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Abstract. Optical microscopy and atomic force microscopy were used to study a novel roughness-induced
wrinkling instability in thin-film bilayers of poly(ethylene oxide) (PEO) and polystyrene (PS). The observed
wrinkling morphology is manifested as a periodic undulation at the surface of the samples and occurs when
the bilayers are heated above the melting temperature of the semi crystalline PEO (T, = 63 °C) layer.
During the wrinkling of the glassy PS capping layers the system selects a characteristic wavelength that
has the largest amplitude growth rate. This initial wavelength is shown to increase monotonically with
increasing thickness of the PEO layer. We also show that for a given PEO film thickness, the wavelength
can be varied independently by changing the thickness of the PS capping layers. A model based upon
a simple linear stability analysis was developed to analyse the data collected for the PS and PEO film
thickness dependences of the fastest growing wavelength in the system. The predictions of this theory are
that the strain induced in the PS layer caused by changes in the area of the PEO/PS interface during
the melting of the PEO are sufficient to drive the wrinkling instability. A consideration of the mechanical
response of the PEO and PS layers to the deformations caused by wrinkling then allows us to use this
simple theory to predict the fastest growing wavelength in the system.

PACS. 68.55.-a Thin film structure and morphology — 61.41.4+e Polymers, elastomers, and plastics —

68.35.Ct Interface structure and roughness — 68.35.Ja Surface and interface dynamics and vibrations

Introduction

Pattern formation processes are becoming increasingly at-
tractive as methods for producing nano and microscale
structured materials and surfaces. For example, the use of
macromolecular self-assembly to form regular and prede-
termined patterns on a micron or sub-micron length scale
is a focus for intense research. Perhaps the area of greatest
recent emphasis is on trying to manipulate the mesostruc-
tures formed in block copolymer melts, for instance by ex-
ploiting the different interactions between the two poly-
mer species and a substrate [1]. Other techniques have
also been used to control the length scale and anisotropy
of phase-separating polymer blend systems, or dewetting
polymer films [2]. A common theme in many of these stud-
ies is to produce a physical or chemical template on the
substrate that can be used to direct the controlled self-
assembly of the physical system of interest. A disadvan-
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tage of this approach is that it requires manipulation of
material on small length scales and the preformation of
an existing pattern or template before the desired struc-
tures can be obtained. A more desirable approach is to
obtain microscopic structures by using competing physi-
cal processes that favour structure formation on different
lengthscales. Examples of these so-called kinetic length-
scale selection processes include the spinodal decomposi-
tion of binary mixtures and spinodal dewetting in ultra-
thin polymer films [2]. Another example of this type of
process is the so-called “dispersion driven morphology”
studied by Dalnoki-Veress et al. [3]. In the most simple
case of a freely standing rubbery film sandwiched between
rigid capping layers, the dispersion forces between the two
capping layers drive the interfaces together. Since the fluid
layer is incompressible, the competition between the bend-
ing energy of the capping layer and the flow of the liquid
leads to a definite length scale in the resulting morphology.
The linear stability analysis theory derived in the work by
Dalnoki-Veress et al. is applicable to almost any driving
force, and more recently Schéffer et al. [4] used a similar
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theoretical approach to describe how electric fields can be
used to drive a wrinkling instability in air gap capacitors
containing ultrathin polymer films.

Other physical phenomena have also been shown to
lead to controllable and highly oriented morphologies. One
specific example is the work by Bowden et al. [5]. In this
case a thin film of poly(dimethyl siloxane) was crosslinked
and capped with a rigid metallic film. During the depo-
sition (or preparation) of the capping layer, the system
was at elevated temperatures. The differences in the ther-
mal expansion coefficients of the metal and polymer lay-
ers resulted in a differential amount of contraction when
these bilayers were subsequently cooled. This caused the
bilayer structures to buckle. Similar morphologies have
also been observed in mechanically loaded bilayer sam-
ples. The differential strains that drive the formation of
these morphologies often arise as a result of differences in
the Young’s moduli of the bilayer materials being used [6].
Thin-film buckling has also been observed as the result
of the differential swelling response of polymer films sup-
ported on inorganic substrates [7,8].

The stresses that evolve in these types of system are
clearly large enough to cause the layers in the system to
buckle. However, rather than buckling with the lowest en-
ergy mode in such a way as to minimise the amount of
bending stress in the buckled films, the presence of the
attachment of the different layers can result in the sys-
tem wrinkling on short length scales. In the case of the
wrinkling of elastic plates on the surface of viscous [9,
10] and viscoelastic [11] substrates, the short-wavelength
wrinkling occurs because of kinetic constraints that are
imposed on the system because of the need to transport
material in the underlying layer to accommodate the wrin-
kling of the film attached to its surface. In the case of an
elastic film that is bonded to an elastic substrate, adhe-
sion plays a crucial role. The structures that form in these
elastic-elastic bilayer systems depend upon whether or not
the elastic energy stored in the films is sufficient to over-
come the adhesive interactions between the layers. In the
case when adhesion energies are large compared to the
elastic energy, periodic one-dimensional wrinkles are usu-
ally formed at the surface of the bilayer [6] and when the
adhesive energies are small, circular blisters are usually
observed [7].

In all of the above cases, the buckling/wrinkling insta-
bilities result in the production of structures at the surface
of the bilayer that have a well-defined size or wavelength.
The size of the structures typically depends upon the me-
chanical properties and/or the thickness of the various lay-
ers. The characteristic lateral size of the structures that
form in these sytems is typically on the order of a few
microns to a few tens of microns in size.

In this manuscript we investigate a wrinkling morphol-
ogy that is observed during the heating of thin-film bilay-
ers of poly(ethylene oxide) (PEO) and polystyrene (PS)
supported on single-crystal silicon substrates. We show
that the wrinkling instability is driven by changes in the
PEO/PS interfacial area that occur during the melting
of the underlying PEO layer. The change in the area of
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this interface results in an in-plane compressive stress be-
ing generated in the glassy PS films that are used to cap
the PEO layers. We analyse the data for the wrinkling
wavelength with the fastest growing amplitude using a
simple linear stability analysis that considers the balance
between the compressive and bending stresses in the wrin-
kling PS films as well as the normal pressure exerted on
the PS films due to the viscoelastic response of the con-
fined molten PEO layer. We show that this simple theory
can be used to gain good agreement with experiment if
the initial strain in the PS films and the bulk mechanical
properties of the PS and PEO layers are known.

Experimental

Thin films of poly(ethylene oxide) (PEO, M, =
11300 g/mol, M,, /M, = 1.08, Polymer Source Inc.) were
spin cast onto 1cm x 1cm single-crystal Si (100) wafers
(Compart Technology) from solutions in chloroform us-
ing a spin speed of 3000 rpm. The thickness of the PEO
films was controlled by varying the concentration of the
solutions. PEO film thicknesses (h) in the range 65nm to
533nm were produced using this method. All the PEO
films studied were heated to 70°C on a hotplate for
approximately 30 seconds (melting temperature, T,, of
PEO = 63°C). This was done to remove solvent and to
relax any residual stresses in the PEO films that were in-
troduced during spin coating. The thickness of the PEO
films was determined at 70 °C using ellipsometry. The el-
lipsometry measurements yielded a best fit to the data
when the value used for the refractive index of the PEO
was nprpo = 1.462 £ 0.002. This value is consistent with
literature values obtained for amorphous PEO [12]. The
refractive index was fixed at this value and the thickness of
the PEO films was determined by fitting the ellipsometric
angles (P and A) obtained for each sample to the uniform
thin slab model described by Azzam and Bashara [13] us-
ing a simplex algorithm. The only parameter in this fitting
procedure was the thickness of the PEO film. Once the P
and A values had been determined, the PEO films were
quenched to room temperature and allowed to crystallise.
The roughness of the spin cast PEO films was then mea-
sured using an Asylum Research MFP-3D atomic force
microscope operating in intermittent contact mode. Mea-
surements of the surfaces were taken over a number of scan
sizes in the range 10 um x 10 pm to 90 ym x 90 ym. In all
cases both the total surface area and projected surface
area of the samples were determined.

Polystyrene (PS) capping layers were prepared by spin
coating solutions of PS (M, = 654000 g/mol, M,,/M,, =
1.09, Polymer Source) on to clean glass slides from so-
lutions in toluene. All the films were prepared using a
spin speed of 3000 rpm and the PS film thickness was con-
trolled by varying the concentration of the solutions. The
unannealed PS films were then transferred on to the sur-
face of deionised water before being picked up on a metal
support using a method described elsewhere [14]. The sup-
port used contained a circular hole in it that was approx-
imately 15mm in diameter so that it was slightly larger
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than the size of the Si wafers used as substrates for the
PEO films. The PS films were picked up on this support,
such that they covered the area with the hole but were
supported at the edges. The resulting free standing films
often contained wrinkles as a result of this water transfer
technique. To remove these wrinkles all the PS films were
placed over a hot plate at ~ 100°C (7,(PS) = 97°C)
and observed until all the defects had been removed. Care
was taken at this point to ensure that the thin PS films
did not form holes due to rupturing under the action of
dispersion forces between the two film surfaces. PEO/PS
bilayers were then prepared by carefully lowering the PS-
covered metal support over the PEO-coated Si wafers. At
the point where the PS film initially touched the semicrys-
talline PEO layer, surface forces acted to pull the remain-
ing parts of the films into intimate contact and the PS
films were found to faithfully follow the contours of the
PEO surfaces. This procedure produced bilayer films with
no observable defects or cracks. The samples were pre-
pared in this way so that the thickness of the PEO and PS
layers could be accurately controlled and also to minimise
the width of the PEO/PS interface. Although these poly-
mers are highly immiscible, the procedure of spin coating
the polymers from mutually exclusive solvents may still
result in significant swelling of the polymer layers and
could result in significantly larger interfacial widths. The
thickness of the PS capping layers was determined using
parts of the same PS films that were used to produce the
bilayer samples. This was done by transferring them sep-
arately from the deionised water surface on to a holder,
where they were annealed above a hot plate at ~ 100°C
and transferred on to a clean Si wafer. Ellipsometry was
then used to determine the thickness of the PS films us-
ing the same procedure outlined for the PEO films above.
The refractive index of the polystyrene was determined to
be n = 1.595 4+ 0.001 and was found to be consistent with
literature values [12]. The range of PS film thicknesses (L)
used was determined to be between 45 nm and 406 nm.

A series of bilayer films were produced by using dif-
ferent combinations of the PEO and PS film thicknesses.
Atomic force microscopy (AFM) measurements were then
performed on all of the bilayer samples to determine both
the total area (Aiprqr) of the samples and the projected
area (Amm) using the same scan parameters that were
used for the PEO films described above. These AFM
measurements showed that all the bilayers produced in
this way had similar surface areas. These measurements
were used to determine the areal strain introduced into
the PS capping layers during the melting of the PEO
layer, such that €gpeq = % — 1. This result was then
used to calculate the linear strain in the PS films us-
ing the expression €, & €grea/2. A range of values of
€1in = (0.50 £ 0.05) x 1073 was determined for all the
samples studied.

The PEO/PS bilayers were then transferred to a
Linkam THMS 600 hot stage and heated to 70°C us-
ing a heating rate of 90°C per minute. During heating,
the samples were observed with an Olympus BX51 opti-
cal microscope using bright field illumination. The same
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Fig. 1. Optical micrographs of a PEO/PS bilayer before and
after heating to 70 °C. The top panel is an image of a 533+6 nm
thick PEO film capped with a 143 + 5nm thick PS film taken
at 25°C and prior to heating. The bottom image is of the
same sample taken immediately after heating to 70°C. The
characteristic lengthscale of the corrugations observed in this
image is ~ 17 um. The bottom panel shows a line profile of the
radial intensity distribution that was taken from the Fourier
transform (FT) of the image (see inset) of the morphology
shown in the middle panel. This line profile was taken along a
line passing through the centre of the FT and the first peak.

level of illumination was used to view all of the bilayer
samples studied and optical micrographs of the samples
were collected using an Olympus DP70 camera that was
connected to the microscope and a PC equipped with Im-
age Pro Plus image analysis software (Media Cybernet-
ics). At a temperature of ~ 65°C the underlying PEO
layers were observed to melt and the surface structure
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changed from something similar to that of a semicrys-
talline PEO film to a structure that consisted of a series
of periodic one-dimensional corrugations. Figure 1 shows
an example of optical micrographs of a PEO/PS bilayer
(PEO thickness = 533+ 6nm, PS thickness = 143+ 5nm)
taken before and immediately (~ 1 second) after the PEO
layer melted. The resulting images were saved and an-
alyzed using the ImageProPlus software. A fast Fourier
transform (FFT) of the images was then used to deter-
mine the image intensity distribution as a function of the
wave vector, ¢q. This distribution was determined along a
line passing through the centre of the FFT and the first
peak maximum. The dominant wave vector, ¢;q. Was then
extracted from the position of the first peak (see bottom
panel of Fig. 1) and the characteristic wavelength, A, cal-
culated using the expression A\ = 27/qmas. Values of A
determined in this way were found to agree with average
values obtained directly from the real space image. Atomic
force microscopy was then used to image the corrugated
structures at room temperature, after the PEO layers had
been isothermally recrystallised at a temperature of 50 °C.
In each case the total and projected area of the samples
was determined. Figure 2 shows examples of AFM images
of an uncapped PEO surface and the surface of a PEO/PS
bilayer that were taken before and after heating to 70 °C.

A key concern with these experiments is that the PS
films may not be fully annealed by placing them over the
hotplate and that residual stresses and/or solvent intro-
duced during spin coating of the PS films may still have
been present when the bilayer samples were prepared. If
these stresses were still present, then they would be ex-
pected to modify the strains experienced by the PS cap-
ping layers and this would affect the observed wavelength
of the wrinkling morphology (see below). To ensure that
this was not the case and that residual stresses were not
present in the PS films, we produced a series of bilayer
films using PS capping layers that had been annealed at
130 °C under vacuum for 8 hours. The annealing of these
samples was performed while the PS films were still sup-
ported on the glass substrates. The films were then cut
and floated on to the surface of deionised water, before
being picked up and placed on top of the PEO films us-
ing the water transfer procedure described above. The bi-
layer samples produced using the “substrate annealed” PS
films displayed exactly the same wrinkling behaviour as
the samples that were annealed over the hotplate as free
standing membranes. The initial wrinkling wavelengths
were measured to be the same within error for both sets
of samples studied.

In addition to the samples described above, a third set
of PEO/PS bilayers was prepared using the same method,
but this time the PEO films were held at a temperature
of 70 °C during the formation of the bilayers. Under these
conditions, the PEO was in the molten state when the
bilayer samples were prepared. These samples did not dis-
play the wrinkling morphology described above. This pro-
vides support to the idea that it is the melting of the PEO
and the change in the PEO/PS interfacial area that drives
the formation of the morphology. These observations also
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Fig. 2. Atomic force microcope images of a 65 + 3nm thick
spin cast PEO film (top panel) and the same PEO film capped
with a 44 £ 4nm thick PS film (middle panel). Both of these
images were taken at 25 °C. The bottom panel shows the same
PEO/PS bilayer sample following heating to 70 °C and a rapid
quench to 50°C. All images were taken using a scan area of
20 pm x 20 pm. The insets show a typical distribution of heights
taken along a single line scan at each stage of the sample prepa-
ration procedure.

rule out the possibility that dispersion forces are respon-
sible for driving the wrinkling instability, as these effects
would also be present in bilayer samples that were pre-
pared when the PEO was in the molten state.
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The frequency-dependent rheological properties of
bulk samples of PEO having a similar molecular weight
(M,, = 10000 g/mol, Sigma) were also determined using
a TA Instruments Rheometrics AHRES rheometer in the
cone and plate geometry using a constant strain of 1%. A
sample of the PEO was prepared by depositing the poly-
mer on to the heated rheometer plate. The samples were
then equilibrated at a temperature of 65 °C and sheared at
angular frequencies in the range between 0.1 and 200 Hz.
The resulting values of the frequency-dependent modu-
lus, G(w) = G'(w) + iG”(w) were then measured and the
time-dependent stress relaxation modulus, G(t), was de-
termined by Fourier transformation of the G(w) data over
the measured frequency range.

Results

Figure 1 shows optical micrographs of a PEO/PS bi-
layer (PS thickness L = 143 + 5nm, PEO thickness h =
533 + 6 nm) supported on a Si substrate that were taken
before and after heating to 70°C. At room temperature
and prior to heating, the surfaces of the PEO/PS bilayers
are similar to those observed for the uncapped PEO films.
After heating to 70 °C, the samples were observed to have
a very different appearance. The periodic corrugations
that were formed upon heating of the bilayers typically
had wavelengths in the 1 to 40 um range and could not be
correlated with any of the structures that were observed
prior to heating the samples. This morphology was also
found to persist when the bilayer films were quenched to
temperatures below the melting temperature of the PEO
(63°C). Some evidence of the crystallinity of the underly-
ing PEO layers was observed on the samples following the
quench, but the structures formed during recrystallisation
of the PEO were similar to those observed prior to melting
and were smaller (both laterally and vertically) than the
lengthscales associated with the observed morphology.
Figure 2 shows AFM images of a spin cast PEO film
(h = 65 &+ 3nm, top panel) and the same PEO film after
capping with a 44 + 4nm thick PS film (middle panel).
These images were taken at 25°C over a scan area of
20 pm x 20 pm and prior to heating the samples. This
figure also shows an AFM image of the same sample,
taken using a scan area of 20 um X 20 um, after heat-
ing to 70 °C for 10 seconds. Prior to imaging, this sample
was rapidly quenched (90 °Cmin~!) to 50°C, where the
PEO layer was isothermally recrystallised. The PEO/PS
bilayer film was then cooled to 25°C and imaged (bot-
tom panel). The insets in Figure 2 show the distribution
of heights taken along a line on the samples before and af-
ter heating to 70 °C. These clearly show that the PS films
faithfully follow the contours of the semicrystalline PEO
surfaces and also that the surface structure of the bilayer
changes significantly during the melting of the PEO layer.
Both Figure 1 and Figure 2 show that the morphology
that evolves when the bilayers are heated can be highly
anisotropic. This is probably due to the presence of small
anisotropic stresses that are introduced into the PS films
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Fig. 3. Characteristic wavelength of the wrinkling morphology
as a function of the PS capping layer thickness (L) . Data are
shown for bilayer samples where the thickness (h) of the un-
derlying PEO film was 65 nm (e), 211 nm (A) and 533 nm (0),
respectively. The solid lines in this figure represent values of the
fastest growing wavelength that were calculated from simula-
tions of the amplitude growth rate, s(q), that were determined
using equation (6). In the simulations, values of E = 3.4 GPa
and v = 0.325 were used for the Young’s modulus and Pois-
son ratio of the PS film and values of ¢ = 0.5 x 10~% and
G, = 2.5kPa were used for the strain in the PS films and the
early-time value of the stress relaxation modulus, respectively
(see text).

during the water transfer technique used to prepare the
bilayers. Samples that were produced in such a way as to
minimise these additional stresses were shown to display
more isotropic wrinkling morphologies. During prolonged
annealing at 70 °C (~ 5 minutes), an increase/coarsening
of the lateral wrinkling lengthscales was observed in both
the anisotropic and isotropic samples. This coarsening is
believed to occur as a result of the relaxation of residual
bending stresses in the PS films. Although the system ini-
tially selects a characteristic lengthscale, the surface cor-
rugations and hence the residual bending stresses in the
PS can be removed by flow of material in the molten PEO
underlayer. As a result of this, the lateral lengthscale was
observed to increase while the amplitude of the undulation
decreased. This continued until all the stresses in the films
had been relaxed and the equilibrium state of the system
occurred when the flat unstressed PS film rested on top
of the molten PEO layer. At this point the observed mor-
phology disappeared. These effects were observed for all
the bilayers studied, but occurred more rapidly in bilayers
that had thick PEO underlayers (h = 533 nm).

The plot in Figure 3 shows data for the wavelength of
the observed morphology, that were determined from op-
tical micrographs of the samples taken within ~ 1 second
of the PEO layer melting. The dependence of the inital
wrinkling wavelength on the PS capping layer thickness,
L, is shown for three different values of the PEO thick-
ness (h). This figure shows that it is possible to tune the
wavelength of the observed morphology by varying the
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thickness of the PEO under layer and/or the PS capping
layer thickness.

Measurements of the total area of the PEO/PS bilay-
ers taken from the AFM images collected before and after
heating to 70 °C showed that the total surface area of the
samples remains unchanged within error during the forma-
tion of the wrinkling morphology. This behaviour is consis-
tent with a buckling phenomenon that is observed when a
thin plate or film is compressed laterally at its sides [6,7].
The idea being that compressing the film or plate causes
it to buckle with some characteristic wavelength that can
be determined by balancing the membrane stresses in the
film/plate prior to buckling and the bending stresses in
the plate after buckling.

Discussion

Figure 4 shows a schematic diagram of the proposed mech-
anism for the formation of the observed wrinkling mor-
phology in the PEO/PS bilayers studied here. Initially, the
PS capping layer follows the contours of the rough PEO
surface (a). When the PEO films are melted the roughness
due to the crystallinity in the material disappears and sur-
face tension flattens the surface of the molten PEO. Given
that the PS film does not delaminate from the molten
PEO film, the melting of this layer is expected to reduce
the area of the PS capping layer, leaving it in a state of
compressive strain (b). This strain arises because the PS
film goes from having an area close to that of the total
area of the uncapped PEO film to having an area that
is essentially equal to that of the smooth Si substrate.
Thermally driven fluctuations at the PEO/PS interface
are then expected to cause deflections of the PS capping
layer out of the plane of the bilayer samples and the PS
film will start to buckle. The stresses introduced into the
PS capping layers by changes in PEO/PS interfacial area
are then expected to drive the buckling instability (c).

The buckling of the PS capping layer must also be
accompanied by deformations of the underlying PEO
and the viscoelastic response of this layer is expected to
contribute to the selection of the dominant wavelength in
this system. It is also important to note that this model
assumes that the PS films do not initially contain any
stresses such as those that might be introduced by elastic
deformations of the films caused by surface forces. This is
because the melting of the PEO would simply act to relax
these elastic deformations and the morphology would
not be expected to form. These factors are discussed in
more detail below. In trying to describe what drives the
buckling process, we must consider the balance of forces
acting on the PS film and the flow in the viscoelastic
PEO layer. This will allow us to derive an expression
to determine the wrinkling wave vectors that have the
fastest growing amplitudes. In all that follows we will
restrict the analysis to a system that exhibits wrinkling in
only one dimension. We will also assume that the vertical
deflection, w(z,t), is small in comparison to the thickness
of the PS film at early times.
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Fig. 4. Diagram showing the proposed mechanism for the for-
mation of the observed wrinkling morphology in a thin-film bi-
layer comprising a PEO layer of thickness h, supported on a sil-
icon substrate, with a PS capping layer of thickness L. Initially,
the PS films faithfully follow the contours of the semicrystalline
PEO surface (a). When the bilayer is heated above the melt-
ing temperature of PEO, the PEO/PS interfacial tension pulls
the bilayer interface flat and leaves the PS capping layer in a
state of compressive stress (b). These stresses are relaxed by
bending the film and the system wrinkles with a characteris-
tic wavelength A (c). The wrinkled PS capping layer exerts a
spatially dependent pressure on the the underlying PEO layer
(P:(z)) that determines the flow in this layer.

Linear stability analysis of bilayer wrinkling

We begin by using a simple analysis based upon the forces
acting upon an elastic plate in a state of in-plane compres-
sive stress. The pressure, P,(x), that is required to hold
the film in a given shape at a point z, along the film (see
Fig. 4) can be written in the form [15]

EL? d*h d?h
P.(2) = —7—— 77 T Eel—5 — 02z, 1
(z) 12(1 — v2) dz* e a2 7 (1)

where h(z,t) = h, + w(z,t) is the total thickness of the
bilayer at a point, x, and time, t, h, is the average thick-
ness of the molten PEO layer and ¢ is the linear strain in-

troduced into the PS film due to changes in the PEO/PS
interfacial area. The quantities £, L and v are the Young’s
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modulus, thickness and Poisson’s ratio of the PS film, re-
spectively.

The first term in equation (1) is the vertical compo-
nent of the pressure exerted by the wrinkled film due to
local bending. The second term occurs as a result of the
membrane forces within the thin PS film that contain an
out-of-plane component when the thin PS film starts to
buckle. The third term, o, is the normal pressure exerted
on the PS capping layer due to the viscoelastic response of
the molten PEO film that occurs during its deformation
by the wrinkling PS film.

In deriving equation (1) we have neglected to include
a term describing the effects of dispersion forces between
the capping layer and the substrate. Our justification for
neglecting these forces comes from our observation that
bilayers produced when the PEO is in the molten state
do not wrinkle. Under these conditions dispersion forces
would also be expected to be present and we would there-
fore expect to observe wrinkles if these forces were signifi-
cant. However, we note that for thinner PEO underlayers
(~ 10nm thick) a term describing the dispersion forces
between the capping layer and the susbstrate should be in-
cluded in equation (1) as these forces would be much larger
in magnitude and would contribute to the final wrinkling
morphology.

A consideration of the Poiseuille flow, J, in the PEO
layer gives that

3
j=-t <, )
3n dx
where 7 is the viscosity of the PEO. The assumption of
incompressibility in the PEO layer results in the conser-
vation of volume and the condition that

dh  dJ
Friale (3)

Matching the displacements at the PEO/PS interface
and combining equations (1), (2) and (3) results in an
expression that describes the time-dependent evolution of
local variations in the height of the surface of the bilayer,

such that
n_(ED @ #e)
dt — 3n \12(1 — v2) daS dzt  dz? )’

This expression is similar to that derived by Yoo et
al. [16,17] for the so-called spinodal wrinkling of poly-
mer/metal bilayers. This term was chosen because the
wrinkling transition that occurs in polymer/polymer and
polymer/metal bilayers has some features that are similar
to those observed in processes such as spinodal decompo-
sition and spinodal dewetting. The main similarities are
that the processes are driven by thermal fluctuations and
that each system selects a characteristic wavelength as a
result of competing physical processes. However, unlike
processes such as spinodal decomposition and spinodal
dewetting there is no underlying thermodynamic transi-
tion responsible for the lengthscale selection in the case
of spinodal wrinkling. In the absence of in-plane strains
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introduced by changing interfacial roughness (or by difer-
ential thermal expansion coefficients) the wrinkling tran-
sition does not occur, whereas a homogeneous blend of
two polymers can phase-separate via spinodal decompo-
sition and a thin fluid film of intitially uniform thickness
can undergo spinodal dewetting.

In the study by Yoo et al., the difference in the ther-
mal expansion coefficients of the PS and aluminium layers
studied was shown to result in a compressive stress be-
ing exerted on the metal films when the temperature of
the samples was changed. These authors derived an ap-
proximate form for the spatial dependence of the normal
pressure exerted by the viscoelastic PS layer on the metal
film [17] that was based upon a correlation method. This
correlation method was constructed using a combination
of the long- and short-wavelength limit asymptotic values
of the free energy of deformation, F', of a film subjected to
a sinusoidal surface perturbation. These authors showed
that this simplified form for the free energy accurately fits
the analytical solutions derived previously by Fredrickson
and coworkers [18] and Xi and Milner [19].

The analytical solutions for the normal pressure pro-
duced in the viscoelastic underlayer were determined by
assuming zero displacement boundary conditions at the
substrate interface, periodic lateral boundary conditions
in the stress in the bilayers and that no tangential stresses
were present at the polymer/metal interface [18]. Yoo and
coworkers then used their approximate form for the free
energy of deformation to derive an equation for the normal
pressure exerted by the viscoelastic polymer layer on the
metal film such that o,, = %. This gave the result that

3 1.87
+ o) ©

where A(t) is the time-dependent amplitude of the
sinusoidal perturbation at the surface and G, is the
value of the early-time stress relaxation modulus of the
viscoelastic polymer underlayer.

In the present study, we assume that the molten PEO
layer exerts a similar pressure on the wrinkling PS films at
early times (i.e. immediately after melting) and proceed as
per the analysis of Yoo et al. We assume that the average
thickness of the PEO layer, h, is large in comparison to
the early time deflections of the PS film. This allows us to
linearise equation (4) and assume a solution of the form
h(x) = h, + A(t) cos qz. Inserting these results into the
expression obtained by combining equations (4) and (5),
gives an expression for the time evolution of the amplitude
of a surface fluctuation of wave vector ¢, that has the form
44 = s(g)A(t), where s(qg) is the wave-vector-dependent
growth rate of the amplitude fluctuations. Solving the re-
sulting equation then gives an expression for s(q) of the
form

o = A)Gcostar) (34 0

h? EL®
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Fig. 5. Plot of the results of simulations of the normalised
amplitude growth rate, s(q), for sinusoidal surface fluctuations
of the wave vector, g (as determined from Eq. (6)). The top
panel shows simulation results for model PEO/PS bilayers with
a PS layer thickness of L = 300nm and PEO layer thicknesses
of h = 65nm (dotted line), h = 211nm (dashed line) and
h = 533nm (solid line), respectively. Values of E = 3.4 GPa
and v = 0.325 were used for the Young’s modulus and Poisson
ratio of the PS film and values of € = 0.5 x 1072 and G, =
2.5kPa were used for the strain in the PS films and the early-
time value of the stress relaxation modulus (see text). The inset
(top panel) shows the time dependence of the stress relaxation
modulus for a 10k M,, PEO that was determined by Fourier
transformation of the complex frequency-dependent modulus
G(w) = G'(w) + iG"(w). The bottom panel shows a contour
plot of the the inital wavelength as a function of both the PS
and PEO film thicknesses (h and L, respectively). The dotted
lines represent contours of constant wavelength (measured in
microns) that were determined from the results of simulations
based on equation (6). The solid lines are similar contours that
were determined from the experimental data shown in Figure 3.
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For values of s(¢) < 0, the amplitude of fluctuations
will be strongly damped, while for values of s(¢g) > 0 fluc-
tuations of a given wave vector are expected to be am-
plified. Figure 5 shows a plot of the reduced growth rate
s(g)n as a function of the wave vector, ¢, for different
values of the the PEO and PS film thicknesses, h(= h,)
and L, respectively. These plots clearly indicate that equa-
tion (6) predicts the existence of a fastest growing wave-
length in the model system proposed. The wave vector,
Qmaz With the fastest growing amplitude is therefore ex-
pected to dominate the observed wrinkling morphology at
early times and is given by the condition that % = 0. The
faster growth rates that are predicted for larger values of
h, also support the observation of more rapid coarsening of
the measured wavelengths in bilayers that were produced
using thick (h = 533 nm) PEO films.

Comparison between theory and results

Plots of the reduced growth rate, s(q)n, as a function of
q, similar to those shown in the top panel of Figure 5,
were used to determine ¢4, for different combinations of
the PS and PEO layer thicknesses, h and L. Values of the
dominant wavelength in the system, were then calculated
using the expression A = 27 /@maz. The values that were
obtained from these simulations are plotted in Figure 3
as the solid lines. In all cases values of £ = 3.4 GPa and
v = 0.325 were used for the Young’s modulus and Poisson
ratio of glassy PS, respectively [12]. Values of the linear
strain, € = €;;,,, in the PS films were then determined from
the AFM measurements of the PEO/PS bilayer surfaces.
As described above, the surface area of the bilayers was
used to obtain an estimate for the linear strain in the PS
of €1, = (0.50 £ 0.05) x 1073,

The use of this value for the strain, assumes that the
PS films are in an unstressed state prior to the melting
of the PEO. There are two possible ways in which this
could occur. The first possibility is that during the for-
mation of the bilayers, the surface forces that pull the
two films into contact could cause large local extensions
in the PS films as they conform to the PEO surface. If
these deformations were large enough to cause the onset
of yield in the PS films, then the plastic deformation of
the PS would allow the films to relax the stresses intro-
duced by the production of the bilayer. In the absence of
yield processes, the deformations in the films introduced
during bilayer preparation would result in purely elastic
deformations of the PS capping layers. The melting of the
PEO layer would then simply act to relax these elastic
deformations and the morphology would not be observed.
A simple calculation of the typical stress, oprep(= Eerin),
that would be caused by the preparation of the bilayers,
gives a value of 0prep = 1.7 MPa. This is much lower than
the measured stress value of ~ 30 MPa (¢, ~ 0.01) ob-
tained for the onset of non-linear mechanical processes in
PS [20]. This would seem to indicate that yield does not
occur in the PS capping layers. An alternative explana-
tion for the presence of little or no stress in the capping
layers could be that there was some slack in the freely
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standing PS films that were used to produce them. Al-
though these freely standing films were annealed to re-
move short-wavelength wrinkles and defects, the removal
of slack in the films would be expected to occur on longer
time scales because of the need to transport material over
larger distances. This would mean that although anneal-
ing the PS films above a hot plate could be used to relieve
local spin coating stresses and to remove local defects,
the films would not be pulled into tension. As a result of
this, when the PS films were used to produce the bilayer
samples, the deformations caused by the surfaces forces
pulling the two films into contact could be compensated
for by the slack in the PS films. This would result in the
PS capping layers being unstressed following bilayer for-
mation. However, although both of these effects provide
possible explanations for why we might expect the PS to
be stress free, they are extremely difficult to quantify in
the context of the present experiments.

The bottom panel in Figure 5 shows a contour plot of
the PS and PEO film thickness (h and L, respectively) de-
pendence of the fastest growing wavelength. In this plot,
the dotted lines represent contours of constant wavelength
(measured in microns) that were calculated using equa-
tion (6). The solid lines represent similar contours that
were determined from the experimental data. This plot
in conjunction with Figure 3 shows that there is good
agreement between the predictions of the proposed the-
ory and experiment in terms of describing both the h-
and L-dependence of the fastest growing wavelength in the
system. In addition, the contour plot shown in Figure 5 al-
lows us to find combinations of h and L that will enable us
to produce any desired wavelength for the wrinkling mor-
phology studied within the range of wavelengths reported.

A comparison of the experimental values of the domi-
nant wavelength, A, with those obtained from the results
of the simulations shown in Figures 3 and 5, illustrates
that they are in extremely good agreement and indicates
that the suggested mechanism for the formation of the
wrinkling morphology is likely to be the correct one. In
all cases a value of the early-time stress relaxation mod-
ulus of the PEO of G, = 2.5 + 0.1 kPa was found to best
fit the experimental data. The value of G, determined
from the results of our experiments is significantly smaller
than the values reported by Yoo and coworkers [17] for
the PS/metal bilayer system (30-500kPa). However, this
is to be expected based upon the differences in the physi-
cal properties of the materials and the different tempera-
tures used in the separate studies. To determine whether
the value of G, used in the simulations accurately de-
scribes the material properties of the PEO underlayer at
early times and at the temperatures studied in the present
work, measurements of the frequency-dependent modulus
(Gw) = G'(w) + iG" (w)) of a 10k M,, PEO were taken
at a temperature of 65°C (as described in the experimen-
tal section). The value of G(w) was then Fourier trans-
formed to give the time-dependent stress relaxation mod-
ulus, G(t). The inset in Figure 5 shows a plot of G(¢) as a
function of time and shows that the early-time values of
G(t) are in the 2-3kPa range. This is in good agreement

431

with the value of G, determined from the simulations of
the wrinkling and again confirms the validity of the theo-
retical approach described above.

A consideration of equation (6) shows that the term
describing the viscoelastic response of the PEO layer is
needed to obtain the agreement between the theory and
the experimental data and to predict the PEO thickness
dependence of the fastest growing wavelength shown in
Figure 3. In the absence of this term, equation (6) re-
duces to a form where the characteristic wavelength has

the following functional dependence A = ﬂL(ﬁ)%.

This clearly predicts that the wavelength obtained should
depend only upon the thickness of the PS capping layer
(L) and should have no dependence upon the thickness
of the PEO layer. As described above, the fastest grow-
ing wavelength in the system is dependent upon both the
thickness of the PEO layer and the PS capping layer. In
addition, the linear dependence of the wavelength on L
that is predicted by this simplified equation does not fit
the apparent curvature that is observed at large values
of L in the data for the bilayer film thicknesses stud-
ied (see Fig. 3). One possible way to try to model the
h-dependence of the observed morphology would be to in-
clude a thickness-dependent strain in our calculations. A
similar h-dependent strain is also required to obtain agree-
ment between the data and existing theoretical models
that have been developed to describe the wrinkling of elas-
tic films on viscous [9,10] and viscoelastic substrates [11].
However, the observation that all the PEO/PS bilayers
studied had approximately the same surface area prior
to heating rules out the possibilty of a PEO thickness-
dependent strain in this system.

Conclusions

We have shown that thin-film bilayers of poly(ethylene
oxide) (PEO) and polystyrene (PS) undergo a wrinkling
instability when the bilayers are heated above the melting
temperature of the PEO. The wrinkling instability was
shown to be driven by changes in the area of the PEO/PS
interface that occur when the semicrystalline PEO layer
melts. The change in the area of this interface causes the
glassy PS capping layer to reduce its area and introduces
a compressive strain into this layer. The resulting stresses
drive the wrinkling instability and the amplitude of fluctu-
ations with a characteristic lengthscale are shown to grow
faster than for all other wavelengths. This results in a
series of periodic corrugations at the surface of the bilay-
ers with a well-defined wavelength. A simple theory based
upon a linear stability analysis showed that the character-
istic wrinkling wavelength is determined by a balance of
the in-plane stresses in the PS films, the bending stresses
in the buckled state and the viscoelastic properties of the
PEO underlayer. Atomic force microscopy measurements
of the surface areas of PEO films and PEO/PS bilayers be-
fore and after heating showed that the strains introduced
during the melting of the PEQ/PS bilayers are sufficient to
drive the wrinkling instability. The simple theory showed
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that the only parameters that are required to predict the
characteristic wavelength in the system are the strain in
the PS film after melting of the PEO layer, the thickness
of the PS films and the bulk mechanical properties of the
PS and PEO at the temperatures studied.
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