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Two kinds of dewetting and their transition induced by composition fluctuation due to different
composition in blend [poly(methyl methacrylate) (PMMA) and poly(styrene-ran-acrylonitrile) (SAN)]
films on SiOx substrate at 145 �C have been studied by in-situ atomic force microscopy (AFM). The results
showed that morphology and pathway of dewetting depended crucially on the composition. Possible
reason is the variation in intensity of composition fluctuation resulted from the change of components in
polymer blend. Based on the discussion of this fluctuation due to the composition gradient, parameter of
Uq0/E, which describes the initial amplitude of the surface undulation and original thickness of film
respectively, has been employed to distinguish the morphologies of spontaneous dewetting including
bicontinuous structures and holes. Prior to the investigation of dewetting, it is confirmed that this blend
is miscible at 145 �C using grazing incidence ultra small-angle X-ray scattering (GIUSAX).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Dewetting of polymer ultrathin films is an important topic because
understanding of its physical nature is the key to many applications,
such as coating techniques, adhesives, lubrication, microelectronics
and biophysics [1–6]. Polymer has been used widely as models to
study dewetting due to two advantages. One is that the vapor pres-
sure of polymer is negligible and thus the mass of the film is
conserved; the other is the time resolution for the low mobility of
polymer chains [7,8]. Therefore, there are many reports on dewetting
of polymer ultrathin films and exist several dewetting mechanisms
including spinodal dewetting, nucleation and growth, autophobicity
and density fluctuation [6]. However, most of these reports focused on
single-component polymer films on different substrates [8–14], such
as silicon wafer, glass, mica, self-assembled monolayer or grafted
substrate, patterned substrate, or one component on top of another.

Recently, dewetting in polymer blend films has attracted many
interests for popular applications as well as fundamental investi-
gations [15–18]. However, much attention has been paid to phase-
separated systems (two-phase region). These systems may involve
the competition between phase separation and dewetting [19],
which arouses complicated phase behavior in polymer blend film.
For instance, Tanaka et al. [20] and Oron et al. [21] found that
a bilayer film formed and then the upper layer dewetted on the
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lower layer because phase separation occurred much earlier than
dewetting. Our previous work [7] showed that dewetting of the
whole film occurred firstly and then phase-separation appeared in
the dewetted droplets accompanied by wetting of PMMA on the
substrate when dewetting took place earlier than phase separation.
Unfortunately, dewetting of miscible polymer blend film is far away
from understanding, which is the base of investigations of
complicated phase behavior between phase separation and dew-
etting. Therefore, it is necessary to explore dewetting of polymer
blend films in one-phase region.

In 2002, Wensink and Jérôme [22] indicated that composition
fluctuation can induce dewetting of miscible polymer blend films.
They theoretically investigated dewetting of single-component films
due to density fluctuation, which was further studied by Sharma et al.
[23], and predicted that the composition fluctuation in blend films,
similar to density fluctuation in single-component films, would
induce dewetting of miscible polymer blend films. In addition, it is
obvious that amplitude of composition fluctuation, which relies on
composition of polymer blend, has much effect on dewetting process.
However, it is obscure how compositions of polymer blend affect
dewetting. Therefore, it is significant to investigate the process of
dewetting with various compositions in one-phase region. To our
knowledge, however, there is no report on this.

In our present work, we investigated dewetting of ultrathin film of
miscible PMMA/SAN blend with different composition by AFM and
GIUSAX. It was found that dewetting process strongly depended on
the composition of polymer blend. Growth of dewetted structures in
this mechanism has been investigated in detail. Based on the
discussion of intensity of composition fluctuation, parameter of Uq0/E
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in reference [22] was employed to distinguish morphologies of
dewetting including bicontinuous structure and holes.

2. Experiment

The polymer system is a blend of poly(methyl methacrylate)
(PMMA) (Mw¼ 387 kg/mol, PD¼ 3.72) and poly(styrene-ran-
acrylonitrile) (SAN) (Mw¼ 149 kg/mol, PD¼ 2.66, 30 wt% of AN)
purchased from Across and Aldrich respectively. SAN was purified
by method discussed elsewhere [24]. The glass transition
temperatures of PMMA and SAN are 119.5 �C and 112.0 �C,
respectively (from DSC, data not shown). Thin blend films were
prepared by spin-coating 1,2-dichloroethane solution (0.1 g/ml) of
PMMA/SAN (50:50, 30:70 and 10:90 wt%) onto the silicon wafer.
Three samples labeled as SAN50, SAN70, and SAN90 were
obtained respectively. Prior to spin-coating, the silicon wafers
were cleaned in a bath of 100 ml of 80% H2SO4, 35 ml of 30% H2O2,
and 15 ml of deionized water at 80 �C for 60 min and rinsed in
deionized water, then blown-dried with compressed nitrogen.
Thickness of all our films measured by a D8 Discover X-ray
reflectometer (Bruker, Germany) was 9.7� 0.2 nm.

The in-situ topography images were obtained using an SPA-300
HVA (Seiko Instruments Inc., Japan) at 145 �C with a temperature-
control stage driven in tapping mode [7]. A silicon tip (Olympus,
Japan) with a spring constant of 42 N/m was used. Synchrotron
GIUSAX measurements were performed at the BW4 beamline at
HASYLAB (Hamburg, Germany), using a monochromatic X-ray
beam with energy of 8.979 keV. The sample to detector distance
was L¼ 13 037 mm. The incident angle is 0.3�. X-ray scattering
intensity patterns were acquired by a two-dimensional detector
array (2048� 2048 pixels). Prior to measurement of GIUSAX, two
samples of SAN50 were annealed at 145 �C and 155 �C for 60 h in
oven respectively.
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Fig. 1. Two-dimensional intensity distribution of the sample SAN50 annealed at (A) 155
reciprocal space. The solid and dotted lines are the results of SAN50 annealed at 155 �C and 1
data (triangle) and the GIUSAX data (square) at 155 �C.
3. Results and discussion

Firstly, it is necessary to assess the miscibility of PMMA/SAN in
the blend film. GIUSAX, a powerful scattering technique, by which
we can detect the large-size dewetted droplets and small size phase-
separated structures in this kind of droplets, was employed to
measure structures in our films. Measurements of (micro-)phase-
separated structures in co-polymer and polymer blend by means of
GIUSAX (or GISAXS, GISANS) have been validated by many systems
such as PS/PpMS [15], PS-b-PI [25], PS-b-PEO [26], etc. [27–32]. In
literature [15], Müller-Buschbaum got the phase-separated struc-
tures in dewetted droplets (similar with our imagination to the
structures), suggesting that it is possible to confirm this kind of
structures by means of GIUSAX in our experiment. Furthermore,
there is enough contrast of electronic density in our system since
densities of PMMA and SAN are 1.17 g/cm3 and 1.08 g/cm3, respec-
tively. Therefore, GIUSAX of two samples (annealed at 145 �C and
155 �C for 60 h respectively) was carried out. Fig. 1A and B show the
two-dimensional intensity distribution of SAN50 annealed at 155 �C
and 145 �C, respectively. Fig. 1C gives the common double loga-
rithmic presentation in reciprocal space. There are two peaks at
qy¼ 0.015 nm�1 and qy¼ 0.073 nm�1 respectively (corresponding to
two kinds of ordered structure in the polymer blend film) for the
sample annealed at 155 �C for 60 h (solid line in Fig.1C). On the other
hand, characteristic wave vector of Fig. 1D in reference [7] (the same
annealing temperature and approximative time with the specimen
in GIUSAX) is q¼ 0.018 nm�1 by 2D fast Fourier transform (FFT),
which is in good agreement with that in GIUSAX, suggesting that
qy¼ 0.015 nm�1 is a representation of the correlation length (about
418 nm) of droplets on the substrate. There are two possible reasons
for the other peak at qy¼ 0.073 nm�1. One is that this peak is the
representation of the correlation among the smaller droplets in AFM
topography images and the other is that there is phase-separated
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structure of PMMA- and SAN-rich phases in droplets. In Fig. 1D, the
mean distance between the droplets gives rise to the only structure
(triangle in Fig. 1D) factor peak at q¼ 0.016 nm�1, implying an ille-
gitimate explanation as smaller droplets for peak at qy¼ 0.073 nm�1

in GIUSAX. Therefore, this structure must be composed of the two
components of PMMA and SAN. In other word, phase separation
takes place in the film and ordered structures of PMMA- and SAN-
rich phases form [33], which is similar to the method (Fig. 3D in
reference [15]) introduced by Müller-Buschbaum to detect phase
and microphase-separated structure in dewetted droplets [15]. For
the sample annealed at 145 �C (dotted line in Fig. 1C), there is only
one peak at qy¼ 0.015 nm�1 which denotes the same meaning as
that of sample at 155 �C. According to above discussion, it is
confirmed that phase separation takes place at 155 �C and does not
take place at 145 �C for SAN50 films with a thickness of 9.7 nm. This
critical point temperature is much lower than that in the bulk
(165 �C) [34]. This decrease of temperature comes from the
confinement resulted from the decrease of film thickness [20]. In our
previous work [7], the film of PMMA/SAN blend was treated as
a miscible system at 155 �C due to the limitation of AFM on internal
structures. Similarly, GIUSAX data indicates that there is no phase-
separated structure at 145 �C for the sample of SAN70 and SAN90
(data not shown here).

On the basis of confirmation of miscibility, we can investigate
dewetting process of SAN50, SAN70 and SAN90. Fig. 2 shows
topography images and line cut of SAN50 film annealed at 145 �C
Fig. 2. Snapshots of topography images and line cut for sample of SAN50 at 145 �C for (
dimensions and the Z-axes values for topography images are 2� 2 mm2 and 10.8 nm respec
for different time. The bicontinuous surface patterns (Fig. 2A–C)
appear seemingly similar to the spinodal decomposition patterns
found in phase separation. Initially, some slight amplitude bicon-
tinuous structures including long hills and gullies appear. For the
sake of coalescence, the hills and gullies grow in width and height
with time (Fig. 2A–C) [12,14]. After continuous long hills decay into
droplets (highlighted with ellipse in Fig. 2D–F), these droplets
become rounder and rounder due to the surface tension and
develop in height noteworthily (Fig. 2F). Finally, droplets with
larger diameters form after growth and merger of them. This
scenario is in good agreement with the result of phase-separated
specimen at 175 �C and 185 �C [24,33,34].

In order to obtain the amplitude of surface undulation, our
attention is paid to the root-mean-square surface smoothness
(RMS) of topography images in AFM, which is the reflection of
amplitude in these images. If the surface undulation is treated as
the simplest sine or cosine equation, we can get the linear rela-
tionship between the amplitude (Uq) and RMS as Uq¼ (p/2)RMS.
According to the discussion above, the annealing time dependences
of the amplitude and the character wave number of composition
fluctuation on a log–log scale are shown in Fig. 3. RMS of as-
prepared film before a temperature jump is not shown here due to
little difference between them. In Fig. 3A, Uq, as a function of
annealing time, exhibits three distinct regimes. Namely, Uq follows
a power law of t0.17 in the early stage and t0.35 in the later stage, then
a slowing down from fast growth occurs [34]. Three regimes cross
A) 9 min, (B) 52 min, (C) 124 min, (D) 202 min, (E) 1280 min, and (F) 2806 min. The
tively. Inset in image B is the fast Fourier transition (FFT) of corresponding image.
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at w28 min and at w875 min respectively. This is different from
dewetting of polystyrene (PS) on the substrate of SiOx [9,12], in
which the amplitude grows exponentially in the initial stage in
accord with the prediction of the spinodal dewetting model
[35,36]. This difference may come from the influence of the
composition gradient due to diffusion of PMMA to the substrate.
The plot of log Qm versus log t (Fig. 3B) suggests two distinct stages
of dewetting process. In the early stage, character wave numbers is
independent with annealing time, which implies that the period of
the surface undulation remains constant. In the second stage, the
exponent of power law is near �0.08. Two regimes cross at
Fig. 4. Snapshots of topography images and line cut for sample of SAN90 at 145 �C. Samp
4740 min (F). The dimensions and the Z-axes values for topography images are 2� 2 mm2 and
w28 min, the same time as the evolution of amplitude. This
exponential estimate is different from �1/3 controlled by diffusion
and �0.43 for polystyrene on SiOx substrate [7,12]. With the help of
combination of amplitude and character wave numbers, it is easy
for us to describe the surface undulation in detail. At the beginning,
along with the form of undulation, amplitude grows slowly while
period remains constant. After 28 min, both of them increase
rapidly. Finally, growth of amplitude slows down and deviates from
the power law at w875 min and then tends to a certain value [34],
while period grows still since decrease of character wave numbers
continues. Three stages discussed above are seemingly similar to
le is annealed for 22 min (A), 98 min (B), 222 min (C), 537 min (D), 1209 min (E) and
18.2 nm respectively. Inset in image C is the fast Fourier transition (FFT) of that image.
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early, inter and late stage in the spinodal decomposition of polymer
blend [37].

Fig. 4 shows the pattern evolution of SAN90 at 145 �C. Occur-
rence and development of holes are completely different (both in
AFM images and line cut) from the growth of bicontinuous struc-
tures of SAN50 in Fig. 2. So above process is considered as a new
mechanism of ‘‘expansion of holes’’. Shown in Fig. 4A, some holes
with diameters close to 100 nm, which are surrounded by an
increasing thick uneven circular rim, distribute over the surface.
During the holes growth, the number does not increase remarkably
(Fig. 4B and C). After the sample annealed at 145 �C for w537 min
(Fig. 4D), shape of some holes changes from circular to polygonal
due to different growth velocities in different directions, which is in
accord with the reported result of theory [35] and experiment
[38,39]. This evolution is repeated by more and more holes during
their development. Growing further, these holes have no choice but
to merge with each other for increasing area (highlighted by ellipse
in Fig. 4E and F), which is followed by the formation of droplets as
expected.

Is there any law during the growth of hole diameters? In Fig. 5A,
diameters in certain direction of three holes (e.g. hole 1, 2 and 3) are
investigated and the developments of them are exhibited in Fig. 5B.
For diameter of hole 1 (D1 in Fig. 5B), following rapid increase
initially, a slowing down occurs. However in hole 2 and 3 (D2 and D3),
they increase with annealing time linearly and velocities of this
growth are different. In addition, diameters of the same hole in the
direction of X (solid line in Fig. 5A) and Y (dash line in Fig. 5A) increase
in two distinct ways too. In one word, there is so great difference in
growth of diameters in different holes (data of other holes not shown
here) or even in different directions of the same hole that evolution of
diameters is unsuitable to describe the hole growth, which is not in
accord with the development of hole diameters in Nucleation and
Growth (NG) [40,41]. Then ratio of Shole/Sall (area of holes and the
whole scan area, respectively) is introduced to describe the evolution
of these holes since number of holes does not increase remarkably. In
Fig. 5D, there are two stages of this ratio growth during dewetting of
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Fig. 5. (A) AFM topography image of SAN90 annealed at 145 �C for 22 min. (B) Annealing tim
Annealing time dependence of diameter of hole 1 in the two directions, X and Y. (D) Annealin
of the references to color in this figure legend, the reader is referred to the web version of
SAN90. It is obvious that the average exponent of diameter growth is
0.075 in the early stage and 0.23 in the later stage due to the quadratic
relationship between the diameter and area. Both of them are smaller
than the predicted values, which are 1 and 2/3 for films with different
thickness [42]. It is noted that interaction between polymer and
substrate plays an important role in diffusion of rims [35]. Slow
diffusion results from the strong interaction. For PMMA/SAN films in
this case, the reason for lower exponent is that the attractive inter-
action between PMMA wetting layer close to substrate and the upper
blend layer is so strong [6].

Fig. 6 shows a mixed process of ‘‘expansion of holes’’ and
‘‘fragmentation of bicontinuous structures’’ in the specimen of
SAN70. In Fig. 6A, both holes and surface undulations are clear
enough [12]. The expansion of holes and the coalescence of
bicontinuous structure are performed simultaneously during
anneal. However, these holes grow in height so much that bicon-
tinuous structure is invisible (Fig. 6B). Along with the growth of
these holes in height and diameter, some ‘‘new’’ holes with smaller
diameters appear (Fig. 6B and C). As a result, the number of holes
per unit area increases and merger of these holes is unavoidable.
This kind of merger of several neighboring holes in certain direction
isolates the film surrounded by them and produces some islands
(highlighted by ellipse in Fig. 6A–D). Then these islands become
increasingly circular (Fig. 6E and F) and merge with each other due
to the Laplace pressure [43].

Fig. 7A shows the annealing time dependence of Shole/Sall ratio.
The early exponent of power law becomes 1.65, much larger than
that in SAN90 due to the notable increase of hole number. Then this
ratio is the representation of not diameter growth but the coupling
of the increase of the area of each hole and the number of holes.
Evolution of hole number is shown in Fig. 7B. It increases from 29 to
113 and 23 to 31 for specimen of SAN70 and SAN90 respectively and
then remains constant. It is evident that change of hole number is
more remarkable in SAN70, suggesting that the contribution of
increase of hole number per unit area to the appearance of dew-
etting cannot be negligible.
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Fig. 6. Snapshots of topography images and line cut for sample of SAN70 at 145 �C for 33 min (A), 91 min (B), 287 min (C), 460 min (D), 1121 min (E) and 3144 min (F). The
dimensions and the Z-axes values for topography images are 2� 2 mm2 and 22.4 nm respectively. Inset in image B is the fast Fourier transition (FFT) of corresponding image.
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PMMA/SAN is a typical lower critical solution temperature
(LCST) system. It has been proved by many reports that attractive
interaction between PMMA and SiOx is stronger than that of SAN
[7,34]. Furthermore, both PMMA and SAN films wet the substrate of
SiOx well [7]. In light of above discussion, we can apply the idea of
composition fluctuation to our system since it matches the condi-
tions of this theory completely [22]. Moreover, our previous work
[7] has proved that composition fluctuation appeared in PMMA/SAN
blend film at 155 �C and 175 �C. Due to the miscibility of PMMA/SAN
at room temperature, the spin-coated film is homogeneous. When
the sample is heated to 145 �C (above Tg), PMMA diffuses to the
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Fig. 7. Annealing time dependence of the ratio of hole are
substrate because of the more favorable interaction with SiOx,
leading to a gradient of PMMA composition across the film (in the
direction of film thickness). Composition fluctuation will appear due
to the non-uniformity of this gradient, which is the right reason for
dewetting by the mechanism of composition fluctuation. It must be
noticed that component (PMMA or SAN) diffusing to surface will
affect this fluctuation. In our system, however, PMMA and SAN have
nearly equal surface tension at this temperature [44]. Therefore, it is
reasonable to ignore this effect. In addition, it is clear that there are
some difference from and also some similarities to the results of
spinodal dewetting in one component polymer thin films in above
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process [12,45]. Qualitatively, development of period and amplitude
of surface undulation seems similar to three stages of spinodal
dewetting and spinodal decomposition in phase separation.
However, velocities of growth of holes in SAN90 and variation of
character wave numbers in SAN50 have lower magnitude due to the
strong interaction between the PMMA wetting layer and upper
blend layer.

It is very interesting that dewetting pathway of polymer blend
ultrathin films induced by composition fluctuation is similar to that
of spinodal dewetting of single-component investigated by simu-
lation [13,14]. In those reports, simulations were carried out on PS
films with different thickness. Two kinds of completely different
pathway and a transition between them were found. In the first
pathway, the occurrence of dewetting resulted from the fragmen-
tations of bicontinuous structures and retractions of droplets. In the
second one, however, pattern evolution was achieved by significant
expansion of holes and polygonal structures. In the transitional
sample with intermedial thickness, this bicontinuous patterns
resolved into a mixture of both holes and drops in varying propor-
tions depending on the initial thickness of the film. These three
pathways in the results of simulation [13,14] are in good agreement
with our results of SAN50, SAN90 and SAN70, respectively. In
addition, occurrence of droplets in the pathway of ‘‘fragmentation of
bicontinuous structures’’ is earlier than that of ‘‘expansion of holes’’
in simulation [13,14] and experiment [12]. This law works well still
in PMMA/SAN blend films in both our previous [46] and this work
(Figs. 2D, 4C and 6C). These similarities on morphology and velocity
of dewetting between composition fluctuation (our experiment)
and spinodal dewetting (simulation and experiment on PS films)
come from the relativity of them [23,47–49].

From above discussion, it can be seen that two kinds of pattern
evolution in PS films reoccur in our AFM images of polymer blend
ultrathin films. In simulation based on 3D nonlinear equation,
Sharma and Khanna [13,14] ascribed different pathways to the form
of the intermolecular potential in an extended neighborhood of the
initial thickness. However, what is the reason for the plenty of
morphologies of dewetting induced by composition fluctuation in
our system since thickness of these films is nearly equal? To
distinguish the pathway in spontaneous dewetting, parameter of
Uq0/E, where Uq0 and E describe the initial amplitude of the surface
undulation and the original film thickness [12,22] respectively, is
introduced in light of the existence of composition gradient and
intensity of fluctuation [22]. In our blend system, composition
fluctuation appears because of the non-uniformity of composition
gradient. Intensity of this kind of fluctuation depended crucially
on the composition as shown in Fig. 8. A fit and extrapolation of the
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Fig. 8. Annealing time dependence of RMS and its extrapolation for SAN50, SAN70 and
SAN90 at 145 �C.
data in Fig. 8 indicate that the initial amplitude of the surface
undulation of SAN50 is higher than that of SAN90 at the same
temperature of 145 �C, namely, (Uq0)SAN50> (Uq0)SAN70> (Uq0)SAN90,
i.e., (Uq0/E)SAN50> (Uq0/E)SAN70> (Uq0/E)SAN90 (all the samples have
nearly equal thickness in this work). Thus a rule can be found that
for film with higher magnitude of Uq0/E, it dewets by means of
‘‘fragment of bicontinuous structure’’ (pathway of SAN50 shown in
Fig. 2), while for film with lower magnitude of Uq0/E, it undergoes
the way of ‘‘expansion of holes’’ (pathway of SAN90 shown in
Fig. 4). Since change of either Uq0 or E can result in the variation of
this ratio and the rule works well in the case of samples having the
same E but different Uq0, it should also be valid in the case of
samples with the different E but the same Uq0. Is that true? This can
be validated in the system with approximative Uq0 [50] and
different E in films composed of one component (PS) [14] and blend
(PMMA/SAN) [46]. Indeed, pathways of dewetting in PS films (with
thickness of 7 nm – fragment of bicontinuous structure, 8.5 nm –
transitional pathway and 13 nm – expansion of holes) [14] and
PMMA/SAN films (with thickness of 8.7 nm – fragment of bicon-
tinuous structure, 39.8 nm – transitional pathway and 50.4 nm –
expansion of holes) [46] indicate that the new parameter works
well. Thus the conclusion can be drawn that variation in thickness
and composition in polymer blend films have equivalent effect on
pathway of spontaneous dewetting and Uq0/E is an effective
parameter to distinguish the morphologies and pathway of dew-
etting in films with different original thickness or different
component. Qualitatively, intensity of composition fluctuation of
SAN50 is strong since it is near critical composition. That is, fraction
of PMMA is sensitive to the diffusion of itself, resulting in higher
RMS0, Uq0 and Uq0/E. Therefore the amplitude is comparable with
film thickness in SAN50. It is easier to dewet by its original way of
bicontinuous structures. In SAN90, however, it is difficult to diffuse
to the substrate for PMMA due to the low amount of it. Holes,
resulted from many puny bicontinuous structures, come into being
and develop. In one word, different composition in blend leads to
different intensity of composition fluctuation, which is the reason
for different dewetting pathway.

4. Conclusion

Using grazing incidence ultra small-angle X-ray scattering
(GIUSAX), phase-separated structures in dewetted droplets are
detected at 155 �C while PMMA/SAN is miscible at 145 �C in films
with original thickness of about 9.7 nm. Based on this, two kinds of
pathway and their transition of dewetting induced by composition
fluctuation were studied. The results show that morphologies and
pathway of dewetting depend crucially on the composition.
Furthermore, growth of dewetted structures in our results follows
different law relative to that in single-component films. The
parameter of Uq0/E is introduced to distinguish morphologies and
pathways of dewetting. It works well for polymer blend films and
polystyrene films on SiOx both in simulation and experiment. Our
results are significant for controlling the evolution of dewetting
patterns and further understanding of complicated phase behavior
including phase separation and dewetting.
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