower temperature 120°C
because the velocity of dewetting is too fast to observe the
process at 170°C. Figure 5 shows the morphologies of the blend
with 50 wt % four-arm pVBC after different annealing times at
120 °C. It is seen that first the film occurs spinodal dewetting

and then the holes form and grow irregularly. The dewetting
processes at 120°C give a good evidence for our above
explanation.

For the film system under consideration, the total excess free
energyφ can be expressed as a sum of dispersion energies and
polar interactions as follows:17,23

whereh is the film thickness, A123 is the effective Hamaker
constant (1, substrate; 2, medium; 3, film),SP is the polar
component of the spreading coefficient, and l is the correlation
length, which is often taken as 2.78 nm. The dispersion energies
(the first term in eq 1) can be obtained from the effective
Hamaker constant and film thickness. For the three layers being
involved, the effective Hamaker constant can be expressed in
terms of the dispersion component of each surface tension
as:16

whered0 is the atomic cutoff length, which is taken as 0.158
nm. The medium phase is pure air (γ2

d ) 0). The polar
component of the spreading coefficient was calculated based
on the relationship:23

where the dispersion component is given by-A123/12πd0
2. γps

) 28.936 mN/m,γps
d ) 28.28 mN/m,γfour-arm pVBC ) 32.67

Figure 5. (a) The blend film with 50 wt % of four-arm pVBC annealed at 120°C for 20 min (2D FFT image shown in the inset). (b) The blend
film with 50 wt % of four-arm pVBC annealed at 120°C for 130 min (2D FFT image shown in the inset). (c) The blend film with 50 wt % of
four-arm pVBC annealed at 120°C for 550 min.

Figure 6. AFM images of (a) The pure four-arm pVBC film (h ) 20 nm) treated at 170°C for 3 min in the left part and the two-layer film, which
consists of the linear PS film (h ) 15 nm) located on the four-arm pVBC film (h ) 20 nm), treated at 170°C for 3 min in the right part and (b)
The two-layer film, which consists of the linear PS film located on the four-arm pVBC film, treated at 170°C for 3 min. OM image of (c) The pure
four-arm pVBC film (h ) 20 nm) treated at 170°C for 60 min in the left part and the two-layer film, which consists of the linear PS film (h )
68 nm) located on the four-arm pVBC film (h ) 20 nm), treated at 170°C for 60 min in the right part. The size of the OM image) 142 µm
(height)× 176 µm (width).

φ ) -A123/12πh2 + Sp exp(-h/l) (1)

A123 ) (xA11 - xA33)(xA22 - xA33) )

24πd0
2(xγ1

d - xγ3
d)(xγ2

d - xγ3
d) (2)

S) Sd + Sp ) γ23(cosθ - 1) (3)
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mN/m, γfour-arm pVBC
d ) 31.77 mN/m,γsilanizedSiwafer) 20.14

mN/m, γsilanizedSiwafer
d ) 17.79 mN/m,θps/silanizedSiwafer) 48°,43

θfour-arm pVBC/silanized Siwafer) 42°,43 andθps/four-arm pVBC) 18°.43

From these values, we can yieldSps/silanizedSiwafer
d ) -11.7 mN/

m, Sps/silanizedSiwafer
p ) 2.126 mN/m,Sfour-arm pVBC/silanizedSiwafer

d

) -15.98 mN/m,Sfour-arm pVBC/silanizedSiwafer
p ) 7.589 mN/m,

Sps/four-arm pVBC
d ) 3.387 mN/m, andSps/four-arm pVBC

p ) -4.987
mN/m. For linear PS film and four-arm pVBC film on the
silanized Si wafer, the apolar part of the interaction is an instable
term whereas the polar part of the interaction stabilizes the film.
For linear PS film on four-arm pVBC film, the apolar part of
the interaction is a stable term whereas the polar part of the
interaction makes the linear PS film unstable. For the system
of linear PS film on four-arm pVBC film, the spinodal parameter
∂2φ/∂h2 is calculated, and∂2φ/∂h2 ) -3.1× 1012 J/m4 < 0 (the
thickness of linear PS film is assumed to 15 nm). A negative
spinodal parameter leads to spinodal dewetting. These calculated
results support the above explanation.

In order to further prove our above explanation, a control
experiment was carried out as described below. The linear PS
films (film thicknessh ) 15 nm) were floated on the four-arm
pVBC films (film thicknessh ) 20 nm). The two-layer films
were annealed at 170°C. The rupture of pure four-arm pVBC
film (h ) 20 nm) is induced by heterogeneous nucleation (as
can be seen in the left part of Figure 6a). In the two-layer film,
first the upper linear PS layer dewets on the lower four-arm
pVBC layer by spinodal dewetting and then the lower four-
arm pVBC layer forms holes on the silanized Si wafer (see the
right part of the panels a and b of Figure 6). The dewetting
process of the two-layer film is similar to that of their blend
film at 170 °C. This experiment also supports our above
explanation. The linear PS films (film thicknessh ) 68 nm)
were floated on the four-arm pVBC films (film thicknessh )
20 nm). The two-layer films were annealed at 170°C. The
breakup of the two-layer film is by heterogeneous nucleation
(as can be seen in Figure 6c).

In summary, the breakup of the film is by nucleation growth
in pure linear PS film and pure four-arm pVBC film, but the
change of the composition in the blend film leads to different
dewetting processes. Dewetting processes in the blend film with
low and high content of the four-arm pVBC are through
heterogeneous nucleation processes. However, in the blend films
with the content of the four-arm pVBC in between the above
extremes, they first undergo phase separation and then form a
bilayered structure during the spin-coating process. When the
temperature reaches above theTg of polymer, the upper linear
PS enriched layer dewets on the lower four-arm pVBC enriched
layer by spinodal dewetting and then the lower four-arm pVBC
enriched layer forms holes on the silanized Si wafer, which grow
irregularly.
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