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We have measured in-situ the progression of dewetting from a large number of holes in immiscible
polymer bilayer films. Using x-ray photon correlation spectroscopy (XPCS) in grazing incidence
we probe independently the evolving dewetting process both at the top surface and the buried
interface of the bilayer. At an early stage, differences in the evolution of the velocities measured
by XPCS between the surface and buried interface indicate that the holes do not penetrate the
bottom layer. The rim velocity at late stages decays according to a wave vector-dependent power
law, which indicates inhomogeneous flows in the film. The changes in the static scattering show
that observed slow-down of the dewetting velocity are correlated with the changing roughness at
the buried interface of the polymer bilayer.

PACS numbers: 61.05.cf, 68.60.-p, 82.35.Gh, 83.50.-v

Though dewetting is a common phenomenon in na-
ture, the mechanism governing the retreat of thin poly-
mer films on a substrate began to be understood only re-
cently [1–7]. De Gennes established a general theory for
mobile polymer interfaces during dewetting and wetting
[1, 3–5]. Several works studied wetting (spreading) and
dewetting using optical techniques and atomic force mi-
croscopy (AFM) [8–14]. The experiments are often not
in-situ; they mostly probe the surface topography and
provide the dewetting velocity of rims around a single
hole indirectly. Further, the current theoretical models
are unable to capture the range of competing effects in
dewetting kinetics in polymer thin films. A comprehen-
sive statistical picture of dewetting via heterogeneous nu-
cleation does not exist. For example, AFM is unable to
probe how nucleation of new holes may affect the dynam-
ics of existing holes, since only one hole can be followed
at a time.

So far, most studies explored the dewetting of single-
layer polymer films on solid substrates, where it is suf-
ficient to study the unstable top polymer surface [15].
The more complex dewetting in a polymer bilayer, where
the top polymer layer dewets from a deformable polymer
underlayer has received less attention [10–13]. Polymer-
on-polymer dewetting presents an experimental challenge
since one of the interfaces is buried. Insight from these
studies sheds light on the interfacial phenomena of wet-
ting, adhesion and friction in thin polymer films, where
mobile borders are involved. The present in-situ study
focuses on dewetting initiated by nucleation of holes in
supported viscoelastic bilayer films.

Previous work on single holes [1] has shown that cap-
illarity represents the main driving force for spreading

or dewetting. The dewetting is opposed by viscous or
viscoelastic dissipation within the polymer film and fric-
tional losses at the substrate. When the increase in
dewetting driving force is smaller than the increase in
frictional force, the fluid starts to collect in a “rim” close
to the moving three-phase contact line [9].

A full statistical picture of the temporal evolution of
dewetting is difficult to obtain by optical microscopy and
AFM, while for X-rays large-scale, multiple-hole dynam-
ics is the natural probe mechanism. There have been
attempts to probe spreading of droplets and dewetting
in films using X-ray scattering [15–17]. X-ray photon
correlation spectroscopy (XPCS) is a unique experimen-
tal method enabled by high-brightness third-generation
synchrotron sources ideally suited to measure mesoscale
dynamics in condensed-matter systems [18, 19]. In the
present work, two-time correlation functions (TTCFs)
[19] measured by XPCS in grazing incidence provide in-
situ snapshots of the dewetting process, particularly the
dewetting velocity at the top and buried interface.

The system studied was a poly(4-bromo styrene)
(PBrS) thin film deposited on an immiscible and non-
wettable polystyrene (PS) sublayer on a silicon substrate.
Monodisperse PS (molecular weight Mw = 207 kDa from
Pressure Chemical) and PBrS (Mw = 350 kDa, the frac-
tion of brominated monomers was 0.89) were used in
these experiments. The bilayers were prepared by spin
coating PBrS layers of thickness 1000 Å, 700 Å and 400 Å
onto a glass slide and then floating from de-ionized wa-
ter onto the 1000 Å PS sublayer, which was previously
deposited on pre-cleaned 15× 15 mm silicon wafers. Vis-
cous polymers (PBrS/PS bilayers) with high-molecular
weight and thick films (∼ 1000 Å) were chosen to slow
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down the kinetic processes and enable in-situ studies [13].
For these thick films, the holes were on average separated
by several microns.

The PBrS/PS bilayers are metastable and, if heated
above the glass transition [21], the top surface dewets
from the PS-coated substrate. This agrees with previous
PEEM measurements [20] on PBrS/PS bilayers, which
showed that the diffusion and flow parallel to the inter-
faces is faster for both PS and PBrS than the diffusion
of PS perpendicular to the PS/PBrS interface. Thus the
bottom layer (PS) does not dewet at the same time as
the top layer [20].

Optical images indicate [21] heterogeneous nucleation
which can be due to non-equilibrated conformational
states, residual stresses, and other chemical or physical
in-homogeneities [6, 22]. The radial size of the holes mea-
sured by AFM varied between 8− 14 µm (depending on
the annealing time and on the particular hole). The AFM
data [21] show a clear rim after 12 hours formed from
the material collected from the hole. Symmetric rims
are observed around small young holes (∼ 10 µm) and
asymmetric rims are found around large mature holes
(∼ 30 µm) irrespective of the thickness of the top bi-
layer. We believe that the rims are the primary source
of scattering contrast in the dewetting process.

Grazing-incidence XPCS experiments were performed
at energy of 7.35 keV with beamsize 20 µm at the sec-
tor 8-ID-I beamline at the Advanced Photon Source, Ar-
gonne National Laboratory. The samples were held at
170◦C, above the glass transition [21] of the polymers,
and the evolving off-specular diffuse scattering was mon-
itored as a function of annealing time using a charge-
coupled device (CCD) detector with 22 µm pixels lo-
cated 4.8 m downstream of the sample. Each frame
was recorded with an exposure time of 0.2 s and a
time interval between successive frames of 8.32 s. The
zero of the waiting time tw corresponded to the initial
temperature quench from 150◦C (where it pre-annealed
∼ 2 hours during sample alignment) to 170◦C. XPCS
data was collected until late in the dewetting process
(tw ∼ 7 hours) in 1.2 hours time steps, alternating be-
tween measurements of the dynamics at the top surface
and the buried interface. For x-rays incident at an angle
(θin = 0.175◦) smaller than the critical angle of the top
layer (αc = 0.191◦ for PBrS), all of the scattering orig-
inates from the top layer. Following a reverse standing-
wave method described in Refs. [23, 24], a larger incident
angle was chosen (θin = 0.225◦) to yield scattering dom-
inated by the buried interface of the bilayer [21]. For
θin = 0.175◦ the footprint of the x-ray beam was approx-
imately 7 mm so that around 250 holes were illuminated
(assuming an average hole size of 10 µm and spacing be-
tween holes ∼ 20 µm).

The non-stationary dynamics associated with the
out-of-equilibrium dewetting process were measured by
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FIG. 1. TTCFs measured from the top surface and buried
interface of the bilayer at q‖ ∼ 2.78×10−4 Å−1. The tw for the
measured TTCFs are (a) 6811 s, (b) 16856 s, (c) 25847 s and

(d) 2392 s, (e) 12438 s, (f) 21427 s, respectively. g(2)(q‖t)− 1
for the buried interface (g) at ta = 4576 s and tw = 2392 s
and (h) tw = 21427 s as a function of t = |t1− t2|. Solid lines
in (g) and (h) are fits based on Eq. (3). For clarity, the curves
in panel (h) starting with the second one were shifted up in
multiples of 0.2.

means of TTCFs (Fig. 1) [25],

C(q, t1, t2) =
〈I(q, t1)I(q, t2)〉
〈I(q, t1)〉 〈I(q, t2)〉

. (1)

Examples of TTCFs averaged over a region of pixels with
the same in-plane component of the scattering wave vec-
tor q‖ ∼ 2.78×10−4 Å−1 are shown in Figs. 1(a)-(f). The
natural variables describing TTCFs are the “dewetting
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time” ta = (t1 + t2)/2, measured along the t1 = t2 diag-
onal and the time difference t = |t1 − t2| corresponding
to the distance from the same diagonal. The “one-time”
slices ta = const [dotted line in Fig. 1(e)] are fitted based
on Eq. (3) below (solid lines), and non-stationary effects
can be observed by fitting successive slices representing
g(2)(q‖t)− 1 [Fig. 1(h)].

Assuming that the dewetting ring can be modeled by
a rim velocity that is slowly varying so that the change
in structure (within ta = 1.2 hours) can be ignored, a
variant of Fuller’s model [26] can be used to describe
the data, yielding the normalized intermediate scattering
function g(1)(q‖t) in terms of a Bessel function J0. Using
q‖ and the in-plane velocity V0 of the rims associated

with the dewetting process, g(1)(q‖t) can be expressed as
[21]

g(1)(q‖t) =
1

2π

∫ 2π

0

ei
√
A2+B2 sin(φ+ψ)dφ = J0(q‖V0t).

(2)
This is related to the intensity autocorrelation func-
tion g2(q‖t) via the Siegert relationship, g2(q‖t) = 1 +
β|g1(q‖t)|2, where A, B and ψ are defined in the Supple-
ment [21] and β is the optical contrast. Thus,

g(2)(q‖t) = βJ2
0 (V0q‖t) + 1. (3)

The characteristic oscillations reflecting the asymptotic
form of J0 ∼ sin(q‖V0t)/(q‖V0t) can be clearly seen for
the time slices in Fig. 1(h), thus demonstrating the va-
lidity of the model described in Eq. (3).

To take account of polydispersity in the sizes of
holes (thus, the rims around them) indicated by opti-
cal micrographs [21], a Gaussian distribution of veloci-

ties P (v) = 1
σ
√
2π
e−(V0−V )2/2σ2

was assumed with mean

velocity V and variance σ. The Gaussian was convo-
luted with the Bessel function, and a numerical integra-
tion was performed at each time step for successive slices
of g(2)(q‖t)−1 to get the mean velocity V . The variance σ
reflects the average distribution of velocities within rims
of different sizes hence samples an average rim size [21].

The time average “static” diffuse scattering from the
top surface corresponding to Fig. 1(b), (c) is shown in
Fig. 2(a) and that corresponding to the buried interface
Fig. 1(e), (f) is shown in Fig. 2(b). After five hours, a
large change of static diffuse intensity is observed from
the top surface, which indicates that a significant num-
ber of rims around holes have formed. Meanwhile, the
static diffuse intensity from the buried interface shows
very small increases at low q‖ during this time [Fig. 2(b)]
which implies that the interface tension slightly decreases
[23, 27]. The latter can be related to the very small inter-
diffusion between the immiscible PS and PBrS polymer
chains (on a segmental level) and interface roughening
due to capillary waves. This small increasing roughness
of the buried PS/PBrS interface is estimated to be be-
tween 20 Å at early times and more than 26 Å for longer
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FIG. 3. Mean velocities V as a function of ta for increasing
values of tw. Results for the top surface are shown in panels
(a), (b), (c) and from the buried interface in panels (d), (e),
(f) for q‖ ∼ 2.78× 10−4 Å−1.

times [21]. This implies the contribution from friction
(k) is increasing and slip length (b) is decreasing [28]
with increasing roughness at the buried interface. The
slip length is b = η/k, where η is the polymer viscosity.
It has been shown that a decrease of b with increasing k
induces a decrease of the maximum rim width w =

√
bh,

where h is the thickness of the film [29–31]. Thus de-
creasing slip lengths can lead to decreasing widths of rims
leading to asymmetric rim profiles [21, 32].

Figure 3 shows the mean velocities V for q‖ ∼ 2.78 ×
10−4 Å−1 as a function of ta and for increasing values
of tw resulting from fits based on Eq. (3). Data for the
top surface [Figs. 3(a), (b), (c)] and the buried inter-
face [Figs. 3(d), (e), (f)] correspond to the TTCFs in



4

0

2

4

6

2.33 3.50 4.67 

2.76
3.31
3.97
4.73
5.69

V
 (

Å
/s

)

t
a
(103 s)

q
||
 (10-4 Å-1)

a)

5
6

8

10

20

2.0 3.0 4.0 5.0

2.78
3.32
3.97
4.76
5.68

V
 (

Å
/s

)

t
a
(103 s)

q
||
 (10-4 Å-1)

V~t
a

-0.5

b)

FIG. 4. Mean velocity V as a function of ta for different wave
vectors q‖ for (a) 1000 Å top surface at tw = 6811 s and (b)
buried interface of the bilayer at tw = 21427 s.

Figs. 1(a), (b), (c) and Figs. 1(d), (e), (f). The estimated
error in V is extremely small. The data suggests that a
large number of holes form very early (. 1 hour) and that
later times are dominated by scattering from the rims of
these holes, and not from capillary waves as has been seen
in other polymer systems [24], except in the very begin-
ning tw = 2392s at the buried interface [Fig. 3(d)], where
V ∼ t−3.35a is associated with interface broadening due
to capillary waves [1, 23]. Initial XPCS measurements
probe a regime where there are many holes opening and
dynamics are chaotic, due to a superposition of mature
and immature holes [Fig. 3(a)]. Later measurements (& 3
hours) show a more stable regime characteristic of hole
growth. However, differences in scattering between the
top interface and the buried interface of the bilayer in-
dicate that most holes have not fully penetrated down
to the substrate, and thus appear significantly different
depending on which height in the sample is probed. Dif-
ferent areas of the sample may also have holes that initi-
ated at different absolute times. Translation to different
parts of the sample, in order to minimize x-ray damage,
changes the hole distribution and may catch holes at dif-
ferent states in their time evolution (Fig. 3).

We note that the order of magnitude of the velocity V
(Fig. 3) can be estimated as follows. In most capillary
phenomena in the viscous regimes [1], the characteristic
velocity varies as V ∗ = γ/η. Here γ is the effective inter-
face tension between PS and PBrS [15, 21] and η is the av-
erage viscosity of PS and PBrS, yielding V ∗ ∼ 7.29 Å/s.

The results in Fig. 3 conform to the general behav-
ior seen in dewetting dynamics [14, 31]. As the hole
opens, the whole film is elastically deformed by the cap-
illary forces S acting at the hole periphery. The small-
amplitude oscillations in Fig. 1(g) and [21] with 300 s pe-
riod, which are not captured by Eq. (3), may correspond
to a higher initial hole opening velocity ∼ 60 Å/s. Dur-
ing the early stages the dewetted hole size increases and
rim formation takes place [Fig. 2(a)], up to V ' const
[Fig. 3(b)] which identifies that we have statistically sig-
nificant numbers of young rims formed. This is fol-
lowed by a power law V ∼ t−0.73a . At still later times

tw = 25847 s, V ∼ t−0.50a was observed [Fig. 3(c)]. The
velocity decrease with increasing time reflects the non-
linear friction at the interface of PBrS/PS (see Fig. 2(b)
and Ref. [21]). A small effect of residual stresses may be
present in the film at early times [6, 33, 34]. However,
due to pre-annealing at 150◦C and based on estimates of
the reptation times of the polymers we expect that most
stresses have relaxed [21]. Similar power law behavior
V ∼ t−αa , where α is between 0.5 and 1.0, is seen for the
bottom interface [Figs. 3(d), (e), (f)].

Figure 4 shows the velocity as a function of ta for differ-
ent values of q‖. Figures 3(a) and 4(a) show a randomly
varying velocity as a function of ta at the top surface of
the 1000 Å film at the earliest time. This evolves towards
a q‖ dependent power law decay at later times as shown
for the top interface in Fig. 3(c) and for the buried in-
terface in Fig. 4(b). The q‖ dependent velocity indicates
inhomogeneous flows in the film. These results further
indicate that wider younger rims move faster and scatter
at low q‖, whereas more mature slower rims, which are
smaller in width [21], scatter at larger q‖. This may indi-
cate that the velocity of the rims is affected by nonlinear
friction at the interface as the rim widths decrease with
dewetting time. As shown in other experiments [35] this
q‖ dependence can be more complicated as holes that nu-
cleate later are smaller in size and grow at a much smaller
rate (i.e., have smaller rims and slower velocities). The
q‖ dependence of rim velocities found here thus reflects
the heterogeneity of the nucleation process [21].

The q‖ dependence V ∼ q‖0.8 is seen for all film thick-
nesses h (Fig. 5). The data also shows that V decreases
with decreasing h. An explanation for this behavior is
that in the beginning the dewetting rates are markedly
higher for thinner films [9]. Decreasing thicknesses thus
show the dewetting history at later times. This implies
that at the buried interface the 400 Å and 700 Å top
layers have a larger contribution from the more mature
rims (with smaller V ) than the 1000 Å layer.

In conclusion, in-situ snapshots of the diffuse scattering
at the top and buried interface of immiscible polymer bi-
layer films provide a detailed probe of dewetting through
the evolution of the rim velocities obtained from TTCFs.
The q‖ dependent velocities observed here indicate in-
homogeneous flows in the film. As the holes get bigger,
more material piles up at the rim [9], thus requiring the
velocity to slow down. This is correlated to changes in
the static diffuse scattering which point to the important
role played by interface evolution and hence friction (sup-
pressing slippage) in defining the asymmetric rim shapes
[21, 30]. The power laws observed here at late times for
the average velocity are similar to those observed in AFM
studies of single dewetting holes in viscoelastic polymer
films deposited on a very thin polymer cushion layer on
silicon substrates [6, 34]. Previously it was found that
merely a slip-boundary condition at the polymer-solid
interface can lead to an asymmetric rim profile [32]. Our
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work shows that the roughness and its evolution (hence
friction) at the polymer-on-polymer interface of bilayers
[21, 24] and similar engineered interfaces [6, 29, 32, 34]
is the most important condition for the similar dewet-
ting kinetics of rims observed in viscoelastic thin polymer
films.
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