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ABSTRACT:

The pattern evolution of phase separation and dewetting of PS/PMMA blend thin films at 160 °C

were observed by optical video microscopy and atomic force microscopy (AFM). The results show that the PMMA

wetting component is driven toward the substrate, and the PS dewetting component is driven toward the surface by

pressure caused by phase separation and wetting. At the late stage of the process, irregular shapes of PS islands evolve
into round droplets. A cross-section of the interface between the PS and PMMA after phase separation was observed by
AFM for the first time. This shows that the PS component extends considerably into the PMMA substrate layer and a
trench was observed inside and outside the PMMA rim, respectively. This confirms the notion of a deformable interface

between the two materials. [DOI 10.1295/polym;j.37.560]
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The structure and properties of thin blend films are
governed by interplay between phase separation and
surface segregation driven by polymer-surface inter-
actions. This is important for applications because
commercial films are normally comprised of multiple
polymer species, solvent, and additives, leading to
numerous complex phase separation morphologies
and film properties. As a function of blend composi-
tion and polymer-polymer interaction parameter
different phase separation morphologies have been
observed in bulk samples. In the state of a thin film,
with a thickness below a critical film thickness, the
surface directed spinodal decomposition of polymers
is suppressed and phase separation perpendicular to
the interface results. The interplay between phase
separation and dewetting increases the variety of
accessible surface morphologies. The time scales of
dewetting and phase separation are different and
depend on the internal interaction.'® However, under-
standing of phase evolution in blend films has not yet
been achieved in details, in part due to the complex
interplay between wetting, phase separation, capillary
fluctuations and coarsening and roughening, respec-
tively.

Polystyrene (PS) and poly(methylmethacrylate)
(PMMA) are classic model systems in polymer sci-
ence, and numerous studies have been recently been
undertaken.’'> This report studies the phase separa-
tion and dewetting of PS and PMMA blend films with
different thickness, using optical video microscopy in
situ during annealing. For the first time, we report the
interface characteristic of PS/PMMA in the final stage
of phase separation.

EXPERIMENTAL

First, PS and PMMA were dissolved in toluene. The
polymers had molecular weights M,, = 60500 g/mol
(PS), and M,, = 62500 g/mol (PMMA) and polydis-
persities My, /M, = 1.07 (PS) and My/M, = 1.12
(PMMA). The total polymer concentration was pre-
pared first at 3% and then part of the solution was
diluted to 2% and 1%. The PS mass fraction ¢ was
fixed at 0.50. Thin films of the polymer blends were
formed by placing a droplet of the solution onto
lem x 1cm Si(001) with the native oxide layer pres-
ent (Si-SiO,) and spinning it at high speed. Film
thickness could be controlled by solution concentra-
tion and spinning speed. Then the blend films on Si
substrates were annealed under vacuum at tempera-
ture 7 = 90°C (lower than the glass transition tem-
perature T, of both PS and PMMA) for 12h. This
annealing removes residual solvent molecules which
act as plasticizers and allows relaxation of chains.

The thickness of blend films ranging from 15 nm to
140 nm was measured using ellipsometry. Phase sepa-
ration experiments were performed in two different
ways. In the first, samples with different thickness
were annealed at 160 °C for 24 h. The temperature is
well above the glass transition temperature 7, but
lower than that of the occurrence of degradation of
the polymer molecule of both PS and PMMA. The
morphologies of samples at the final state were
recorded using optical microscopy and atomic force
microscope (AFM). Secondly, dewetting and phase
separation were performed on a hot-stage at 160 °C.
The morphologies of dewetting and phase separation

"To whom correspondence should be addressed (E-mail: xiongrui @whu.edu.cn).
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Phase Separation Pattern in PS/PMMA Blend Films
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Figure 1. Pattern evolution of PS/PMMA blend films an-
nealed at 160 °C a) 30 min, b) 180 min ¢) 800 min.

were observed by optical microscopy in the reflection
mode, and each sample was annealed until morpholo-
gy ceased to change.
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Figure 2. AFM image of the 50 nm PS/PMMA blend film.

Data analyses of the phase-separated films were
done using an optical metallurgical microscope. The
microscope was fitted with a CCD camera, which
was interfaced through a frame grabber to a PC in
order to obtain digital images. There was no need
for staining the films to enhance the optical contrast
of the components, since the difference in the index
of refraction (An = 0.10 for PS/PMMA) ensured that
the two phases had different colour. Colour filters
were used in some cases to increase the contrast. This
method was sufficient for all films in the present study
although the image quality was poor for very thin
films (15 nm). The phases of the phase-separated films
were identified unambiguously by selectively remov-
ing one of the polymer components. This was done
by rinsing the film with a solvent for only one of
the polymer components. All measurements were car-
ried out at the center of the spin-coated films to min-
imize the effect of shear on the morphology.

RESULTS AND DISCUSSION

The time development optical micrographs of the
surface pattern formation associated with the phase
separation and dewetting could be divided into three
stages. Figures la, b, and c show typical optical
micrographs of these three stages. The film thickness
before annealing was about 50nm. The scales of
observation are indicated by the reference bar shown
in Figure la. The phase separation and dewetting of
other films with different thickness were morphologi-
cally similar. The phase separation pattern is formed
at very early stage, but no obviously bicontinuous
spinodal decomposition structure!>"!3 was observed
in the early stage in these films. Colour change in
Figure 1a is a result of phase separation and fluctua-
tion in surface height.

Figure 2 is the AFM image of the 50 nm blend film
annealed at 160°C for 24h. AFM shows isolated
droplets 25nm in height and 2—4um in diameter
arranged in an arraylike fashion. These droplets thus
have a “pancake-like” form, and the aspect ratio, «,

561



X. RUI et al.

File: oct21xr1k.000
Image data: Height

0 1 2

File: Copy 2 (Height) of oct21xrik
Image data: Height

nm

27
18

4.0&1 nmo

0 1 2 3 4 5 B
7.91 pm

7 pm

nmij

nm

80

40

28 35 pm

nm
50

40

30

20

10

30
20
10]

0.2939 nm

6519 um

Figure 3. AFM image after PS component selectively removed by carbon tetrachloride.

the ratio of the height 4 to the diameter R of the drop-
lets, is small (¢ = h/R <« 1). This image is very
similar to what was observed through optical micros-
copy in the very late stages of phase separation and
dewetting.

To establish the shape of the PS/PMMA character-
istic in the final surface pattern, PS was selectively
removed by immersing the samples into carbon tetra-
chloride. After drying, the remaining PMMA surface
was imaged with AFM again. The AFM is shown in
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Figure 3. Comparing the two AFM images provides
that all isolate droplets are made of PS and removed
by immersing the samples into carbon tetrachloride.
The cross-section of the AFM image at well defined
location (generally through the center of the hole)
after selective removal of the PS is also shown in
Figure 3. The curved shape of the bottom part and
the edge clearly shows that the PS component extends
considerably into the PMMA substrate layer, thereby
confirming the notion of a deformable interface
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Figure 4. Dependences of the number of droplets per refer-
ence area on initial film thickness (h).

between the two materials. The PMMA rim shown in
Figure 3 was much higher than the PMMA around the
droplets. A trench was observed inside and outside the
PMMA rim. The droplets of PS itself thus clearly
extend into the PMMA layer below the PS/PMMA
interface. The “pancake-like” droplets evidently have
anisotropic structure. The interface characteristic is
similar to that of PS dewetting on PMMA surface,'""!?
although the final patterns have big differences possi-
bly due to strong shear force from dewetting and
phase separation. The AFM images indicate that the
interface deformation is highly localized near the con-
tact line.

By combining depth profiling and morphological
data, the pattern evolution of phase separation and
dewetting in PS/PMMA blend films can be described.
Initially, the PS/PMMA blend phase forms a thin
wetting layer at the surface and substrate. Clearly
phase separation pattern forms at the very early stage
when the film is annealed at 160 °C. Different colours
could be observed in Figure la. The white phase in
Figure 1a may be the PMMA phase, connected to
the wetting layer, and wets the substrates. Towards
the end of the first stage, a very small PS phase (blue
phase) extrudes from the film driving by the pressure
of PMMA phase wetting the substrates. In the second
stage, the PS phase becomes more and more bigger
with time [Figure 1b]. In the end of this stage, the
PMMA phase goes on the substrate, and irregular
shape of PS islands flow on top of the PMMA layer.
During the late stage, PS islands of irregular shape
evolve into round droplets due to surface and interfa-
cial energies of the two materials [Figure Ic].

Typical micrographs for the final patterns after
phase separation and dewetting of blend films with
different thickness demonstrate that the initial film
thickness (h) influences significantly various parame-
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Figure 5. Dependences of typical size of final droplets per
reference area on initial film thickness (h).

ters characterizing droplets and structures on the
micrographs. The distribution of droplets is random
and the size of droplets also is random. The dependen-
ces of the number and typical size of the final droplets
per reference area on h are shown in Figure 4 and
Figure 5. With increasing thickness of the blend films
the droplets grow in size but decrease in number. As
thickness increases close to 100 nm, the number and
typical size of the final droplets per reference area
seem stable.

CONCLUSIONS

PS/PMMA blend films were prepared by spin coat-
ing. Phase separation and dewetting induced surface
pattern were observed by optical video microscopy
and atomic force microscopy. The pattern evolution
of PS/PMMA blend thin films undergoing simultane-
ous phase separation and dewetting can be described.
During the first and second stages, pressure due to
phase separation and wetting drives the PMMA
wetting component towards the substrate, and the PS
dewetting component towards the surface. Towards
the end of these two stages, PS islands of irregular
shape flow on top of the PMMA layer. During the late
stage, the flowing PS islands of irregular shape evolve
into round droplets due to surface and interfacial ener-
gies of the two materials.

Cross-sections of the AFM image after selective
removal of the PS component demonstrate that the
PS component extends considerably into the PMMA
substrate layer, confirming the notion of a deformable
interface between the two materials. A trench was
observed inside and outside the PMMA rim possibly
due to strong shear force, which arises with the prog-
ress of dewetting and phase separation.
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