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Symmetric and asymmetric instability of buried polymer interfaces
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We demonstrate using neutron reflectometry that the internal interfaces in a trilayer system of two identical

thick polystyrene layers sandwiching a much thinner (deuterated) poly(methyl methacrylate) layer 15 nm thick
(viscosity matched with the polystyrene layers) increase in roughness at the same rate. When the lower polystyrene
layer is replaced with a layer of the same polymer of much greater molecular mass, two different growths of
the interfaces are observed. From the growth of the interface for this asymmetric case in the solid regime using
the theoretical prediction of the spinodal instability including slippage at the interface, a value of the Hamaker
constant of the system has been extracted in agreement with the calculated value. For the symmetric case the rise

time of the instability is much faster.
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The stability of thin polymer films has been the subject of
intense investigations for the last few decades [1,2]. Consid-
erable research activity, both theoretically and experimentally,
has been devoted to the understanding of the physics behind the
wettability of surfaces, not only for the fundamental aspects
of phase behavior in confined geometry, but also for the
importance that thin polymer films have in many applications
[3,4]. Understanding the parameters influencing the stability
is a crucial step for optimizing thin films that are used in many
applications, from coatings [5,6], adhesives [7,8], and organic
transistors [9,10] to mention just a few.

The instability of a thin film may proceed via the classical
nucleation process, governed by the competition of the
capillary forces. The result is the balance of the three interfacial
tensions (liquid-substrate, air-liquid, and substrate-air) and the
viscous forces that are connected to the hydrodynamics of the
liquid and to friction and slippage at the interface [11]. Many
studies have been devoted to the dynamics of this dewetting
to understand the role of the interface on the process [12—-16].
Another crucial mechanism for very thin polymer films is
instead connected to the instability of thermal fluctuations at
the interface destabilized by van der Waals forces: spinodal
dewetting. This process has been extensively studied both
theoretically and experimentally following the pioneering
theoretical work of Brochard-Wyart et al. [17,18] and the
experimental work of Reiter [19]. The dewetting at the late
stage is characterized by a final dewetted structure that exhibits
a characteristic dewetting length scale. Less work has, in gen-
eral, been devoted to spinodal dewetting at polymer-polymer
interfaces. For example, the dewetting of a thin poly(methyl
methacrylate) (PMMA) layer on a polystyrene (PS) layer has
been studied using (both specular and off-specular) neutron
reflectometry [20,21]. Here, the early stage of the instability
of the polymer-polymer interface was analyzed; the roughness
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of the interface grows with time, while the upper polymer
surface, with a surface tension approximately one order of
magnitude greater than the interfacial tension, will grow
much more slowly with time. The off-specular scattering
allowed characterization of the fastest growing length scale,
and a comparison with the theory of spinodal dewetting was
illustrated. The instability of the interface was also studied
using a system with a thin PS layer on a silicon substrate with
a thick PMMA layer on top [22,23]. Spinodal dewetting was
observed both with neutron reflectometry and with scanning
force microscopy after removing (only) the upper PMMA layer
with solvent, which was good for PMMA but poor for PS.
The examples mentioned above consider cases where just one
interface is destabilized.

In this Brief Report we illustrate, using neutron reflectom-
etry, two cases: one where both interfaces are unstable on
the same time scale, a condition that is necessary for a direct
observation of the peristaltic mode of dewetting [18], and one
where the instabilities of the interfaces grow at different rates.

Time-of-flight (ToF) neutron reflectometry experiments
were performed using the reflectometer EROS on the Orphée
reactor at the Laboratoire Léon Brillouin, and the reflectometer
D17 at the ILL reactor facility, Grenoble. Neutron reflec-
tometry (NR) is an ideal technique to probe buried polymer
interfaces [24]. The neutron scattering length density varies as
a function of distance perpendicular to the surface (i.e., depth),
with a resolution of better than 1 nm, and is measured as a
function of the reduced momentum transfer, g, = (47 /A)sind
(where 6 is the incident angle and A the neutron wavelength).
To distinguish interfaces between different polymer layers,
one component is usually deuterated. Neutron reflection has
been used in the past to identify and probe the growth of
capillary waves at the interface between a deuterated layer
and a hydrogenated film [25-27]. With selective deuteration,
contrast between the layers is increased and details of the
interfaces can be extracted.

In a time-of-flight reflectometer a range of wavelengths (for
example, between 3 and 25 A on EROS) irradiates the sample
at the same time and the reflectivity measured for a g, range
determined by the incident angle 6 and A. With our samples

©2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.86.032801

BRIEF REPORTS

two or three fixed angles were used to cover a large g, range
(0.01-0.25 A1),

The sample geometry used was composed of three layers:
a thin deuterated poly(methyl methacrylate) layer (IPMMA)
of thickness 15 nm between two (normal undeuterated) PS
layers of 145 nm thickness. The thicknesses were measured
separately with ellipsometry. The samples were prepared
by spin coating the PS layer of molecular weight M,, =
573 kg/mol onto a silicon substrate of 5 cm diameter and
0.5 cm thick of [110] crystallographic orientation. The silicon
substrate had a thin (2 nm) native oxide layer. The thin dPMMA
layer of My, = 53 kg/mol was spin cast onto a glass slide
and, by the technique of floating, was deposited onto the PS
substrate layer. The same technique was employed to deposit
a thick 145 nm PS capping layer. The system prepared was
then annealed at 50 °C under vacuum for a few hours to allow
the evaporation of solvent and water.

Two systems are described here. The first is a symmetric
one, in which the molecular masses of the PS and PMMA
were chosen such that the three layers have similar viscosities.
We also prepared a system where the molecular weight of the
substrate layer is around 2880 kg/mol. This system, which
we denote asymmetric, has a markedly increased viscosity
compared to the first PS layer, which on the experimental time
scales described here can be considered an elastic solid. The
samples were then annealed for increasing lengths of time
at 160°C, well above the glass transition of both polymers.
Examples of the NR data obtained are shown in Fig. 1.

The reflectivity data of Fig. 1 show some features connected
to the thickness of the layers: the lower frequency oscillation
are related to the thickness of the dSPMMA layer and higher
frequency fringes connected to the thickness of the PS layer.
As the annealing time is increased, the fringes associated with
the dPMMA layer decrease in intensity until at later times
they disappear, which indicates the dewetting of the dPMMA
layer. To follow the process in detail, the NR data were fitted
using a trilayer model, consisting of three polymer layers with
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FIG. 1. NR data and fits (solid lines) for the asymmetric trilayer
of dPMMA film between two thick PS films. The reflectivity profiles
as a function of the annealing time are shown. The solid lines are fits
to the data. The annealing times are reported in the figures, and the
reflectivity data are staggered by factors of 10 for clarity.
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FIG. 2. Square of the roughness of the different d-PMMA /PS
interfaces as a function of the annealing time for an asymmetric
trilayer (substrate PS film is much more viscous than that at the
surface). In the inset the roughness increases for both interfaces for
the symmetrical case are also shown (upper/lower interface viscosity
matched). The lines are fits to the data as described in the text (the
roughnesses at ¢+ = 0 were not included in the fit). Solid squares refer
to the lower interfaces and solid circles to the upper interfaces.

Gaussian roughness at the interfaces. The main (determining)
fitting parameters were the interfacial roughnesses associated
with the upper and lower interfaces of the middle (IPMMA)
layer. In the main plot of Fig. 2, the square of the top and
bottom interfacial roughness of the thin dPMMA layer for
the asymmetric system is shown as a function of annealing
time. In the asymmetric case, the lower polymer-polymer
interface increases much more slowly due to the high viscosity
of the bottom polymer layer, while the top roughness increases
fast, reaching 6 nm after 50 min. The symmetric case is
shown in the inset of Fig. 2: both upper and lower PS/PMMA
interfaces increase similarly as a function of time up to 10
min where the total rupture of the film is observed, with a
roughness of 3 nm.

The growth of the interfacial roughness was fitted con-
sidering the growth in capillary roughness at the interfaces
(as we have performed in our previous work). The growth
in rms roughness o as a function of time ¢ is given by
o2(t) = ([¢(t) — e]?), with e the thickness of the thin film and
¢ representing dispersive perturbations [20,28]. By integrating
the roughness above over all wave vectors, the following
relation for the interfacial roughness is obtained:

Kye'Terf(\/1]T)

o’(t) = K, +
t/t

(H
where K, and K, are constants, and 7 is the characteristic
time of the process [20,28]. Using this expression, a char-
acteristic time for the growth of each interface has been
extracted from the fit (see Fig. 2). For the asymmetric system,
interestingly the top PS/PMMA roughness increases with a
characteristic time of T of around 18 min, while the bottom
roughness, being between a much higher viscosity layer and
a lower viscosity thin film, increases much more slowly, of
the order of 2 x 10° min. The symmetric interfaces present
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instead a characteristic time 7 of around 4—5 min, after which
the system is dewetted.

In general, it is important to define the nature of the
substrate. For a liquid film of viscosity nr on a solid
substrate of viscosity g, the crossover from a liquid to a solid
substrate regime should occur when ns > (g/6g,) where 6g
is the Neumann equilibrium contact angle [18]. This contact
angle, estimated by the values of interfacial tension between
PS and PMMA and the surface tensions of the two polymers,
is of the order of 1 rad (1.28 rad has been calculated for
T = 150°C [29]). An estimation of the viscosity 1 of the
polymers can be obtained from the Vogel-Fulcher-Tammann
equation, n(T) = noe~C'T~T0/(C+T=T0) [30-32], where nj
is the zero shear rate viscosity, i.e., the value of the
viscosity at a reference temperature 7y, C; and C, are
constants that depend on the reference temperature chosen,
and T is the temperature. (The zero shear rate viscosity
was estimated for our molecular weight by considering the
values from literature and corrected for molecular weight
using n o« My>*.) Considering the values of the constant
of reference for PS [30,33] and PMMA [34], the vis-
cosity obtained for the polymer phases at 160 °C are the fol-
lowing: PS of 572 kg/mol has n = 2.7 x 107 Pa's, and PMMA
of 53 kg/mol has n = 2.1 x 107 Pa s, while the viscosity
of the PS layer with 2880 kg/mol has a viscosity of 5.5 x
10° Pa s. We see that while the symmetric system has the
viscosities matched between the PS and PMMA layer, for the
asymmetric case we have that the bottom layer has more a solid
type of behavior. The Hamaker constant for the PS/PMMA /PS
system can be calculated easily considering the simple Lifshitz
approximation, which is dependent only on the dielectric con-
stants and refractive indices of the components, and the tem-
perature [35,36]. For a system constituting two semi-infinite
layers, 1 and 2 (the PS films), and separated by a medium
3 (the thin PMMA layer), a value for the Hamaker constant
of 3 x 107! J is obtained. The Hamaker constant is positive,
indicating the possibility of dewetting via dispersive forces.

In the asymmetric system we have a thin polymer layer
deposited on a very high viscous substrate, with another liquid
layer on top. This case could be simplified by considering
that it corresponds to a thin liquid film (the dPMMA layer)
on a solid substrate below another liquid (the other thick PS
layer). The effect of having another capping layer on top of
the thin dewetting dPMMA film instead of a gas, for example,
has actually two major effects: on the one hand the value
of the Hamaker constant of the system, and on the other
the value of y, the interfacial tension instead of the surface
tension of a free polymer layer. With this approximation
(considering the solid regime), the characteristic growth time
Ty of the fast-growing fluctuation (Ap,), assuming no slippage
at polymer/polymer interface, is directly proportional to the
viscosity of the dPMMA layer (7pmma) and is given by

_ 3(67)*y npmmad®
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where d is the PMMA thickness, y is the interfacial
tension, npmma 1S the viscosity of the thin layer, and A
is the Hamaker constant of the system. Considering the
experimental characteristic time of 18 min, the value of the
PMMA viscosity, the interfacial tension for PS/PMMA of
1.6x10737 /m2 from the literature, and the thickness of 15
nm for the PMMA layer, Eq. (2) can be used then to estimate
the Hamaker constant. A value of 2 x 10718 J is obtained, three
orders of magnitude larger than the calculated value using the
Lifshitz approximation (3 x 1072 J). However, slippage can
be important and needs to be taken into account. Previous
studies have illustrated the importance of the slippage at both
the solid-polymer interface and polymer-polymer interface. It
is possible to define a slippage length b, given by the ratio
between the viscosity and the friction coefficient k, b = n/k.
The slippage for a polymer-polymer interface can be of the
order of tens of microns, as discussed elsewhere [37,38].
A simple estimation for our system is of the order of 11
um [20,28]. Assuming slippage, Eq. (2) can be written as

_ 3(67)*y npmmad®
" 2(d + 3b)A?

Using this expression, a value of the Hamaker constant of
7.4 x 10720 J is obtained, of the order of the estimated value,
considering the crude approximations. We have assumed that
the bottom substrate is solid, and during the process the
bottom interface grows very slowly. The different growths
may also suggest that the interfaces are not correlated. While
for the asymmetric case we observe two time constants, for the
symmetric case, the characteristic time is even faster and the
system is essentially dewetted after 5 min. The top and bottom
interface grows to a roughness of 3 nm (as shown in Fig. 2)
for each interface after 5 min. For a 15 nm film, and given that
there are two growing interfaces, this is close to the onset of
the rupture of the film. The faster dewetting for the symmetric
trilayer may be an indirect indication of the peristaltic mode
of dewetting giving rise to a more efficient material flow.

In conclusion, we have used neutron reflectometry to study
the dewetting of symmetric and asymmetric interfaces. We
have observed a slow broadening of the interface connected
to the growth at long times of capillary wave modes, which
involve large-scale hydrodynamic flows, leading to the dewet-
ting. By following the growth of the interface as a function
of time for different annealing times, the characteristic rise
time of the instability was extracted. Using the relation of
the characteristic growth of the interface from the spinodal
dewetting theory in the solid regime case, including slippage
at the interface, a good prediction agreement is obtained for
the growth of the interface.

3)

The authors would like to thank G. Reiter (Freiburg) for
enlightened discussions. Funding from FNRS of Belgium is
acknowledged.

[1] P. G. de Gennes, Rev. Mod. Phys. 57, 827 (1985).

[2] L. Leger and J. F. Joanny, Rep. Prog. Phys. 55, 431 (1992).

[3] D. Gentili, G. Foschi, F. Valle, M. Cavallini, and F. Biscarini,
Chem. Soc. Rev. 41, 4430 (2012).

[4] M. Geoghegan and G. Krausch, Prog. Polym. Sci. 28, 261
(2003).

[5] J. Bico, C. Marzolin, and D. Quéré, Europhys. Lett. 47, 220
(1999).

032801-3


http://dx.doi.org/10.1103/RevModPhys.57.827
http://dx.doi.org/10.1088/0034-4885/55/4/001
http://dx.doi.org/10.1039/c2cs35040h
http://dx.doi.org/10.1016/S0079-6700(02)00080-1
http://dx.doi.org/10.1016/S0079-6700(02)00080-1
http://dx.doi.org/10.1209/epl/i1999-00548-y
http://dx.doi.org/10.1209/epl/i1999-00548-y

BRIEF REPORTS

[6] S. C. Thickett, C. Neto, and A. T. Harris, Adv. Mater. 23, 3718
(2011).

[7] D. G. Bucknall, Prog. Mater. Sci. 49, 713 (2004).

[8] E. Verneuil, J. Clain, A. Buguin, and F. Brochard-Wyart, Eur.
Phys. J. E 10, 345 (2003).

[9] M. L. Chabinyc, W. S. Wong, A. Salleo, K. E. Paul, and R. A.
Street, Appl. Phys. Lett. 81, 4260 (2002).

[10] H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda, M.
Inbasekaran, W. Wu, and E. P. Woo, Science 290, 2123 (2000).

[11] C. Redon, F. Brochard-Wyart, and F. Rondelez, Phys. Rev. Lett.
66, 715 (1991).

[12] W. Béziel, G. Reiter, E. Drockenmuller, R. V. Ostaci, S. Al
Akhrass, F. Cousin, and M. Sferrazza, Europhys. Lett. 90, 26008
(2010).

[13] G. Reiter and R. Khanna, Phys. Rev. Lett. 85, 2753 (2000).

[14] G. Reiter, M. Sferrazza, and P. Damman, Eur. Phys. J. E 12, 133
(2003).

[15] F. Saulnier, E. Raphaél, and P.-G. de Gennes, Phys. Rev. Lett.
88, 196101 (2002).

[16] C. Wang, G. Krausch, and M. Geoghegan, Langmuir 17, 6269
(2001).

[17] F. Brochard Wyart and J. Daillant, Can. J. Phys. 68, 1084 (1990).

[18] F. Brochard Wyart, P. Martin, and C. Redon, Langmuir 9, 3682
(1993).

[19] G. Reiter, Phys. Rev. Lett. 68, 75 (1992).

[20] A. M. Higgins, M. Sferrazza, R. A. L. Jones, P. C. Jukes, J. S.
Sharp, L. E. Dryden, and J. Webster, Eur. Phys. J. E 8, 137
(2002).

[21] M. Sferrazza, M. Heppenstall-Butler, R. Cubitt, D. G. Bucknall,
J. Webster, and R. A. L. Jones, Phys. Rev. Lett. 81, 5173 (1998).

[22] J. P. de Silva, M. Geoghegan, A. M. Higgins, G. Krausch, M.-O.
David, and G. Reiter, Phys. Rev. Lett. 98 267802 (2007).

PHYSICAL REVIEW E 86, 032801 (2012)

[23] J. P. de Silva, S. J. Martin, R. Cubitt, and M. Geoghegan,
Europhys. Lett. 86, 36005 (2009).

[24] D. G. Bucknall and J. S. Higgins, in Polymer Surfaces and
Interfaces—A Versatile Combination: Recent Research Devel-
opments in Polymer Science, edited by H. Hommell (Research
Signpost, Trivandrum, India, 1998), pp. 161-199.

[25] M. Sferrazza, C. Xiao, D. G. Bucknall, and R. A. L. Jones,
J. Phys.: Condens. Matter 13, 10269 (2001).

[26] M. Sferrazza, C. Xiao,R. A.L.Jones, D. G. Bucknall, J. Webster,
and J. Penfold, Phys. Rev. Lett. 78, 3693 (1997).

[27] M. Sferrazza, C. Xiao, R. A. L. Jones, and J. Penfold, Philos.
Mag. Lett. 80, 561 (2000).

[28] C. Carelli, A. M. Higgins, R. A. L. Jones, and M. Sferrazza,
Phys. Rev. E 73, 061804 (2006).

[29] Polymer Handbook, edited by J. Brandrup and E. H. Immergut
(Wiley, New York, 1989).

[30] J. D. Ferry, Viscoelastic Properties of Polymers (Wiley, New
York, 1980).

[31] M. Rubinstein and R. H. Colby, Polymer Physics (Oxford
University Press, Oxford, UK, 2003).

[32] M. L. Williams, R. F. Landel, and J. D. Ferry, J. Am. Chem.
Soc. 77, 3701 (1955).

[33] R. A. Stratton, J. Colloid Interface Sci. 22, 517 (1966).

[34] K. Fuchs, C. Friedrich, and J. Weese, Macromolecules 29, 5893
(1996).

[35]J. N. Israelachvili, [Intermolecular and Surface Forces
(Academic Press, London, 1991).

[36] J. Visser, Adv. Colloid Interface Sci. 3, 331 (1972).

[37] O. Baumchen, R. Fetzer, M. Klos, M. Lessel, L. Marquant,
H. Hahl, and K. Jacobs, J. Phys.: Condens. Matter 24, 325102
(2012).

[38] A. Sharma, Eur. Phys. J. E 12, 397 (2003).

032801-4


http://dx.doi.org/10.1002/adma.201100290
http://dx.doi.org/10.1002/adma.201100290
http://dx.doi.org/10.1016/S0079-6425(03)00038-0
http://dx.doi.org/10.1140/epje/i2002-10119-8
http://dx.doi.org/10.1140/epje/i2002-10119-8
http://dx.doi.org/10.1063/1.1524301
http://dx.doi.org/10.1126/science.290.5499.2123
http://dx.doi.org/10.1103/PhysRevLett.66.715
http://dx.doi.org/10.1103/PhysRevLett.66.715
http://dx.doi.org/10.1209/0295-5075/90/26008
http://dx.doi.org/10.1209/0295-5075/90/26008
http://dx.doi.org/10.1103/PhysRevLett.85.2753
http://dx.doi.org/10.1140/epje/i2003-10031-9
http://dx.doi.org/10.1140/epje/i2003-10031-9
http://dx.doi.org/10.1103/PhysRevLett.88.196101
http://dx.doi.org/10.1103/PhysRevLett.88.196101
http://dx.doi.org/10.1021/la010585q
http://dx.doi.org/10.1021/la010585q
http://dx.doi.org/10.1139/p90-151
http://dx.doi.org/10.1021/la00036a053
http://dx.doi.org/10.1021/la00036a053
http://dx.doi.org/10.1103/PhysRevLett.68.75
http://dx.doi.org/10.1140/epje/i2001-10061-3
http://dx.doi.org/10.1140/epje/i2001-10061-3
http://dx.doi.org/10.1103/PhysRevLett.81.5173
http://dx.doi.org/10.1103/PhysRevLett.98.267802
http://dx.doi.org/10.1209/0295-5075/86/36005
http://dx.doi.org/10.1088/0953-8984/13/46/301
http://dx.doi.org/10.1103/PhysRevLett.78.3693
http://dx.doi.org/10.1080/09500830050110495
http://dx.doi.org/10.1080/09500830050110495
http://dx.doi.org/10.1103/PhysRevE.73.061804
http://dx.doi.org/10.1021/ja01619a008
http://dx.doi.org/10.1021/ja01619a008
http://dx.doi.org/10.1016/0021-9797(66)90047-6
http://dx.doi.org/10.1021/ma951385m
http://dx.doi.org/10.1021/ma951385m
http://dx.doi.org/10.1016/0001-8686(72)85001-2
http://dx.doi.org/10.1088/0953-8984/24/32/325102
http://dx.doi.org/10.1088/0953-8984/24/32/325102
http://dx.doi.org/10.1140/epje/e2004-00008-5



